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Glossary of terms and general introduction

GLOSSARY OF TERMS

Activity: The execution of a task or action by an individual, see ICF .
Angiogenesis: Formation of new blood vessels.

Bamford classification: Classification for clinically identifiable subgroups of stroke in order
of severity; TACI: total anterior circulation infarcts, PACI: partial anterior circulation infarcts,

LACI: lacunar infarcts 2.

Behavioural restitution of function: “The return towards more normal patterns of motor
control with the impaired effector (a body part such as the hand or foot that interacts with an
object or the environment) and reflects the process towards true (neurological) recovery” 2.
Behavioural restitution of function and behavioural substitution/compensation of function

are contrary mechanisms that can both contribute to improvement on an activity level.

Behavioural substitution/compensation of function: Completing a task using alternative
effectors, joints, muscles or kinematics. That is to say in a manner that is qualitatively

different from healthy controls “.

(Bio)marker: A characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or responses to a therapeutic

intervention °.

Body function: A physiological function of a body system, including psychological

functions, see ICF .

Connectivity: Connected structures or connective activity patterns in the brain. Structural
connectivity refers to brain regions connected by anatomical structures. Functional

connectivity refers to related activity of brain regions °.

Coherence: Resemblance between two signals, in this thesis it is used in the context of

system identification 7.

Cortical reorganisation: A stroke will lead to changes in neuronal activity, connectivity
structure and the bodies representation in the cortex (cortical map) due to the damaged

tissue, loss of limb function and repair mechanisms ©.
Diaschisis: Distant neurophysiological and metabolic changes caused by a focal injury *'°.

Electroencephalography (EEG): Is used to record the electrical activity of neurons in the
brain. It is measured by placing electrodes onto the skull. EEG can also be measured
invasively, in which the electrodes are placed directly on the brain tissue, this is referred
to as intracranial EEG (iEEG) ''.
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(End) effector: A body part such as the hand or foot that interacts with an object or the

environment .

Experience/learning-dependent plasticity: Synaptic plasticity due to changes in environ-

ment or behaviour see also neural plasticity '2'.

Hebbian learning: Theory formed by Hebb in 1949, which is currently the most important
neurophysiological learning theory based on synaptic plasticity, see neural plasticity. It
states that neurons that will consistently fire together, will lead to an increase in efficiency
which is needed for metabolic changes and growth processes . Anti-Hebbian learning
refers to a loss of efficiency due to an opposite process. Non-Hebbian learning refers to

forms of neural plasticity that cannot be explained by the Hebbian learning theory.

International classification of functioning, disability, and health (ICF): A classification that
provides a standard language and conceptual basis for the definition and measurement
of health and disability .

Ischemic stroke: An episode of neurological dysfunction caused by focal cerebral, spinal, or
retinal infarction. The infarction is caused by arterial thrombotic blockage leading oxygen
deprivation in the central nerve system . See stroke for the definition of a central nerve

system infarction.

Long term depression (LTD): Decreasing activity leading to long lasting changes in synaptic
connections. Since this process is established in animal models, this is referred to as LTD-

like plasticity in humans. See neural plasticity ™.

Long term potentiation (LTP): Increasing activity leading to long lasting changes in synaptic
connections. Since this process is established in animal models, this is referred to as LTP-

like plasticity in humans. See neural plasticity ™.

Magnetic resonance imaging (MRI): Medical imaging technique using a magnetic field
to generate imagines of organs. Functional MRI (fMRI) makes use of the blood-oxygen-
level-dependent (BOLD) signal to observe activity related decreases in oxygenation of

blood in brain areas of interest 7.

Magnetoencephalography (MEG): Is a technique for recording brain activity by recording

the magnetic fields of the electrical activity of the brain 8.

Motor control: Motor control is the process by which motor commands produced by the
central nerve system activate and coordinate muscles to generate joint torques to move

effectors in goal-directed actions .

10
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Motor function: The physiological body function to produce force, move a body part, or

maintain a posture under external disturbance, see ICF .

Motor recovery: Improvement in motor performance dependent on the tasks and measures

that are used .

Neural networks: Cortical and subcortical areas of neuronal populations that interact

with each other 2.

Neural plasticity: The ability of the brain to change and adapt continuously throughout the
human lifespan. These changes occur to optimize the neuronal network, thereby strengthen
or weaken specific functions. Synaptic plasticity is the strengthening or weakening of
synaptic connections between neurons, whereas non-synaptic plasticity refers to the

excitability changes within the neuron 12131622,

Neuronal (brain) oscillations: Are rhythmic or repetitive patterns of neural activity in the brain.
Neural tissue can generate oscillatory activity, driven by mechanisms within individual neurons
or by interactions between neurons. The synchronized activity of large numbers of neurons

can give rise to oscillations, which can be observed in an electroencephalogram (EEG) %.

Non-invasive brain stimulation: Techniques used for modulation of the nervous system.
Examples are: transcranial magnetic stimulation (TMS), transcranial direct current
stimulation (tDCS), transcranial electric stimulation (tES), and transcranial alternating

current stimulation (tACS).

Paralysis: Inability to move part of the body.

Paresis: Weakness of a part of the body.
Participation: Involvement in a life situation, see ICF .

Penumbra: Damaged tissue due to hypoxia following a stroke in danger of necrosis, yet

still reversible when oxygen supply can be restored 2.

Phases in stroke recovery: Hyper-acute: 0-24 hours, acute: 1-7 days, early subacute: 7

days—-3 months, late subacute: 3-6 months, chronic: >6 months 3.

Posture: The physiological body function to remain in a static vertical position, i.e. standing

and sitting.

Quality of movement: Is the direct comparison of a stroke patient’s motor execution to
healthy age-matched controls. The closer one approaches normal motor control the higher

the quality of the movement .
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Chapter 1

Reactive/non-learning-dependent plasticity: A stroke triggers a cascade of hemodynamic
and neuroinflammatory reactions, responsible for true neurological repair within the
brain. These reactive mechanisms included recovery of the penumbral tissue, decreasing
diaschisis, angiogenesis, homeostatic mechanisms including increased secretion of growth
factors and neurotransmitters that lead to enhanced gene expression, axonal sprouting
of remaining neurons and increased synaptic activity '#%. These reactive mechanisms,

leading to neural plasticity, are referred to as reactive plasticity within this thesis.

Recoverer/non-recoverer: Classification to distinguish the longitudinal recovery pattern
of a patient between the acute and chronic phase after stroke. The terms fitter/ non-fitter

refer to the same concept #/.

Sensorimotor function: Central and peripheral integration of sensory (somatosensory,
auditory and visual) and motor function needed for optimal execution of a movement

with a particular effector in a specific task context.

Somatosensory impairment: A loss in the body function to sense: touch, temperature,
pain, position and movement (proprioception), and recognition of an object through
touch 8. See ICF .

Spectral characteristics: Quantification of the strength of the neuronal oscillations in terms

of spectral power, measured with EEG or MEG, in a specific frequency band or ratio.

Spontaneous (neuro)biological recovery: Improvements in recovery of behaviour, occurring
during a time-sensitive window of heightened recovery that begins early after stroke and

slowly tapers off 2.

Standing balance: The physiological body function to remain in a static standing position,

within this thesis, the term refers to bilateral standing.

Stroke: The broad term stroke refers to a central nerve system (CNS) infarction in the
brain, spinal cord or retinal cell death attributable to ischemia. The diagnose is based
on: Pathological, imaging, or other objective evidence of cerebral, spinal cord, or retinal
focal ischemic injury in a defined vascular distribution; or clinical evidence of cerebral,
spinal cord, or retinal focal ischemic injury based on symptoms persisting =24 hours or

until death, when other etiologies are excluded ™.

System identification: Mathematical method to quantify a system originating from the
engineering field. By measuring the output from a system, during or after a known input,
the interaction between the input and the motor control system can be quantified. The

given input is also referred to as perturbation ’.

12
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Task performance: Execution of a given task, within this thesis it generally revers to a

motor task.

Transcranial direct current stimulation (tDCS): Is a form of non-invasive brain stimulation in
which a constant, low direct current flows via electrodes into the skull. In contrast to TMS,
tDCS does not lead to the generation of an action potential. The electrode(s) from which
the current flows and therefore positively charged is the anode, the electrode(s) towards

which the current flows is negatively charged and called the cathode #°.

Transcranial magnetic stimulation (TMS): Is a form of non-invasive brain stimulation in
which electromagnetic induction is used to cause an electric current to flow in a small
targeted region of the brain. A magnetic field generator called a coil, is placed on the
scalp which delivers a changing electric current to the coil. This pulse is strong enough to
generate an action potential in the motor cortex leading to a contraction, of, for example,

a hand muscle .

13
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GENERAL INTRODUCTION

Stroke

An ischemic stroke is a central nervous system infarction due to arterial thrombotic
blockage "*. The diagnose is based on: pathological, imaging, or other objective evidence
of ischemic injury or clinical evidence based on overt symptoms like paresis of the arm
and leg, and the inability to comprehend and produce speech that remain present more

than 24 hours after onset .

This thesis focusses on cerebral ischemic stroke, as a common subtype of stroke, which
accounts for 87% of stroke incidents '>3'. Within a specific time window after artery
blockage, thrombolysis with recombinant tissue plasminogen activator or thrombectomy
can be applied to restore oxygenated regional cerebral blood flow and prevent cell
death %233, These curative interventions can thereby prevent death and severe disability
of patients. “Time is brain”, acute care is therefore focussed on reducing the time from
stroke to initiation of above mentioned curative interventions 3. Currently, these curative
interventions are still limited to only those patients who had no previous stroke in the last
3 months, having no haemorrhagic signs and who are medically stable enough to receive
treatment within a maximum of 6-7 hours after onset 3. Despite these developments
in restorative intervention, it is estimated that thrombolysis is only effective in 1 out
of 5 patients *, whereas 1 out of 8 patients benefits from endovascular treatment ¥’
following the modified ranking scale. Above findings suggest that most patients remain
affected in terms of body function, such as speech, motor, somatosensory and cognitive
functions, as well as on an activity and participation level, such as motor activities, mobility,
self-care and communication . Task-specific and individualized rehabilitation strategies
tailored to optimize meaningful activities in daily living such as standing, balance, gait, and
upper limb activities are therefore needed *. This thesis aimed to increase knowledge on
how underlying neuronal mechanisms relate to processes that contribute to sensorimotor

recovery after stroke as displayed in Figure 1.1.

Processes underlying sensorimotor recovery after stroke

Figure 1.1 panel A, shows a phenomenological model of the assumed process in the
recovery of activities after stroke 24°. Prospective cohort studies in the field of stroke
recovery so far show that a majority of patients with a first ever hemispheric stroke show
some degree of recovery of the affected modalities *'. Unilateral loss of motor function of the
upper limb affects many aspects of daily living and is one of the most common impairments

affecting about 75% of all stroke survivors #2. By intensive motor training, one can (re)learn
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Reactive plasticity
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Figure 1.1 | Phenomenological model adapted from Kwakkel et al. 2004 and Buma et al. 2013 263740,
Panel A shows the assumed processes underlying recovery of activities after stroke.

Panel B shows the assumed underlying neuronal mechanisms in recovery of activities after stroke.
The lines represent a relationship between two mechanisms and do not necessarily refer to a causal
relationship. A symbol represents change, BBB: blood-brain barrier.

This thesis aimed to increase knowledge on how underlying neuronal mechanisms, in panel B,
relate to the processes that contribute to recovery of activities after stroke, as displayed in panel
A, focusing on sensorimotor impairments. The first part of this thesis, blue panel, focusses on
non-learning-dependent mechanisms and spontaneous neurobiological recovery after stroke.
The second part of this thesis, green panel, focusses on learning-dependent mechanisms and the
potential for modulation of sensorimotor recovery after stroke by brain stimulation.

to compensate for normal motor function with alternative effectors to execute a task, i.e.
behavioural compensation of function, yet with little generalisation to other tasks *3.
Motor learning is required for improvement in performance of meaningful activities such
as grasping and walking. However, these improvements are dependent on a patient’s
ability to perceive, effecting the ability to modulate an end-effector and with that, may be
compromised by somatosensory impairments 243, Incomplete behavioural restitution of
sensorimotor impairments will force patients to compensate by using their end-effectors
in a different way to accomplish daily tasks. There is growing evidence that a return of

quality of movement as a reflection of behavioural restitution, quantified by kinematic
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measures **#, is driven by poorly understood mechanisms of spontaneous neurobiological
recovery within the first 10 weeks after stroke onset ***¢. However, a patient's ability to
control movement is not only determined by neuronal processes but also by gradual
biomechanical changes in the movement apparatus. The impact of these biomechanical
changes such as enhanced stiffness and muscle length, change the perception
and modulation of end-effectors during performance of meaningful activities *-*',

Figure 1.1, panel A.

Neuronal mechanisms underlying recovery after stroke

Non-learning-dependent mechanisms

Based on animal studies, there is strong evidence that a cascade of hemodynamic and
neuroinflammatory reactions are responsible for true neurological repair in the brain that
starts as a reaction to the infarction within minutes to hours after stroke onset 22627 A
schematic overview of these mechanisms, proposed as a model for recovery of activities after
stroke is displayed in Figure 1.1, panel B ?¢4°. The main endogenous mechanisms of repair
include salvation of penumbral tissue ?**? and alleviation of connected suppressed areas
remote from the infarcted area, i.e. alleviation of diaschisis *'°. These metabolic processes
of neuronal recovery are believed to be enhanced by an increased gene-expression
of growth promoting factors such as brain derived neurotrophic factor (BDNF) 354,
As a consequence, the enhanced synapto(neo)genesis of survived and remaining neurons
may contribute to repair and adaptive neuronal networks in the brain 257 These reactive
mechanisms triggered by the stroke, leading to neural plasticity, are collectively referred
to as reactive plasticity within this thesis. After 2 to 4 weeks, animal studies show an
increased gene-expression of growth inhibiting factors, such as NOGO-A, closing the
time window with an increased potential for spontaneous neurobiological recovery '2. Due
to the optimal conditions of enhanced neural plasticity in this specific early time window
after stroke, it is also considered as the optimal time window for intervention to promote
enhanced recovery. There is evidence that the upregulation of growth inhibiting factors is
postponed by upper limb training in animals .. However it is not known if and by which

type of intervention neural plasticity can be influenced in humans *°.

Learning-dependent mechanisms

Besides reactive plasticity induced by the stroke, neuronal changes can also occur due to
changes in environment or behaviour, for example in learning a motor task. These neuronal
changes in the brain occur throughout the whole human lifespan and can strengthen or

weaken specific functions that are referred to as experience-dependent plasticity.
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Experience-dependent plasticity is theorized to be the major underlying neurophysiological
mechanism of learning, called the Hebbian theory ™. Neuron ‘A’ needs to consistently take
part in firing neuron ‘B’ in order to accomplish growth processes or metabolic changes such
that A's efficiency, as one of the cells firing B, is increased '*. Or paraphrased more simply:
‘Neurons that fire together, wire together’ ¢°. This process is mediated by strengthening or
weakening of synaptic connections through alternation in the synaptic activity of neuronal
networks 2131422 \When process leads to long-lasting changes in synaptic connections,
this is referred to as long-term potentiation (LTP) and long-term depression (LTD) in
animals and LTP-like and LTD-like plasticity in humans '¢. Hebbian learning cannot explain
all forms of neural plasticity. Improvement in motor performance and for example intra
limb coordination can also be explained by non-Hebbian forms of neural plasticity due
to an enhanced collateral, surrounding inhibition and with that improving the precision
in modulation, Figure 1.1 22, Sustained input that is not important can, for example,
lead to shrinkage of the cortical representation of whiskers in rodents, as a mechanism to
normalize firing rate 22¢'. An enriched environment also causes a shrinking/focussing in
the cortical whisker representation in rodents, which is attributed to the upregulation of

arousal related modulators and can also not be explained by Hebbian forms of plasticity 2242,

PART 1: Spontaneous neurobiological recovery after stroke

Due to the above described mechanisms of reactive plasticity in the brain, stroke patients
can show rapid neurological recovery '2. While the majority of patients show at least some
level of motor recovery of the upper limb, about 30% of patients show no to very little
improvement 3. For this specific group, the so called non-recoverers, an accurate individual
prediction of a patient’s potential for recovery is unfortunately not yet possible ¢*. This
step towards the individual prediction of recovery for all patients is needed for clinical
care, as well as for patient selection in clinical trials to develop the optimal treatment
for different subsets of patients ®. The first part of this thesis focusses on non-learning-
dependent mechanisms and aims to find potential clinical and neurophysiological markers
for spontaneous neurobiological recovery in patients with sensorimotor impairments after

an ischemic stroke, Figure 1.1, blue panel.

Clinical markers of spontaneous neurobiological recovery

Nijland et al. found that patients who are able to produce some shoulder abduction
and finger extension within 72 hours post-stroke have a 98% chance of regaining some

dexterity, defined as a minimal of 10 out of 57 points on the action research arm test
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(ARAT) ¢. This model is known as the SAFE model ¢’. Patients who are unable to produce
these movements within 72 hours still have a 25% chance of regaining some dexterity.
The probability for a patient to regain some function decreases over time and is very small

after 12 weeks post-stroke .

Proportional recovery model

Prabhakaran et al. first described spontaneous neurobiological recovery in 41 patients
with a stroke as being proportional to the initial impairment ¢°. They found in the majority
of patients a proportional recovery of approximately 70% of their potential measured
on the Fugl-Meyer motor assessment of the upper extremity (FM-UE), i.e. potential
recovery=0.7*(maximal FM-UE score (66 points) — initial measurement score)+0.4). This
linear regression model aimed to explain the mathematical relationship between initial FM-
UE and improvement was confirmed by Winters et al. % in a larger subset of 211 patients
with a stroke and applied to several other domains including the lower limb 797", aphasia 72
and visual spatial neglect 7*74. Most of these studies identified a subpopulation of stroke
patients who failed to show the predicted proportional recovery. It is not known why this
subset of patients fails to show spontaneous neurobiological recovery. Yet, patients who
fail to show recovery of the upper limb, so-called non-recovers or non-fitters, more often
have an affected leg function, a facial paralysis, no finger extension, larger subcortical
lesions, classification as more severely affected (Bamford classification) and are older than
patients who do show spontaneous neurobiological recovery ¢¢°. In order to set realistic
treatment goals and provide patients with optimal care, it is important to identify this

group early post-stroke.

Somatosensory impairments

The ability to process sensory information, like touch, pain and body position, is affected
in between 34-84% of stroke survivors 7>78. Even though somatosensory impairment is
related to impaired motor outcome, and is likely to be essential for motor recovery, it has
to date received very limited attention 7>7¢7?. Prospective cohort studies aimed to assess
somatosensory impairments as well as its time course of recovery are lacking. It is unknown
whether post-stroke upper limb motor and somatosensory impairment reflect a parallel
process of spontaneous neurobiological recovery in both modalities or if somatosensory
impairment and/or recovery influences behavioural restitution of motor function. In
chapter 2 of this thesis, the association between motor and somatosensory impairments

was longitudinally investigated.
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Neurophysiological markers of cortical reorganisation

For the subgroup of severely affected patients, who are unable to produce any voluntary
movement of the affected limb, it is especially important to find markers of cortical
reorganisation since clinical scales fail to provide accurate prediction of outcome. Markers
directly derived from brain measures could possibly give insight in cortical reorganisation
occurring in the brain 8. These markers might serve as predictors of spontaneous
neurobiological recovery, days or weeks before a patient is showing behavioural restitution

of function of the upper limb, and could help to improve early prediction of outcome.

The integrity of the cortical spinal tract (CST) is considered a prerequisite for good motor
function of the upper limb. If the pathway is intact, an action potential will be conducted
along the CST and the descending nerve, causing a contraction of the muscle 882, This
intactness can be measured with an assessment of a motor evoked potential (MEP)
induced by transcranial magnetic stimulation (TMS) and could be a potential marker in
post-stroke prediction models *. Even though this method does not perform better in
predicting long term motor recovery compared to clinical assessment on a group level, it
can be a beneficial marker for prediction of outcome specifically in patients with severe

motor impairments in the first weeks post-stroke 80838

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is used to longitudinally investigate changes in brain
networks, which could lead to a potential marker for prediction of recovery ¥. Changes
in specific network connectivity have been associated with spontaneous recovery of
language, attention, motor and somatosensory impairments %4, Nijboer et al. however
found no relation between network connectivity during an awake state of rest and upper

limb motor recovery in a longitudinal study in 13 stroke patients .

Electroencephalography and magnetoencephalography

Electroencephalography (EEG) and magnetoencephalography (MEG) can be used to
measure cortical activity with a high temporal resolution during a specific task in the order
of milliseconds. EEG provides a suboptimal spatial resolution due to volume conduction
of the skull as compared to MEG. EEG can, however, be measured during a balance task

and larger movements of the arm and hand which is not possible with MEG.

Neuronal oscillations of specific frequencies, measured with EEG or MEG, have been
related to specific cortical functions %. Alpha waves, neuronal oscillations in the 8-12
Hz frequency band, are suggested to reflect a state of increased learning and optimal

concentration . Neuronal oscillations can also disclose pathologies: a decrease in alpha
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activity in rest is generally seen in patients after stroke with a co-occurring increase in
spectral power of slow frequency oscillations like theta (4-8 Hz) and delta (1-4 Hz) 27657,
The strength of the neuronal oscillations quantified with spectral characteristics has
also been investigated after stroke. Asymmetry in spectral characteristics between the
hemispheres has been associated with poor clinical outcome at 6 months post-stroke
and is believed to reflect the severity of the neurological damage shortly after stroke %%,
Spectral characteristics derived from EEG during rest can potentially be used as a
representation of the severity of the damage and cortical reorganisation, which influences
the amount of spontaneous neurobiological recovery taking place after the stroke. In
chapter 3 the longitudinal changes in EEG based spectral characteristics measured during
post-stroke recovery, were investigated. It was hypothesised that an increase in slow
oscillations and a relatively larger asymmetry in spectral power between hemispheres in
the first weeks after stroke were related to the stroke severity and motor function of the

upper limb.

To specifically study the cortical involvement in movement execution in patients with a
stroke, an approach is required that is closely related to the execution of a motor task, yet
is also feasible in patients without voluntary motor control of the limb. System identification
techniques can be used to study the cortical involvement in motor control 7. Perturbations
applied to the affected arm can provide information on the processing of the signal within
the motor cortex, without requiring voluntary movement of the patient. The coherence
between a position perturbation and the cortical response is therefore a potential
neurophysiological marker related to spontaneous neurobiological recovery. In chapter
4 and 5 of this thesis, position-cortical coherence was examined and hypothesized as a
potential neurophysiological marker of somatosensory pathway integrity and spontaneous

neurobiological recovery.

PART 2: Modulation of sensorimotor recovery after stroke

The second part of this thesis focusses on learning-dependent mechanisms and aimed
to investigate the potential to modulate sensorimotor recovery with non-invasive brain

stimulation, Figure 1.1, green panel.

Transcranial direct current stimulation

Electrical stimulation on the skull has been applied for centuries for the treatment of a
wide variety of diseases. The method was reintroduced about 20 years ago by Nitsche

and Paulus to increase neuronal excitability in the brain in the area of stimulation and has
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since then found many applications #'%. In transcranial direct current stimulation (tDCS) a
weak direct current (up to 3 mA) flows through electrodes placed onto the skull. In contrast
to TMS, tDCS cannot directly elicit an action potential '®. tDCS is assumed to induce
polarity specific alterations in the membrane potential of neurons which will enhance or
reduce the calcium influx via N-methyl-D-aspartate (NMDA) receptors and voltage-gated
calcium channels '%-1%2_ The direction of synaptic changes is dependent on the amount
of intracellular calcium, in which cathodal stimulation will generally induce low and
anodal stimulation will generally induce high concentration levels, leading to respectively
decreased or increased excitability changes and LTD- or LTP-like plasticity '®'%. When
stimulation is not leading to a distinct high or low concentration, or in case of a calcium
overflow, no clear direction in synaptic changes occurs %%, These effects of tDCS seem
to be modulated by gamma-Aminobutyric acid (GABA) '-1%. Other neurotransmitters and
modulators such as dopamine and acetylcholine have been found to have an effect on tDCS
induced neural plasticity ''°, however, the exact mechanisms are not yet understood. tDCS
is also found to upregulate the secretion of brain derived neurotrophic factor (BDNF) '"112,
which could further enhance synaptic plasticity ''*. Specifically, how BDNF is enhanced in

the above described cascade needs further investigation.

tDCS after stroke

tDCS has been extensively investigated as a tool to optimize rehabilitation after stroke, in
which the majority of studies have focused on the upper limb "4, Current meta-analyses
indicate a low to moderate quality of evidence for improving ADL performance with tDCS
applied to the motor cortex after stroke and no evidence for the effectiveness of tDCS
to enhance recovery of the upper and lower limb "¢. The meta-analysis performed by
Marquez et al. indicated that while no added value of tDCS was found at the group level,
small significant improvements were found when stroke characteristics were taken into
account V. These results indicate that tDCS research needs to focus on interindividual
differences to direct research towards those patients in which tDCS could potentially have
an added value "">. Which interindividual characteristics and related underlying mechanisms

are important is not established.

Cerebellar tDCS

The cerebellum plays a distinct role in motor adaptation through error-based learning and
has often been described as a controller of temporal and spatial movement accuracy "'¢'2.
Around 80% of all neurons in our brain are located in the cerebellum '?2. Both these facts
may serve as a basis for testing the therapeutic impact of tDCS on the large pool of Purkinje

cells within the cerebellum, to enhance motor adaptation. To apply cerebellar (cb)-tDCS,
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one electrode is placed on the cerebellar hemisphere and the second electrode is placed
on the cheek where it has no influence on neurons '2. This setup has an optimal current flow
to target the underling cerebellar areas as compared to typically used cortical setups '%.
Anodal stimulation on the cerebellar hemisphere leads to increased cerebellar brain
inhibition (CBI) at the contralateral cortical hemisphere and has been related to synaptic

based forms of learning 18124126,

The interplay between the motor cortex and cerebellum is vital for both skill learning and
motor adaptation, yet not fully understood '?. It is evident that the cerebellum has an
important function in timing, in which a strong motor cortex to cerebellar connection leads
to more accurate movement endpoints 1%, The cerebellar hemispheres contain a large
amount of Purkinje cells which play an important role in feedback-based learning. Parallel
and climbing fibers in the cerebellum mediate the process of enhanced activation of Purkinje
cells and modulate motor execution via the cerebello-thalamo-cortical pathway 271,
The cerebellum and cerebrum are connected via the cerebello-thalamo-cortical pathway,
which propagates efferent signals from the cerebellum through the contralateral thalamus
to the cerebrum. Afferent, sensory information is arriving at the cerebellum via the cortico-
ponto-cerebellar pathway '2"*'. Anodal cb-tDCS is thought to enlarge the population of
activated Purkinje cells, leading to a larger involvement of the cerebellum in the executed
motor task '*2. The complex interplay of LTD and LTP of Purkinje cells in the cerebellum

could lead to an increase of synaptic based plasticity '¢11812512¢,

Mechanisms of action of cerebellar tDCS in patients with a stroke

Recently, there has been increased attention for the possible beneficial effects of cb-tDCS in
post-stroke motor function recovery as an alternative for cortical stimulation. When cortical
areas are affected by a stroke, it might be more beneficial to optimize the undamaged
cerebellum, than to target the lesioned area directly where it is unclear which structural
and functional pathways are intact or not '¥3. The mechanism of upregulation of BDNF in

the cerebellum could lead to enhanced motor learning after stroke '11:119:130.134,

Cerebellar tDCS to improve balance performance

Impaired standing balance after stroke is common and causes fall events, hampers
walking capacity and increases ADL dependence, and is therefore an important target for
rehabilitation interventions '*. The cerebellum has an important function in balance control,
yet since this function is located more in the midline and anterior parts of the cerebellum
it can likely not be targeted directly with tDCS 21123136137 However, improvements in

standing balance performance can potentially be achieved by enhancing cerebellar
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function in motor adaptation and stimulate experience-dependent plasticity during
standing balance training. Since anodal tDCS is only enhancing excitability, it needs to be
applied in combination with a challenging task to enhance motor learning '*%. To accurately
measure improvements in standing balance performance kinetic or kinematic measures
are needed, which are responsive for change and can capture the quality of movement
control #*. Chapter 6 examined the effects of two forms of cerebellar tDCS for enhancing
motor adaptation and therefore balance performance in patients with a chronic stroke

and a healthy control group.

Modulation of sensorimotor recovery in the time window of spontaneous neu-
robiological recovery by cerebellar tDCS

Investigating the interaction of learning and non-learning-dependent mechanisms

Experience-dependent plasticity influences cortical representations of function in the
undamaged tissue and might be able to directly enhance spontaneous neurobiological
recovery '¥. A series of roundtable expert meetings (stroke recovery and rehabilitation
roundtable) has indicated the search for interaction effects between therapy and

spontaneous neurobiological recovery as a prime target for new research 254380140141,

The time window in the early phase after stroke in which reactive plasticity occurs may
provide a unique time period for the enhancement of BDNF-mediated, LTP-like plasticity
by application of cerebellar tDCS. Only clinical trials in the early phase post-stroke can
determine if enhanced experience-dependent plasticity by cerebellar tDCS can induce
an interaction effect with spontaneous neurobiological recovery, enhancing behavioural
restitution of function. In chapter 7, the protocol of a randomized controlled trial to study
the effect of cerebellar tDCS in the time window of spontaneous neurobiological recovery

is described.

Contributions to the phenomenological model

This thesis aimed to strengthen the phenomenological model presented in Figure
1.1 by several studies that investigated the connections between underlying neuronal
mechanism, panel 1B, to processes that contribute to recovery of activities after stroke,
panel 1A, focusing on sensorimotor impairments. The first part of this thesis, Figure
1.1 blue panel, focusses on non-learning-dependent mechanisms and spontaneous
neurobiological recovery after stroke. In chapter 2, the influence of a patients’ ability to
perceive and modulate, in terms of somatosensory impairments, on behavioural restitution

of upper limb motor function was investigate. It was hypothesized that improvements in
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both motor and somatosensory impairments were largely driven by a common process
of spontaneous neurobiological recovery. Chapter 3-5 investigated different possible
markers of cortical reorganisation from neurophysiological recording, (EEG), before they
translate into behavioural restitution of motor function of the upper limb. In chapter 3 the
longitudinal changes in EEG based spectral characteristics measured during post-stroke
recovery, were investigated. It was hypothesized that an increase in slow oscillations and
a relative larger asymmetry in spectral power between hemispheres in the first weeks
after stroke were related to the stroke severity and motor impairment of the upper limb.
In chapter 4 and 5 of this thesis, the coherence between a position perturbation and the
cortical response (PCC) was examined. The presence of PCC was hypothesized to be a
potential neurophysiological marker of somatosensory pathway integrity and spontaneous

neurobiological recovery.

The second part of this thesis, Figure 1.1 green panel, focusses on learning-dependent
mechanisms and the potential for modulation of sensorimotor recovery after stroke by
brain stimulation (cb-tDCS). Chapter 6 focused on the effect of brain stimulation on
experience-dependent plasticity. To investigate if via this pathway task performance
could be improved in chronic stroke patients in terms of standing balance performance.
In chapter 7, the protocol of a randomized controlled trial to study the effect of cerebellar
tDCS in the time window of spontaneous neurobiological recovery is described. This
study is designed to investigate a possible influence of experience-dependent plasticity
on behavioural restitution of function. Chapter 8 concludes with an overview and general

discussion of the found results and recommendations for future research.

The research in this thesis was financed by the grants, “EXPLORE-stroke: Exploring plasticity
after stroke” (F2011(1)-25) awarded to dr. Meskers, "POTENTIAL: POstural feedback
ThErapy combined with Non-invasive TranscranlAL direct current stimulation in patients
with stroke” (F2013(1)-41) awarded to dr. van Wegen, by the Dutch brain foundation
(Hersenstichting), and a European advanced grant, 4D-EEG (ERC-AG-ID1, FP7-IDEAS-
ERC, 291339) awarded to prof. dr. Kwakkel and prof. dr. van der Helm.

The chapters of this thesis are based on the data collected within the EXPLORE-stroke,
4D-EEG and POTENTIAL projects and the “EXPLICIT-stroke: EXplaining PLastICITy after
stroke” trial funded by the Dutch organisation for health research and development
(ZonMw, grant number 89000001) awarded to prof. dr. Kwakkel.
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Chapter 2

ABSTRACT

Background: Spontaneous recovery early after stroke is most evident during a time-
sensitive window of heightened neuroplasticity, known as spontaneous neurobiological
recovery. It is unknown whether post-stroke upper limb motor and somatosensory impair-
ment both reflect spontaneous neurobiological recovery or if somatosensory impairment

and/or recovery influences motor recovery.

Methods: Motor (Fugl-Meyer motor assessment of the upper extremity [FM-UE]) and
somatosensory impairments (Erasmus modification of the Nottingham sensory assess-
ment [EmNSA-UE]) were measured in 215 patients within 3, at 5, 12 and 26 weeks after a
first-ever ischemic stroke. The longitudinal association between FM-UE and EmNSA-UE
was examined in patients with motor and somatosensory impairments (FM-UE<60 and
EmNSA-UE<37) at baseline.

Results: Ninety-four patients were included in the longitudinal analysis. EmNSA-UE
increased significantly up to 12 weeks post-stroke. The longitudinal association between
motor and somatosensory impairment disappeared when correcting for progress of
time, and was not significantly different for patients with severe baseline somatosensory
impairment. Patients with a FM-UE score >18 at 26 weeks (N=55) showed a significant
positive association between motor and somatosensory impairments, irrespective of

progress of time.

Conclusions: Progress of time, as a reflection of spontaneous neurobiological recovery
is an important factor that drives recovery of upper limb motor as well as somatosensory
impairments in the first 12 weeks post-stroke. Severe somatosensory impairment at
baseline does not directly compromise motor recovery. The study rather suggests that
spontaneous recovery of somatosensory impairment is a prerequisite for full motor recovery

of the upper paretic limb.
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INTRODUCTION

Somatosensory impairment is common in the acute phase after stroke, with prevalence
rates between 34% and 84% ', and is associated with reduced upper limb motor function,
activity and participation post-stroke and relate to increased hospital length of stay .
The relation between motor and somatosensory impairments in the first 3 months post-
stroke may reflect parallel recovery in both modalities, driven by a common underlying
neurobiological mechanism that occurs in a time-sensitive window of heightened
neuroplasticity early after stroke 7-'°, known as spontaneous neurobiological recovery 7.
A number of clinical observational studies however suggest that severe somatosensory
impairment may hamper motor recovery post-stroke ''2. This relationship may specifically
be explained by the importance of somatosensory input for fine motor skills of the upper

limb 2.

Previous prospective studies found that spontaneous neurobiological recovery as reflected
by progress of time alone, is the most significant covariate for explaining the recovery
pattern of neurological impairments in the first 8 to 10 weeks post-stroke 7. In addition, a
number of observational studies indicated that spontaneous neurobiological recovery is
proportional to initial upper limb 3%, lower limb "7, and somatosensory impairments '8?,
aphasia %" and visual spatial neglect (VSN) 2%, with a recovery range between 64 ¢
up to 97% #. Patients who failed to show spontaneous recovery of VSN after a first-ever
ischemic right hemispheric stroke, also have a high probability to fail recovery on other
affected modalities such as motor impairment of the upper paretic limb (i.e. so-called
non-recoverers of spontaneous neurobiological recovery) #. Nijboer et al. showed that
less improvement on the Fugl-Meyer motor assessment of the upper extremity (FM-UE)
was independently associated with more severe VSN in the first 10 weeks post-stroke,
suggesting a suppressive effect of neglect on upper limb motor recovery within the time
window of spontaneous neurobiological recovery 2. Finally, evidence was found that
patients who did not show a pattern of spontaneous neurobiological recovery in their lower
limb, are also not likely to show upper limb recovery within the first 6 months post-stroke ™.
These results suggest that post-stroke recovery is driven by common underlying processes
reflected by spontaneous neurobiological recovery spanning multiple modalities ?13-1¢.18-22,

Multiple processes such as salvation of penumbral tissue

, upregulation of growth
promoting factors, gene-dependent enhancement of angiogenesis % and alleviation
of diaschisis 2%, are mentioned as factors that may drive spontaneous neurobiological
recovery. Unfortunately, above mentioned mechanisms are still poorly understood and
no causal marker has yet been identified that can accurately predict who will or will not

show spontaneous neurobiological recovery early after stroke 872627,
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Meyer et al. previously showed, in a cross-sectional study in 122 patients within the first
6 months post-stroke, that motor and somatosensory impairments are low to moderately
correlated (r=0.22-0.61) *. To further disentangle the relationship between motor and
somatosensory recovery, i.e. whether both can be explained from general mechanisms of
spontaneous neurobiological recovery or if somatosensory impairment and/or recovery
influences motor recovery, a longitudinal study is required. In addition, the absence of
somatosensory input could compromise experience-dependent plasticity, which underlies
the remodeling of neural circuits and could therefore impair the development of new
motor programs after stroke #-%'. In this latter situation, one expects a failure in recovery
of somatosensory impairment to be significantly associated with less motor recovery of

the upper paretic limb.

In the present study, we aimed to describe the time course of somatosensory recovery and
to analyze the longitudinal association between motor and somatosensory impairments
in the first 6 months post-stroke. We examined if the association between motor and
somatosensory impairments remained after adjusting for progress of time, as a reflection
of spontaneous neurobiological recovery 7, and whether this longitudinal association was
differentin patients with an initially severe baseline level of somatosensory impairment when
compared to those with a mild to moderate sensory impairment in the first week post-stroke.
Finally, we aimed to investigate whether the association between motor and somatosensory
impairments depend on the presence of motor recovery of the upper paretic limb. For this
latter aim we investigated the difference, between patients who showed motor recovery
(i.e., recoverers) compared with those who did not show spontaneous motor recovery of

the upper limb (i.e., non-recoverers) in the first 6 months post-stroke.

MATERIALS AND METHODS

Data were derived from three longitudinal studies, i.e. the EXPLICIT %2, EXPLORE-stroke
and 4D-EEG cohorts, with a total of 215 patients. The EXPLICIT randomized controlled
trial (RCT) investigated the effects of a modified constraint-induced movement therapy
(mCIMT) and EMG-triggered neuro-muscular stimulation (EMG-NMS) on stroke recovery
mechanisms compared to usual care (Trial NL1366, NTR1424). Patients were included
within 3 weeks post-stroke and assessed weekly during the first 5 weeks and then at 8, 12
and 26 weeks post-stroke *. Voluntary finger extension was used to stratify patients into
a group with a favorable prognosis for upper limb motor recovery, who received mCIMT
or usual care, and a group with an unfavorable prognosis, who received EMG-NMS or

usual care. Neither mCIMT nor EMG-NMS significantly influenced upper limb motor
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recovery in terms of FM-UE at any time point in the first 6 months post-stroke 2. Hence,
the present study used data of the total sample. Patients enrolled the EXPLORE-stroke or
4D-EEG cohort studies all received usual care following the current Dutch guidelines of

physiotherapy .

EXPLORE-stroke and 4D-EEG (Trial NL4084, NTR4221) were longitudinal observational
cohort studies that both assessed clinical scales as well as neurophysiological parameters
in a repetitive manner to improve prediction models and to enhance understanding of
functional recovery after stroke. In line with recent recommendations &, clinical assessments
in the EXPLORE-stroke and 4D-EEG studies were made at fixed times post-stroke, i.e.,
within 3 weeks and at 5, 12 and 26 weeks post-stroke. Patients in the 4D-EEG study were

additionally assessed at 8 weeks post-stroke.

Within the aforementioned cohorts, the following inclusion criteria were used: (1) having
experienced a first-ever, ischemic hemispheric stroke, verified by CT and/or MRI scan less
than 3 weeks before inclusion; (2) having an upper limb paresis as defined by a national
institutes of health stroke scale (NIHSS) score of 1 or more; (3) being aged between 18
and 80 years; (4) having no severe cognitive deficits (mini mental state examination of
at least 19 points) 3%, (5) being able to sit for 30 seconds without support; (6) having
no orthopedic limitations of the upper limb; (7) having no pre-existing neurological
condition. All procedures were in accordance with the declaration of Helsinki and
were approved by the medical ethics committees of Leiden university medical center
(EXPLICIT: NL21396.058.08, EXPLORE-stroke: NL39323.058.12) or VU university
medical center (4D-EEG: NL47079.029.14). All participants gave their written informed

consent.

Measuring somatosensory impairment and determining baseline level of impair-
ment

Somatosensory impairment of the upper extremity was assessed using the Erasmus
modification of the Nottingham sensory assessment (EmNSA) ¥. The intra- and interrater
reliability of the EmNSA for the upper limb are predominantly good to excellent (k=0.62-
1.00 intra- and k=0.48-1.00 inter-rater reliability) for patients with intracranial disorders ¥'.
The EmNSA uses a 3-point ordinal scale and offers a reliable somatosensory assessment
of the upper and lower limb for patients with intracranial disorders. The testing procedure
includes a pinprick test to assess tactile sensation, sharp-blunt discrimination to assess
pain sensation and measuring proprioception to assess gnostic sensibility. The maximum

score of the EmNSA for the upper extremity (EmNSA-UE) is 40 points. A score of 39 points
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or lower has been described as a somatosensory impairment ¥, since the measurement
error of the EmMNSA-UE has not been established, we considered a baseline score below

38 points as somatosensory impairment, accounting for a measurement error of 5%.

Defining baseline level of impairment following EmNSA-UE

Patients were categorized into high and a low baseline scores on the EmMNSA-UE to
differentiate between severe and moderate somatosensory impairments (baseline EmNSA-
UE level). To distinguish between these groups, a dichotomous variable was constructed
based on the NIHSS item score of somatosensory impairment at 26 weeks post-stroke,
distinguishing between having no somatosensory impairment (O points) and having a
somatosensory impairment (1 or 2 points) as the state variable in the receiver operating
characteristic (ROC) curve ¥. The cut-off for low and high baseline scores on the EmNSA-
UE within 3 weeks post-stroke was determined by inspecting the ROC curve, in which an

optimum between sensitivity and specificity was sought, prioritizing sensitivity.

Measuring motor impairment, determining grouping variables: baseline level
of impairment and recovery patterns

Motor impairment of the upper limb was measured with the Fugl-Meyer motor assessment
of the upper extremity (FM-UE) *?°. To account for a 6 point measurement error, patients
were considered to have a motor impairment when the baseline score was 60 (out of the

66) points or less *'.

Defining baseline level of impairment following FM-UE

The baseline level for severe motor impairment was set at a cut-off of 18 points on the
FM-UE '3 The 18-point FM-UE cut-off derived from Winters et al. was checked for
suitability for the current study by constructing a ROC-curve. The NIHSS item on motor
impairment of the affected upper limb was used to construct the state variable, after which

the same steps were applied as those described for somatosensory impairment level.

Defining the recovery pattern subgroups, i.e. recoverers and non-recoverers following
FM-UE

In case of a severe baseline level of motor impairment, a further distinction in motor
recovery pattern subgroups was made. This distinction between ‘recoverers’ and ‘non-
recoverers’ was made based on whether or not a patient showed clinically relevant
improvement *' on the FM-UE over time as an indication of spontaneous neurobiological

recovery, and was defined as:
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* Non-recoverers: FM-UE score <18 at baseline, <6 points improvement or FM-UE score
<18 points at 26 weeks post-stroke
* Recoverers: FM-UE score <18 points at baseline with 26 points improvement resulting

in >18 points at 26 weeks post-stroke

Measuring covariates

Covariates which are assumed to affect or are associated with sensorimotor recovery
of the upper limb #2424 were considered as possible confounders in the longitudinal
association between motor and somatosensory recovery. These were: 1) age; 2) affected
hemisphere; 3) comorbidities, measured with the cumulative illness rating score (CIRS) #;
4) visuospatial neglect, assessed with a single-target letter cancelation test (LCT) *°. Patients
were instructed to mark all O's on an A4 sheet, which was aligned to the patient’s sagittal
midline. The sheet showed 20 O’s on both sides of the midline, mixed with random letters.
The marked O's in the contralesional visual field were counted; 5) Motor impairment of
the lower limb, measured with the motricity index of the lower extremity (MI-LE) %; 6)
stroke severity, longitudinally measured with the national institutes of health stroke scale
(NIHSS) #. This scale evaluates the severity of possibly affected modalities after stroke. To
account for overlaps with FM-UE, EMNSA-UE, LCT and MI-LE, a NIHSS-adapt variable was
constructed by leaving out items that measure upper and lower limb motor impairment,
limb ataxia, somatosensory impairment, extinction and inattention (items 5a, 5b, éa, 6b, 7, 8
and 11).

Statistical analysis

The time course of somatosensory recovery was described using a mixed model analysis,
with the EmNSA-UE scores from baseline until 26 weeks post-stroke for patients with both a
motor and sensory impairment, based on abovementioned cut off values. The longitudinal
association between motor (FM-UE) and somatosensory impairments (EmNSA-UE) was

analyzed using a second association model.

To evaluate if this association was robust for confounders, we examined the influence of
covariates: age, lesion side, CIRS, NIHSS-adapt, LCT, and MI-LE. An adjustment for time
was subsequently made to determine if the association was partly independent of progress
of time and therefore of spontaneous neurobiological recovery. We further evaluated the
interaction effect of severity of somatosensory impairment at baseline, on the longitudinal

association of recovery between motor and somatosensory impairments.
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We investigated whether the association between motor and somatosensory recovery
differed for patients with a low versus a high baseline score on the FM-UE and for recoverers
versus non-recoverers. We investigated this using two different methods. For the first
method we constructed dichotomous grouping variables based on the baseline FM-UE
level and the FM-UE recovery pattern subgroups, as described above i.e. recoverers and
non-recoverers. Interaction terms between the baseline FM-UE level and EmNSA-UE
and between FM-UE recovery patterns and EmNSA-UE were added and evaluated for
statistical significance. Secondly, as an alternative for defining grouping variables, an
alternative model was used in which within- and between-subject effects are separated *.
This, so called, hybrid model enables a direct distinction between factors relating to
differences in recovery within a patient over time and factors relating to differences in
recovery between patients *. For this purpose, we calculated the mean EmNSA-UE score
for each individual patient, representing the between-subject part of the association,
and the EmNSA-UE scores per measurement moment minus the patient’s mean score,
representing the within-subject part. The association between FM-UE and EmNSA-UE
was reanalyzed, estimating two separate beta-coefficients to represent the within- and

between-subject parts of the association.

To correct for dependency between measurements, a random intercept per patients was
used in the models. Residuals were checked for normality by inspection of the probability
distributions (g-q plots) and histograms. Significance level was set at a two-tailed Alpha
of 0.05 for all analyses. All analyses were performed using IBM SPSS statistics version 22
(IBM corporation, Armonk, NY, USA).

RESULTS

The flowchart of patient inclusion is shown in Figure 2.1. Subject’s characteristics are
displayed in Table 2.1. Data of 215 patients was collected within the three abovementioned
studies between October 2008 and May 2017. Of the 197 patients from which sufficient
data was collected, 195 patients had a motor impairment, i.e. an FM-UE score of 60
point or less at baseline. Ninety-five patients (49.0% of the patients with a complete
dataset) had an initial somatosensory impairment following the EmNSA-UE score of 37
point or less at baseline. Combining both modalities, data of 94 patients was available
to determine the longitudinal association. All residuals of the mixed model analysis were

normally distributed.
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Adults admitted to participating centers with an ischemic stroke less
than 3 weeks after onset, approx. N=6000

Reasons for exclusion

27.2% Not a first ever stroke

50.8% No upper-limb deficit

6.7% Severe cognitive deficit

3.6% Not able to sit for 30s without support

0.5% Orthopedic limitation

5.6% Other neurological condition

5.4% Met inclusion criteria, unwilling/other reason for being unable to
participate

0.2% Unknown

Patients included (N=215)

Drop-outs for sensory impairment

Incomplete baseline assessment (N=3)

Dropout or incomplete assessment at 26 weeks (N=18)
No sensory loss at baseline (EmNSA-UE >38) (N=99)

Drop-outs for motor impairment

Incomplete baseline assessment (N=0)

Dropout or incomplete assessment at 26 weeks (N=18)
No motor function loss at baseline (FM-UE >61) (N=2)

Included in association model
N=94

Figure 2.1 | Flowchart of the included patients with a stroke.
Abbreviations: Erasmus modification of the Nottingham sensory assessment of the upper extremity
(EmNSA-UE), Fugl-Meyer motor assessment of the upper extremity (FM-UE), number of patients (N).

Time course of somatosensory recovery

Figure 2.2 shows the individual time courses of motor and somatosensory recovery for the
94 patients included in the association model up to 26 weeks post-stroke. Mean EmNSA-
UE increased significantly up to week 12 post-stroke. While no further significant increase
was found between 12 and 26 weeks at a group level, there is evidence of change at
an individual level, as can be seen in Figure 2.2. Table 2.2 displays the corresponding
descriptives and the beta estimates with 95% confidence intervals (Cl) and probability

values of the association model describing the time course of somatosensory recovery.

Longitudinal association of motor and somatosensory impairments and impact of prog-
ress of time

Figure 2.3 shows the recovery of motor and somatosensory impairments expressed

as a percentage of the maximum possible recovery on the FM-UE and EmNSA-UE, as
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a visual illustration of their relationship. Most patients (N=78) showed relatively more
somatosensory than motor recovery, see Figure 2.3. Thirteen patients (14%) showed more

motor than somatosensory recovery. Table 2.3A displays the outcome of the association

Table 2.1 | Subject’s characteristics

High baseline Non-

All subjects motor score Recoverers recoverers
Characteristic N=94 N=34 N=21 N=39
Time between 9.6 (4.7) 10.7 (5.0) 10.0 (4.8) 8.3(4.1)
stroke and baseline
measurements (days) 2
Age (y)® 60.3 (12.5) 60.6 (14.3) 62.1(10.9) 59.1(11.8)
Gender, 58/34 21/13 12/9 25/14
male/female (N) ©
Affected hemisphere, 27167 10/24 9/12 8/31
left/right/(N) ®
Bamford classification, 32/53/9 14/18/2 8/11/2 10/24/5
LACI, PACI or TACI (N) ®
CIRS 2 (2-4) 3.5 (2-5.25) 2 (2-4) 2 (1-4)
NIHSS 9 (5-12) 5 (3.75-7) 8.5 (8-10) 12 (10-13)
LCT at baseline 14 (3-19) 19 (14-20) 17.5(13.25-20) 4 (0-14)
LCT at 6 months ps 19.5 (17-20) 20 (19-20) 20 (18.25-20) 19 (15-20)
FM-UE at baseline 7 (4-30) 35 (26.25-47.5) 7 (5.5-8.5) 4 (2-5)
FM-UE at 6 months ps 24 (7.75-57) 58.5 (49-62.25) 33 (22-52.5) 7 (5-9)
ARAT at baseline 0 (0-6.5) 16 (6-27.5) 0 (0-0) 0 (0-0)
ARAT at 6 months ps 10.5 (0-43.25) 49.5 (37.75-55) 22 (7-39.5) 0 (0-0)
EmNSA-UE at baseline 24 (2-34) 32 (10.75-36) 2 (4.5-35.5) 6 (0-25)
EmNSA-UE at 39.5(24.25-40) 40 (36.75-40) 0 (36.5-40) 35 (14-40)
6 months ps
MI-UE at baseline 1(0-49.5) 58 (47-65) 12.5 (0-28.75) 0 (0-0)
MI-UE at 6 months ps 7 (18-76) 84 (76-92) 65 (47-76) 14 (0-28)
MI-LE at baseline 42 (9-64) 75 (53-100) 42 (28-56.75) 9 (0-23)
MI-LE at 6 months ps 9 (47-89) 100 (77.5-100) 72 (64-75) 43 (37-64)

FM-UE score of 18 points or higher is considered a high baseline score for motor impairment.
Patients with an FM-UE score below 18 points were divided into recoverers (FM-UE >18 points at 26
weeks and at least a 6-point improvement between baseline and 26 weeks post-stroke) and non-
recoverers (FM-UE <18 points at 26 weeks post-stroke or failing to show a 6-point improvement
between baseline and 26 weeks post-stroke). Unless indicated otherwise the provided scale is
ordinal and median and interquartile ranges are displayed. Continuous variable (a); mean and
standard deviation are displayed. categorical/nominal variable (b); number of patients is displayed.
Years (y), kilogram (kg), meter (m), number of subjects (N), lacunar anterior circulation infarct (LACI),
partial anterior circulation infarct (PACI), total anterior circulation infarct (TACI), cumulative illness
rating scale (CIRS), national institute of health stroke scale (NIHSS), letter cancelation test (LCT),
Fugl-Meyer motor assessment of the upper extremity (FM-UE), action research arm test (ARAT),
Erasmus modification of the Nottingham sensory assessment of the upper extremity (EmNSA-UE),
motricity index (MI), lower extremity (LE), upper extremity (UE), post-stroke (ps). Baseline value is the
first measurement of each subject within 3 weeks post-stroke.
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model between motor and somatosensory impairments. FM-UE and EmNSA-UE showed
a significant longitudinal association (B intercept=10.91, p EmNSA-UE=0.55, P<0.01).
The longitudinal association between FM-UE and EmNSA-UE changed, yet remained
significant, when adjusting for age, lesion side, CIRS, NIHSS-adapt, LCT and MI-LE, with
B intercept=3.42 and p EmNSA-UE=0.21, P<0.01. The corresponding confidence intervals
are listed in Table 2.3A.

The longitudinal association between FM-UE and EmNSA-UE was no longer significant

after adjusting for progress of time.

Fugl-Meyer motor
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Figure 2.2 | Time course of FM-UE and EmNSA-UE over the first 26 weeks post-stroke.

A FM-UE score <18 points was considered a low baseline score; >18 points a high baseline score.
An EmNSA-UE score <9 points was considered a low baseline score; >9 points a high baseline
score.

Abbreviations: Erasmus modification of the Nottingham sensory assessment of the upper extremity
(EmNSA-UE), Fugl-Meyer motor assessment of the upper extremity (FM-UE), baseline assessment
within 3 weeks post-stroke (B), week 5 measurement (W5), week 12 measurement (W12), week 26
measurement (W26).
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Somatosensory impairment after stroke

Categorized baseline level of somatosensory impairment

The ROC-curve for somatosensory impairment showed an optimal cut-off point at 9 points
on the EmMNSA-UE. Of the 95 patients with a somatosensory impairment at baseline, 37
(39.0%) had an EmMNSA-UE score lower than 9 points and were categorized as having
a severe somatosensory impairment. Eight patients had a low baseline score on the
EmNSA-UE while having a high baseline score on the FM-UE. Thirty-two patients had a
high baseline score on the EMNSA-UE while having a low baseline score on the FM-UE.

The remaining 54 patients showed either a high (26 patients) or a low (28 patients) baseline
scores for both modalities.

Influence of severe baseline somatosensory impairment on motor recovery

The longitudinal association between motor and somatosensory impairments did not differ
significantly between patients with a high or a low level of somatosensory impairment at
baseline, as no significant interaction effect was found between longitudinal EmNSA-UE
score and baseline EmNSA-UE level, P=0.09.

Motor versus somatosensory recovery

100 g
T
2 ¢ ® . ........ ¢ 3
2 e °® 23
5 60 0. <
2 o e S §
e % o
o e e <o
8 ¢ © o 2
2 0e o © ¢
¢ 0 e ° o & o ¢ o
0%.878% o Lo © ° ® o
-40 -20 0 20 40 60 © 80 100
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@ % Motor > % somatosensory recovery N=13
@ <) % Motor < % somatosensory recovery N=78
-60

[ % Motor = % somatosensory recovery N=3

% recovery of EMNSA-UE

Figure 2.3 | Percentage of motor and somatosensory recovery between baseline (within 3 weeks
post-stroke) and 26 weeks post-stroke.

Motorand somatosensory recovery of 94 patients expressed as a percentage of the maximum possible
improvement: (EmMNSA-UE recovery=EmNSA-UE-26weeks/ (40 — EmMNSA-UE-baseline)*100%), (FM-
UE recovery=FM-UE-26weeks/ (66 — FM-UE-baseline)*100%).

The black dashed line represents the same percentage recovery of both modalities. When patients
show relatively more somatosensory than motor recovery, their value (blue diamond) is below the
dashed line, N=78. When patients show relatively more motor than somatosensory recovery, their
value (green dot) is above the dashed line, N=13. Three patients showed 100% recovery of both
modalities (gray square in top corner). Abbreviations: Erasmus modification of the Nottingham
sensory assessment of the upper extremity (EmMNSA-UE), Fugl-Meyer motor assessment of the
upper extremity (FM-UE).
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Categorized baseline level of motor impairment: recoverers and non-recoverers

The ROC-curve for motor impairment confirmed the optimal cut-off point of 18 points
on the FM-UE. Of the 195 patients with a motor impairment at baseline, 109 (55.9%) had
an FM-UE score lower than 18 points, and were categorized as having a severe motor
impairment of which 60 were included in the analyses due to a somatosensory impairment.
Of these 60 patients with a low baseline score, 21 were categorized as recoverers and 39

as non-recovers, based on their FM-UE score at 26 weeks post-stroke.

Influence of somatosensory recovery on motor recovery, high versus low baseline and
recoverers versus non-recoverers

A significant interaction effect was found between longitudinal EmMNSA-UE and baseline
FM-UE levels. For the group with a high baseline score (FM-UE>18) this resulted in a
significant longitudinal association between FM-UE and EmNSA-UE: f§ intercept=2.75,
B EmNSA-UE=0.44, P<0.01. Among the group with a low FM-UE baseline score, no

significant association was found between longitudinal FM-UE and EmNSA-UE scores.

Assignificant interaction effect was also found between longitudinal EMNSA-UE and motor
recovery pattern, with a significant positive association for the recoverers: B intercept=3.97,
B EmNSA-UE=0.69, P<0.01, while the non-recoverers showed a negative association: B
intercept=11.29, p EmMNSA-UE=-0.16, P=0.02. Table 2.3B gives all corresponding values
of the association model between motor and somatosensory impairments for the groups

based on baseline level of motor impairment and motor recovery pattern.

Influence of somatosensory recovery on motor recovery, based on between- and within-
subject effects

Table 2.4 shows the individual between- and within-subject effects of the association

between motor and somatosensory impairments.

Both the between- and within-subject parts showed a significant longitudinal association
between FM-UE and EmNSA-UE: B intercept=10.22, B EmNSA-UE/between=0.57, P<0.01
and B EmNSA-UE/within=0.54, P<0.01.

When correcting for age, lesion side, LCT, CIRS, NIHSS-adapt, and MI-LE, only the
between-subject association between FM-UE and EmNSA-UE remained significant:
intercept=-1.15, B EmMNSA-UE/between=0.35, P<0.01 and  EmNSA-UE/within=0.12,
P=0.16. The between association increased after adjustment for progress of time, to: 8
intercept=-0.21, B EmMNSA-UE/between=0.49, P<0.01 and  EmNSA-UE/within=0.00,
P=0.98.
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Chapter 2

No significant interaction effects were found between the baseline EmNSA-UE and FM-UE

levels, or the baseline EMNSA-UE level and the pattern of spontaneous motor recovery.

DISCUSSION

In the present study, we investigated the longitudinal association between motor and
somatosensory impairments, in a cohort of 94 patients with a first-ever ischemic stroke,

measured at four fixed time points during the first 6 months post-stroke.

We show that motor recovery was significantly longitudinally associated with somatosensory
recovery. Both modalities recover within the same time window of spontaneous neurobiological
recovery in the first 3 months post-stroke. After adjusting for possible confounders such as
age and co-morbidities, the association between motor and somatosensory impairment
remained significant, underpinning its robustness. However, the association disappeared
when correcting for progress of time, suggesting that time-dependent change due to
spontaneous neurobiological recovery is the main factor that drives improvement of both
modalities in the same time window #°*°. In the longitudinal association model between
FM-UE and EmNSA-UE, we found no significant influence of baseline level of somatosensory
impairment. The current findings therefore suggest that severe somatosensory impairment

in the first weeks post-stroke does not necessarily obstruct motor recovery.

However, we did find evidence that somatosensory function is an important factor to
achieve full recovery of motor impairment. None of the patients with full motor recovery
showed impaired somatosensory recovery. Our results suggest that different mechanisms
are relevant in subgroups of patients who show or do not show spontaneous neurobiological
motor recovery of the upper paretic limb. In patients with a low level of motor impairment
atbaseline (FM-UE >18) and/or significant spontaneous improvement of motor impairment
over time (i.e. recoverers), an association between motor and somatosensory impairments
was present, irrespective of progress of time. This finding suggests that motor recovery is

influenced, in a direct manner, by the recovery of somatosensory impairment.

Meyer et al. *' studied somatosensory recovery in 32 patients after stroke in the first week
and at 26 weeks post-stroke. They found only very low correlations between the FM-UE
and the subdomains of the EMNSA-UE in the first week post-stroke (r=-0.03 —-0.14), while
low to moderate correlations were found at 26 weeks post-stroke (r=0.02-0.27) >'. We
found, in line with these results that severe baseline somatosensory impairment does not
necessarily prevent spontaneous motor recovery as hypothesized, but rather that recovery

of somatosensory impairment is required for achieving full motor recovery.

52



Somatosensory impairment after stroke

Differences in mechanisms, based on between- and within-subject effects

The hybrid association model showed that the within-subject effect, which represents the
progress of time after stroke and thus spontaneous neurobiological recovery, is influenced
by factors such as stroke severity. However, we found a clear between-subject effect in the
association between motor and somatosensory impairments, which remained significant
after correcting for covariates and progress of time. This result reflects the same general
concept as was captured in the analyses using motor recovery pattern subgroups based
on cut off grouping variables. Somatosensory impairment affects motor recovery, which
supports an underlying mechanism consistent with processes of learning-dependent

plasticity.

While the hybrid model does not give insight into the existence of subgroups of recoverers
and non-recoverers, findings do confirm that the association between motor and soma-
tosensory impairments varies between patients with different motor recovery patterns.
Note that using a hybrid model may circumvent inherent problems of defining cut off
values in small groups of patients, and may therefore be recommended as an instrument
to separate the within-subject variance from the between-subject variance in explaining

neurobiological recovery in repeated measurement designs .

Limitations

The EmNSA-UE was used to measure somatosensory impairment, as has been recom-
mended due to its good to excellent reliability *’. The standardized response mean of
the revised NSA has a wide range, from 0.34 to 0.83, depending on the subdomain 2.
The smallest detectable change or minimal clinically relevant difference of the EmNSA
has however not been determined. The EmNSA-UE is a broad measure focusing on
detection of impairments in the primary somatosensory modalities using a subjective
ordinal 3-point scale and does not evaluate somatosensory discrimination, such as tactile
2-point discrimination. It can be hard to obtain an accurate and valid score for patients
with cognitive or attention impairments. Hence, we assumed a liberal measurement error

of at least 2 points when defining somatosensory impairments.

While multiple relevant covariates have been taken into account in this study, we could not
correct for lesion volume or location in our association model, since this information was
not available. The results from our study however suggest that the association between
the recovery of motor and somatosensory impairments is based on more than the close
anatomical distance of somato-motor brain areas, the overlap of the lesion in metabolism-

dependent systems and the recovery of penumbral tissue 4. Type of treatment was also
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not explicitly accounted for as a potential covariate in the present study, although there

is no evidence for a confounding effect *2.

Future directions

Although the underlying neurophysiological mechanisms for motor and somatosensory
impairments could not be causally linked in the current study, our results do provide

direction for future research.

As has been shown in animal models, reduced somatosensory input compromises
learning-dependent plasticity %-'. The absence of recovery of somatosensory impairment
could potentially compromise learning-dependent plasticity after stroke, resulting in
inferior motor recovery. Recovery of sensorimotor impairment after stroke is associated
with changes in resting-state functional connectivity (RS-FC) in humans and rodents 5%,
Hakon et al. recently showed, in an animal model of stroke, that multisensory stimulation
through exposure to an enriched environment improves tactile-proprioceptive function
and RS-FC in mice, as compared to those housed in a standard environment *. Clinically,
the present findings suggest that somatosensory retraining could be beneficial in
particular for those patients who show incomplete motor recovery post-stroke, as was
suggested in a recent systematic review of Turville et al. *®. The evidence regarding the
effectiveness of available somatosensory retraining programs on sensorimotor function
is currently however limited %8, In this vein, it is important to highlight that several items
on the FM-UE, like the pincer, spherical and cylindrical grasp can be considered tasks that
depend on sensorimotor function '? and that achieving a full FM-UE score will depend
on optimal sensorimotor function. Animal models in which the somatosensory and visual
impairments are selectively lesioned may give new insights into whether rehabilitation
interventions might be able to interact with motor recovery via learning-dependent

plasticity ?24.

Clinical practice would highly benefit from measures that can more objectively establish

somatosensory function. Therefore, one may consider neurocimaging '

and specifically
diffusion tensor imaging to determine the intactness of structural pathways after stroke .
Neurophysiological techniques that target the intactness of the somatosensory system
such as, closed-loop identification techniques by applying position perturbations ¢4 or
somatosensory and median nerve stimulation to the affected arm ¢, may be more precise
ways to test the integrity of somatosensory pathways after stroke than clinical measures ¢35,
However, the added prognostic value of these non-invasive techniques above clinical

testing alone needs further investigation within the first days post-stroke.
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Imaging parameters of the lesion are needed in future studies to corroborate our current
results, which are based on clinical measures of impairment. One of the few imaging
studies investigating somatosensory impairment reported a greater lesion load in the
corticospinal tracts of patients (N=32) with impaired ability to perceive a somatosensory
stimulus (e.g. touch, pressure) at 4-7 days post-stroke, yet all of the patients showed full
recovery of this somatosensory modality at 26 weeks post-stroke 8. The authors did,
however, not study the relationship with motor recovery. Longitudinal imaging studies
relating functional connectivity patterns to motor and somatosensory impairment and
recovery are needed to provide more insights into connectional diaschisis and network

changes in post-stroke recovery .

Recently, Hope et al. highlighted that the 70% proportional recovery rule maybe math-
ematically inflated ¢”. The proportional recovery model is also vulnerable for ceiling effects
and may therefore give a too optimistic impression of the predictability of outcomes ¢’.
Prognostic mixture models, not suffering from mathematical inflation, may be a next step to
improve early individual clinical decision making at stroke units . Beyond this discussion ¢,
our results indicate that somatosensory recovery is important to explain variability in the
percentage of motor recovery, specifically in the subgroup of recoverers. Our results are
a first step towards pinpointing factors that may interfere with, and/or prevent spontane-
ous motor recovery in patients early after stroke. Understanding of these factors, such
as somatosensory impairment, is needed to develop strategies to optimize quality of

movement after stroke 7°.
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Chapter 3

ABSTRACT

Background: The time course of cortical activation and its relation with clinical measures

may elucidate mechanisms underlying spontaneous neurobiological recovery after stroke.

Objective: We aimed to investigate (1) the time course of cortical activation as revealed
by EEG-based spectral characteristics during awake rest and (2) the development of these
spectral characteristics in relation to global neurological and upper-limb motor recovery

in the first 6 months post-stroke.

Methods: Resting-state EEG was measured serially in 41 patients after a first-ever ischemic
stroke, within 3 weeks and at 5, 12 and 26 weeks post-stroke. We computed the brain
symmetry index (BSI) and directional BSI (BSldir) over different frequency bands (1-25
Hz, delta, theta) and delta/alpha ratio (DAR). The national institutes of health stroke scale
(NIHSS) and Fugl-Meyer motor assessment of the upper extremity (FM-UE) were deter-
mined as clinical reflections of spontaneous neurobiological recovery. Longitudinal changes
in spectral characteristics and within- and between-subject associations with NIHSS and

FM-UE were analyzed with linear mixed models.

Results: Spectral characteristics showed a gradual normalization over time, within and
beyond 12 weeks post-stroke. Significant within- and between-subject associations with
NIHSS were found for BSldir, ,_ and DAR of the affected hemisphere (DAR, ). BSIdir

delta
also demonstrated significant within- and between-subject associations with FM-UE.

Conclusions: Changes in spectral characteristics are not restricted to the time window of
recovery of clinical neurological impairments. The present study suggests that decreasing
DAR,, and BSldir__ .
BSIdir

delta

reflect improvement of global neurological impairments, whereas

was also specifically associated with upper-limb motor recovery early post-stroke.
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INTRODUCTION

Most stroke survivors suffer from upper limb paresis in the acute phase after stroke .
About 70-80% of them will show some level of spontaneous neurobiological recovery
(i.e. 'recoverers’), whereas 20-30% of patients do not recover atall (i.e. 'non-recoverers’) 2.
Spontaneous motor recovery takes place predominantly within the first 3 months post-
stroke, after which most patients reach a plateau . The mechanisms that drive spontaneous
neurobiological recovery are mainly the salvation of penumbral tissue * and spontaneous
regenerative processes enhanced by an upregulation of growth-promoting factors,

angiogenesis and resolution of diaschisis *°.

The main improvements in terms of the national institutes of health stroke scale (NIHSS)
and Fugl-Meyer motor assessment of the upper extremity (FM-UE) take place in the time
window of spontaneous neurobiological recovery, which may extend up to ten weeks after
stroke onset ¢. A return of brain function towards its normal neural state is associated with
better behavioral outcomes after stroke ”~. The longitudinal association between clinical
improvements and changes in cortical activation, and whether these changes occur within
the time window of spontaneous neurobiological recovery, have hardly been investigated

so far 1011,

Neuronal oscillations, measured with magneto- or electro-encephalography (MEG/EEG),
have been suggested to serve as a measurement tool for potential biomarkers that can
be used to study the association with behavioral recovery ''. In particular, stroke is associ-
ated with increased low-frequency brain oscillations in the delta (1-4 Hz) and theta bands
(4-8 Hz) >4, as well as decreased alpha (8-12 Hz) activity "'. A spectral characteristic
quantifying this phenomenon is the delta/alpha ratio (DAR). Since stroke may lead to
increased delta activity with or without decreased alpha activity, a ratio between these
components may be more sensitive compared to the individual components for reflect-
ing severity of neurological deficit, and normalization of the underlying neurological
deficits due to spontaneous neurological recovery after stroke. DAR appears to correlate
with the severity of global neurological impairments measured with the NIHSS 7 in the
acute phase (<1 week) post-stroke. However, in a recent study performed in the chronic
post-stroke phase (>6 months), we could not find significant differences in DAR between
patients and age- and gender-matched healthy individuals, nor did we find a significant
association between DAR and motor impairment as measured with the FM-UE ™. The
above results suggest a decrease in DAR over time across stroke patients towards normal

values, regardless of global neurological impairment or motor impairment.
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The pairwise derived brain symmetry index (BSI) captures brain activity lateralization,
and seems to be associated with stroke severity 378, Several studies have shown that
BSl is increased in the early sub-acute phase (between 1 week and 3 months) 7' and in
the chronic phase ' post-stroke, when compared to healthy individuals. The extended
directional version of the BSI showed that increased low-frequency power in the affected
hemisphere relative to the unaffected hemisphere (i.e., asymmetry towards the affected
side), is highly associated with decreased motor function of the upper extremity in patients
with chronic stroke . We argue that directional asymmetry measures based on low-
frequency oscillations can be useful in the assessment of the asymmetry of hemispheric

activity early post-stroke, whose normalization is associated with neurological recovery.

In the present observational cohort study with repeated measurements performed at fixed
times post-stroke, we investigated the time course of EEG-based spectral characteristics
during awake rest as a representation of neuronal deficits. We simultaneously measured
the time course of global neurological recovery and upper limb motor function early post-

stroke, enabling us to investigate the longitudinal associations.
We addressed the following research questions:

1. What is the time course of the spectral characteristics DAR, BSI and BSIdir within the
first 6 months post-stroke?

2. Are DAR, BSI and BSIdir longitudinally associated with clinically observed improvements
of the NIHSS and FM-UE?

As regards (1), we hypothesized that the spectral characteristics would change in the

14

direction of values seen in healthy individuals . These changes might be caused by
decreasing delta activity in the affected hemisphere, and hence might be mainly reflected
by the DAR, , and the BSI and BSIdir when estimated over the delta band. In addition,

we hypothesized that changes would occur within the time window of spontaneous

AH!

neurobiological recovery (i.e. 3 months post-stroke).

We previously found a significant association for FM-UE with BSI and BSIdir but not
for DAR in the chronic phase post-stroke . Regarding the NIHSS, literature showed a
significant association in the acute phase with BSI and DAR "". Therefore, as regards (2),
we hypothesized that recovery of global neurological impairment as measured with NIHSS
would be positively associated with a gradual decrement (i.e. normalization) in DAR. In
addition, we hypothesized that a decrease in BSI (i.e. normalization) would be associated

with improvement of NIHSS and FM-UE scores within the first 3 months post-stroke.
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METHODS

Participants

In our multicenter longitudinal cohort study, patients admitted to the stroke units of six
participating hospitals from June 2015 until June 2017 were eligible for participation.
Fifty-five patients were included within 3 weeks post-stroke. The inclusion criteria were: (1)
first-ever ischemic stroke according to CT or MRl scan; (2) <3 weeks post-stroke; (3) upper
limb paresis (NIHSS 5a/b >0); (4) 218 years of age; and (5) providing written informed
consent. Exclusion criteria were: (1) upper extremity orthopedic limitations present prior
to stroke onset; (2) recurrent stroke; and (3) severe cognitive problems, i.e. mini mental
state examination score <18 ?°. The present study (registered at the Dutch trial register
as NTR4221) was approved by the medical ethics committee of the VU university medical
centre, Amsterdam, the Netherlands (NL 47079 029 14) and carried out in accordance

with the Code of Ethics of the world medical association (declaration of Helsinki, 2013) 2'.

Procedures

High-density EEG measurements and clinical assessments were performed within the first
3 weeks and at weeks 5, 12 and 26 post-stroke. The first measurement was conducted as
soon as feasible. To optimize the feasibility of assessing early sub-acute patients at fixed
times post-stroke, a specially equipped van (Figure 3.1) was used to perform clinical and
EEG measurements, irrespective of the patient’s place of residence, such as a hospital,
rehabilitation center, nursing home or their own home. With that, the burden of traveling for
the patients was reduced. The measurement van was customized to allow EEG acquisition
of the same quality as in our hospital setting ?°. The resting-state EEG measurement
analyzed in the current study was part of a larger study protocol. The duration of the full
EEG protocol was dependent on patient’s ability to perform tasks. Including preparation
of the patient this took between 45 minutes, in case only resting-state EEG was measured,

and 2 hours, in case all tasks were performed.

Electroencephalography

During the EEG measurement, patients were seated in a wheelchair and were asked to
focus their eyes on a dot displayed on a flat screen. Five consecutive trials of one-minute
resting-state EEG data were collected. High-density 62-channel EEG was recorded using
an actively shielded EEG cap with electrode placement according to the international
10-20 system (Ag/AgCl electrodes and REFA multichannel amplifier, TMSi, Oldenzaal,
the Netherlands, with ASA acquisition software, ANT software BV, the Netherlands).
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Figure 3.1 | Measurement set-up in a specially equipped van.

Electrode impedances were kept below 20 kQ. EEG signals were online referenced to
average. In addition, bipolar Ag/AgCl electrodes served to monitor the muscle activity
of the m. extensor carpi radialis and m. flexor carpi radialis of both arms. All signals were
sampled at a rate of 2048 Hz.

Clinical assessments

Clinical assessments encompassed the NIHSS [0-42] and FM-UE [0-66]. NIHSS is a
measure of the severity of global neurological impairment to classify stroke severity 2.

FM-UE measures the synergy-dependent motor recovery of the upper limb. Both are
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recommended as outcome measure in stroke research 2%, and the time window of their

change is assumed to reflect the period of spontaneous neurobiological recovery.

Data analysis

Pre-processing

Offline analysis was conducted using Matlab (R2012a, The Mathworks, Natwick, MA) with
the FieldTrip toolbox for EEG/MEG analysis %. EEG data were filtered with a 4"-order
bi-directional high-pass Butterworth filter (cut-off at 0.5 Hz). Power-line artifacts were
reduced using notch filters around 50, 100, and 150 Hz (4"-order bi-directional Butterworth,
band-width 1 Hz). Channels without data or very poor data quality were interpolated
as the weighted average of the surrounding electrodes, followed by re-referencing to
the remaining average. For each measurement, an average of 0.17 electrodes were
interpolated. Further artifact removal consisted of the exclusion of eye-blinks and
muscle activity using independent component analysis based on visual inspection of
the components’ waveforms, power spectrum and topographic distributions. For each
measurement, an average of 2.9 components were removed. The resulting signals were
again visually inspected and segments of the data which showed remaining artifacts were
removed. Analyzed epochs were as large as possible, with a maximum of one minute.
Modified periodograms with a Hanning window with size equal to the epoch length served

as proxies of the spectral power density per channel.

Spectral characteristics

Delta/alpha ratio
DAR was defined as the ratio of the delta power to the alpha power. For every channel ¢
the power of the delta and alpha frequency bands (f=1, ..,4 Hz and 8, ..,12 Hz, respectively)
was determined as the mean of the spectral power P (f) over this range. The delta/alpha
ratio was computed as

(F(fp=1,..a1z

e Ay=hAanz 1
R X7 y— W

The ratios were averaged over all N EEG channels yielding the global DAR as:

N
DAR = %Z DAR, )
c=1
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In addition to the assessment over all available channels, the DAR was also calculated
over the affected (DAR,,) and unaffected hemisphere (DAR ), in which the electrodes

covering the midline were not included.

Brain symmetry index

The BSI was defined as the absolute pairwise normalized difference in spectral power
between the homologous channels ¢, and ¢, for left and right, respectively. The difference

was averaged over a range from 1 to 25 Hz (adapted from '*"7) according to:

P () = B, (F)

BSIc, = m‘>f=1,...,25 H

©)

These values were averaged over all channel pairs cp:

N/2

BSI = = Z BSlp @

cp=1

BSl values range from zero to one, indicating maximal symmetry and asymmetry, respec-
tively. In our earlier cross-sectional study performed in the chronic phase post-stroke
(N=21), we showed the importance of the lower frequency bands . Therefore, next to
the assessment over the 1-25 Hz range, BSI was also determined separately for the delta
(1-4 Hz) and theta (4-8 Hz) frequency bands.

We supplemented the BSI by a directed version (BSIdir) to account for the direction of the
asymmetry '*. The computation of the BSIdir omitted the absolute value of the numerator
of Eq. (3). The sign of BSIdir was chosen such that values between 0 and 1 reflected greater
cortical power in the affected hemisphere compared to the unaffected hemisphere, and

vice versa for values between -1 and 0.

Statistical analysis

The change in spectral characteristics during the first 6 months post-stroke was investigated
with linear mixed models analyses with the factor time (of measurement) as the main fixed
effect. A random intercept per individual was used to correct for dependency between
measurements. Separate models were used for each dependent outcome parameter
(DAR, BSI, BSldir).

The longitudinal association between spectral characteristics and clinical measures was

investigated with longitudinal linear mixed model analyses using two different models.
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In the first model we investigated the main effects of FM-UE and NIHSS on spectral
characteristics using a linear mixed model, for each individual clinical measure. For this
model we used a random intercept for each individual, whereas time was added to the
model as a potential confounder and effect modifier. Second, we applied a hybrid model %
for the spectral characteristics which revealed a trend or a significant longitudinal
association with clinical scores measured during the first 6 months post-stroke. This model
made it possible to distinguish between the between- and within-subject effects of the
longitudinal relationship. The between-subject covariate was determined as the individual
average value over time of the independent variable, which reveals the association
regardless the development over time. The within-subject covariate was calculated as
the observed value minus the individual average, which reveals whether development
of the dependent and independent covariates over time within a subject are associated.
Subsequently, the associations between clinical measures and spectral characteristics
were analyzed, resulting in two separate regression coefficients reflecting the within- and

between-subject components of the longitudinal relationship.

Statistical analyses were performed using IBM SPSS statistics for windows, version 22.0
(IBM Corp., Armonk, NY, USA). Multiple testing was accounted for using the Holm-
Bonferroni method. For each model, the distribution of residuals was tested for normality

by inspecting histograms and Q-Q plots.

RESULTS

Participants

Aflowchart of the screening, inclusion and follow-up procedure, and an overview of missing
data, are depicted in Figure 3.2. Forty-one out of 55 patients completed the four repeated
measurements until 26 weeks post-stroke and were included in the analyses. Baseline
measurements took place at 13+5days (mean+SD) post-stroke and were repeated at w5
(32+3 days), w12 (82+4 days) and w26 (185+20 days) post-stroke. Patient characteristics

at baseline and w26 are presented in Table 3.1.

Changes in spectral characteristics over time

Figure 3.3A-B depicts the individual and averaged time courses of the NIHSS and FM-UE
scores. Visual inspection of the NIHSS and FM-UE confirms our assumption that a plateau
was reached at 12 weeks post-stroke. Figure 3.3D depicts the averaged time courses

of the investigated spectral characteristics. The corresponding coefficient estimates (83),
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Screened for inclusion (N=2095)

Excluded (2040)
10.6 % Haemorrhagic stroke
24.3 % Recurrent stroke (not first ever)
0.2 % Screening > 3 weeks post-stroke
45.4 % No paresis of the upper extremity
3.2 % Not fit enough to participate
5.0 % Neurological comorbidity
0.5 % Orthopaedic limitation of affected limb
6.0 % Not being able to follow instructions (MMSE<18)
1.1 % Met all inclusion criteria, no interest to participate
3.7 % Other reasons

Patients included (N=55)

Drop-outs (N=14)

Wrong diagnosis (N=2)

Recurrent stroke (N=2)

Other medical reasons (N=2)
Measurements too exhausting (N=5)
Refused further participation (N=2)
Lost contact (N=1)

Missing data

Clinical tests (N=1, at w5)

EEG measurement at baseline (N=2)
EEG measurement at w5 (N=2)

EEG measurement at w12 (N=1)
EEG measurement at w26 (N=1)

Included in the EEG analysis (N=41)

Figure 3.2 | Flowchart of screening, inclusion and follow-up.
Abbreviations: mini mental state examination (MMSE), number of patients (N).

95% confidence intervals (Cl) and probability estimates (P) are summarized in Table 3.2.
Individual time courses of the spectral characteristics are presented in the supplementary

materials (Figure S3.1).

DAR showed a significant decrease over time between baseline and w26 (3=-0.69,
P<0.001), and from w5 to w26 (B=-0.46, P=0.03). The largest decrease was found in the
affected hemisphere, while only a trend was found for the unaffected hemisphere (Figure
3.3; Table 3.2). No difference was found for BSI and BSI, .
although a decrease was observed between w12 and w26 (3=-0.02, P<0.001; B=-0.02,
P<0.01; Table 3.2). BSI,,,.
(3=-0.02, P=0.01), w5 (B=-0.02, P=0.01) and w12 (3=-0.03, P<0.001). A statistically non-
(Table 3.2), while a
significant decrease was found for BSIdir___from baseline to w26 (3=-0.04, P=0.003), and

between baseline and w26,
showed to be decreased at w26 when compared to baseline
significant decrease over time was found for BSIdir and BSldir

theta

from w5 to w26 (3=-0.03, P=0.01). This indicates that the power over the hemispheres

became less lateralized especially in the lower frequency band.
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Table 3.1 | Patient demographics at baseline and 26 weeks post stroke

All (N=41)
Demographics Mean (SD) or N
Time PS (days) 13 (5)
Age (years) 67 (11)
Gender (male/female) 24/17
Affected hemisphere (left/right) 20/21
Bamford classification (LACI/PACI/TACI) 20/16/5
Clinical scores at baseline Median (IQR)
NIHSS 5(3.5-7.5)
FM-UE 21 (7-45.5)
ARAT 4 (0-32.5)
EmNSA 37 (34.5-40)
MI-UE 50 (21-72)
MI-LE 53 (32.5-75)
Clinical scores at 26 weeks post-stroke Median (IQR)
NIHSS 2(0-3.9)
FM-UE 58.5 (24-63)
ARAT 50 (3-57)
EmNSA 40 (38-40)
MI-UE 76 (47-84)
MI-LE 77.5 (58-100)

Demographics and clinical scores at baseline and 26 weeks post-stroke of all patients included in
the analysis. Time post-stroke (time PS), i.e. time between stroke onset and baseline measurement,
number of participants (N), standard deviation (SD), interquartile range (IQR), lacunar anterior circular
infarct (LACI), partial anterior circulation infarct (PACI), total anterior circular infarct (TACI), national
institutes of health stroke scale (NIHSS), Fugl-Meyer motor assessment of the upper extremity (FM-
UE), action research arm test (ARAT), Erasmus modification of the Nottingham sensory assessment
of the upper extremity (EmNSA), motricity index (M), upper extremity (UE), lower extremity (LE).

Association between spectral characteristics and NIHSS

Tables 3.3A-C and Table 3.4 present the longitudinal associations between spectral
characteristics and NIHSS scores. A lower DAR or DAR, was longitudinally associated
with a lower NIHSS score (3=0.12, P<0.001; 3=0.19, P<0.001; Table 3.3A). These relations
concerned significant positive within- and between-subject effects (Table 3.4). DAR and
DAR,,, were significantly positively associated with NIHSS at baseline (3=0.12, P=0.04;
B3=0.21, P=0.01; Table 3.3B), while significance was not reached at other measurement
moments. Regarding the DAR , no significant longitudinal association was found with
NIHSS.
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BSl was positively associated with the NIHSS score (3=2.51-103, P=0.01; Table 3.3A). After
correction for time, the association with NIHSS became stronger (3=4.52-10, P<0.001),
which suggests an association between the dependent and independent covariates
irrespective of the time-dependent changes of the covariates. The longitudinal relation
mainly concerned a positive between-subject effect (Table 3.4). The interaction term
between NIHSS and time did not reach significance, suggesting that the association
between BSI and the NIHSS did not change over time. The BSI,, and BSI
results similar to those for the BSI, yet remained borderline significant (Table 3.3A, 3.4).

showed

delta theta

BSIdir .. showed a significant positive relation with NIHSS (3=0.84-107, P<0.001; Table
3.3A), where time was not a confounder. This relation consisted of significant positive

within- and between-subject effects (Table 3.4). The relation between BSIdir__ _and NIHSS

t:

was significant across measurement moments (Table 3.3B).

Association between spectral characteristics and FM-UE

Tables 3.3A-C and 3.4 show the longitudinal associations between spectral characteristics
and FM-UE. No significant longitudinal association was found between DAR or DAR ,, and
FM-UE (Table 3.3A), neither when corrected for time nor at any specific moment in time
(Table 3.3C). For DAR,, a trend towards a negative association with FM-UE was found,
which was no longer present after correction for time. This agrees with the outcome of
the hybrid model, which revealed that this association was primarily caused by a within-
subject effect (Table 3.4).

BSI, BSI,, as well as BSI

(Table 3.3A), neither when corrected for time, nor at any moment in time (Table 3.3C).

et did NOt show significant longitudinal associations with FM-UE

BSIdir showed a trend towards a negative association with FM-UE (3=-0.72-10", P=0.02;
Table 3.3A), but after correction for time this trend was no longer present. In line with this
finding, the hybrid model showed only a significant negative within-subject effect (Table
3.4). BSldir_,. was negatively associated with FM-UE (3=-0.14-10?, P<0.001; Table 3.3A),
which was borderline significant after correction for time. This relation concerned significant
negative within- and between-subject effects (Table 3.4). Further analyses revealed that the

interaction term (FM-UE*time) was significant, indicating that the relation varied over time.

DISCUSSION

Current literature argues the importance of knowledge concerning the association

between clinical improvements and changes in the brain after stroke 2. Studies focused
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on brain activity related to impairments after stroke mainly have a cross-sectional design.
In the current study resting-state EEG and clinical data were measured repeatedly at
recommended fixed moments in the first 6 months post-stroke 2. The aim was to investigate
longitudinal changes in the EEG-derived spectral characteristics DAR, BSI and BSldir, as
well as their changes over time in relation to improvements of NIHSS and FM-UE scores

within and beyond the window of spontaneous neurobiological recovery.

We hypothesized that DAR, BSI and BSIdir would decrease mainly within the time window
of spontaneous neurobiological recovery after stroke as reflected by changing neurological
impairments such as FM-UE and NIHSS. However, our findings revealed that this time
window did not fully match with the time window of changes in spectral characteristics,
which were found to normalize within and beyond the first 3 months. In line with our

second hypothesis, the time course of DAR,, and BSIdir,_,_ within subjects was significantly

delta
positively associated with the severity of global neurological impairments as reflected by

the NIHSS score. Moreover, BSldir

delta

showed a clear negative within-subject association
with recovery of motor impairments of the upper extremity as reflected by FM-UE scores.
This means that a decreasing asymmetry in the delta band within a patient was related

with recovery of motor function of the upper extremity.

Time course of spectral characteristics differs from spontaneous neurobiologi-
cal recovery

Most of the spectral characteristics we investigated showed normalization over time to a
certain extent, in line with what has been reported in the literature '2'42?. More specifically,
DAR,,, and BSldir approached values found in healthy subjects *, whereas lateralization
as reflected by the BSI persisted. The seemingly inconsistent results for BSI and BSlIdir
might be the result of reciprocal asymmetries over the channel pairs, which accumulate in
BSI while cancelling out in BSIdir. Nonetheless, our results show decreasing lateralization
in the delta band for both asymmetry measures. Comparable with our results, a previous
longitudinal MEG study reported delta activity to be increased in the affected hemisphere in

the acute phase and to decrease over time during the early sub-acute phase post-stroke .

The time course of the investigated spectral characteristics did not plateau at the same
moment as spontaneous neurobiological recovery reflected by the NIHSS and FM-UE
scores. This continuing normalization of EEG parameters suggests that not all changes
measured with EEG reflect neurological improvements reflected by a global neurological
deficits assessment as the NIHSS or motor function assessment as the FM-UE. Although

speculative, the continuing normalization observed in EEG parameters may parallel more
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refined neurological improvements, which are not detectable with NIHSS and FM-UE due
to their ceiling effect. Obviously, molecular and cellular processes related to post-stroke
recovery (i.e. upregulated growth factors, angiogenesis and synaptogenesis) /%" affect
synaptic connections and network integrity, and lead to remapping °, which —in turn — may
alter brain oscillations 32. The underlying relationship between these processes remains

to be investigated.

Spectral characteristics as monitoring biomarkers of recovery

The positive within-subject effects found for DAR and DAR , reveal decreasing values within
patients as NIHSS scores improved. This is in line with the findings of the aforementioned
longitudinal MEG study, which revealed that patients with persistent low-frequency activity

also had lower NIHSS scores than patients without such persistent low-frequency activity .

The increased DAR values in both the affected and unaffected hemispheres, compared
to healthy values, confirm the current literature reports suggesting that the unaffected
hemisphere is also affected early after stroke 3***. Therefore, our asymmetry measure may
have underestimated the neurological deficits early post-stroke. Since the unaffected
hemisphere is less affected than the affected hemisphere, DAR,, might be more

appropriate to capture the relevant signals than DAR calculated over both hemispheres.

Our BSI results agree with those presented by Agius Anastasi and co-workers . They
reported a trend towards a decrease in BS| over time, and the absence of a significant
correlation with FM-UE. We only showed a significant positive between-subject effect
between NIHSS and BSI. This suggests that a lower NIHSS score in patient A compared

to patient B, is related to a decreased BSI value in patient A compared to patient B.

The longitudinal associations between BSIdir,_ , stroke severity, and motor function as

delta’
reported here emphasize the validity of this specification favoring the use of frequency
bands and directionality. The within- and between-subject effects reveal that a lower
degree of asymmetry in the delta band compared to another patient, or a decreasing
degree of asymmetry in the delta band over time within a patient, were associated with
decreased stroke severity and improved motor function of the upper extremity. This
suggests that the development of BSIdir__ _and clinical scores over time within individuals

are related. BSldir

delta

delta

therefore shows potential as a monitoring biomarker of spontaneous

neurobiological recovery.

In congruence with our data, which suggests increased activity towards the affected

hemisphere in the delta frequency band (i.e. increased BSIdir ), Fanciullacciand co-workers %

de\ta)
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showed delta power to be increased in the affected compared to the unaffected
hemisphere in stroke patients with subcortical lesions. Nonetheless, in the same sample
they showed a negative correlation between pdBSI and NIHSS, which is different from our
findings. This discrepancy may result from methodological issues such as small sample
sizes in combination with the lack of correction for multiple testing. Hence, the influence of
lesion location on these results has yet to be investigated. Other techniques and imaging
methods (e.g. MRI or DTI) are necessary to better understand the impact of anatomical

integrity on the time course of spectral characteristics early post-stroke.

Limitations and future directions

Several limitations of the study should be taken into consideration. Additional analyses were
performed in which the time courses of the spectral characteristics were compared between
3 patient groups classified based on their FM-UE recovery pattern (See Supplementary
materials). Unfortunately, due to small subgroups this analysis was underpowered.
Furthermore, since in the current study MRI data was unavailable for a large proportion of
the patients, we were not able to correct for lesion size or location, while we acknowledge
that this might influence the observed resting-state oscillations and motor recovery post-
stroke 35%. In previous work, DAR was found to be only increased in patients with a cortico-
subcortical lesion, while BSI was only increased in patients with a subcortical lesion when
compared to healthy individuals *. Future studies are needed to further investigate the
influence of lesion location on the time course of DAR and BSI. Additionally, we restricted
the present study to spectral characteristics representing low-frequency activity. Whether
alpha, beta and gamma frequencies may also be sensitive neurophysiological biomarkers
of recovery early post-stroke needs to be investigated. Finally, due to the limited capacity
of patients in the acute phase post-stroke, the baseline measurement took place at an
average of 12 days post-stroke, which means that a substantial amount of recovery might
already have occurred ¥. Hence, we may have missed some of the early changes in spectral

characteristics over time.

In future research we suggest to investigate the contribution of low-frequency oscillations
during upper limb movements. Previous work in rodents suggest that low-frequency
oscillations are a possible target for neuromodulation to improve motor function recovery

post-stroke *.
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Conclusion

In the current study, it was concluded that normalization of resting-state EEG asymmetry
measures was not restricted to the time window of recovery of clinical neurological
impairments measured with NIHSS and FM-UE. This might reflect an ongoing neural
recovery beyond 3 months, which is not detectable by these impairment-focused outcome
measures. In addition, global neurological recovery and recovery of motor function of
the upper extremity are associated with normalization of their spectral characteristics in
the low frequency bands in patients who suffered from ischemic stroke. Future research
should investigate the influence of lesion location on this relationship as well as and the

potential role of spectral characteristics as a prognostic biomarker of recovery.
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Supplementary Figure $3.1 | Individual and averaged (black dashed line) time course of the investigated spectral characteristics. Delta band: 1-4 Hz, theta

band: 4-8 Hz. Abbreviations: baseline measurement within 3 weeks post-stroke (B), measurement week post-stroke (W), delta/alpha ratio (DAR), brain sym-
metry index (BSI), directional BSI (BSIdir), Fugl-Meyer motor assessment of the upper extremity (FM-UE), national institutes of health stroke scale (NIHSS).
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ABSTRACT

The possibility to regain motor function after stroke depends on the intactness of motor
and sensory pathways. In this study, we evaluated afferent sensory pathway information
transfer and processing after stroke with the coherence between cortical activity and a

position perturbation (position-cortical coherence, PCC).

Eleven subacute stroke survivors participated in this study. Subjects performed a motor
task with the affected and non-affected arm while continuous wrist position perturbations
were applied. Cortical activity was measured using EEG. PCC was calculated between

position perturbation and EEG at the contralateral and ipsilateral sensorimotor area.

The presence of PCC was quantified as the number of frequencies where PCC is larger
than zero across the sensorimotor area. All subjects showed significant contralateral PCC
in affected and non-affected wrist tasks. Subjects with poor motor function had a reduced
presence of contralateral PCC compared with subjects with good motor function in the
affected wrist tasks. Amplitude of significant PCC did not differ between subjects with
good and poor motor function. Our results show that poor motor function is associated
with reduced sensory pathway information transfer and processing in subacute stroke
subjects. Position-cortical coherence may provide additional insight into mechanisms of

recovery of motor function after stroke.
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INTRODUCTION

Stroke is a leading cause of adult onset disability in the Western world. Rehabilitation after
stroke has a strong emphasis on reducing motor impairment to improve the quality of life .
Within rehabilitation practice, sensory impairment does not receive as much attention as
motor impairment does, although it is known that sensory impairment is common after

stroke ? and related to motor impairment °.

The relation between sensory and motor impairment is unsurprising because motor control
requires bidirectional interaction between cortex and periphery “°. Sensory feedback via
the afferent pathways is necessary to generate proper motor commands which reach the
muscles via the efferent pathways. Invasive recordings in monkeys showed that both sensory
and motor cortical neural populations synchronise their oscillatory activity to peripheral
signals ¢. This synchronisation is thought to play an important role in the transmission of
information, i.e. connectivity, within closed loop motor control #7#. Coherence between
cortical activity and muscle activity, corticomuscular coherence (CMC) ', is used as a
measure of cortical sensorimotor integration during a motor task and depends on the

information transfer across both efferent and afferent pathways '>'%.

As a measure of both efferent and afferent pathway connectivity, changes in CMC cannot
be related to changes in sensory or motor pathways. In addition, measurement of CMC
requires a measurable EMG signal and thus is only possible in subjects that are able to
voluntarily generate muscle force. When studying sensory and motor function after stroke
with CMC, no information can be obtained from individuals without voluntary muscle
control. Finally, a large downside for the potential clinical application of CMC is that
it cannot be detected in all cases: even healthy subjects, with normal voluntary motor
control, do not all present CMC "', The inter-individual difference in the presence of
CMC reflects physiological inter-individual differences in the strength of the oscillatory
corticomuscular coupling and is not the result of technical aspects such as the (mis-)

placement of EEG electrodes ".

We previously showed that adding a small continuous position perturbation during an
isotonic force task elicits CMC and coherence between the position perturbation and
the EEG: position-cortical coherence (PCC) . Position-cortical coherence represents the
unidirectional information transfer across the afferent pathways because the perturbation
acts as an external excitation signal for the proprioceptive system (primarily the Golgi
tendon organs and muscle spindles). Coherence between position perturbation and
cortical activity can only occur when sensory feedback related to the perturbation reaches

the cortex via the afferent pathways: information transfer. Possibly, also neural populations
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that are involved in the processing and sensorimotor integration of this information
synchronise their activity to the perturbation as well and contribute to PCC. Position-cortical
coherence thus represents sensory information transfer and processing. The origin of PCC
is comparable to the origin of steady state evoked potentials of the visual or auditory
system 7. Because PCC is present in all subjects, it is a more reliable measure to study
the cortical involvement in motor control than CMC ™. In addition, as PCC represents
unidirectional connectivity it has a simpler interpretation than CMC which represents

bidirectional connectivity and does not allow estimation of pathway specific properties .

The aim of this studly is to show the potential value of PCC as a measure of sensory pathway
information transfer and processing after stroke. Based on the association between sensory
and motor impairment after stroke *, we hypothesise that stroke survivors with poor motor
function have a lower PCC. We made a distinction between the presence of PCC (i.e. the
number of frequencies and electrodes with significant PCC) and the mean amplitude of
significant PCC in order to assess which is most informative of sensory pathway information

transfer and processing.

In addition, we introduce a lateralisation index of PCC to evaluate the distribution of PCC
between the lesioned and non-lesioned hemisphere. While in normal subjects PCC was
localised at the contra-SM ', it has been shown with fMRI and EEG that stroke survivors
recruit additional, ipsilateral areas during movement 2'22. We therefore hypothesise that

stroke survivors present PCC in both hemispheres.

METHODS

Eleven first-ever hemispheric stroke survivors participated in the study (one woman).
Details of the subjects are presented in Table 4.1; all subjects had ischaemic stroke.
Subjects were either outpatients or recruited in the acute phase from the hospital wards
of the Leiden university medical center. Subjects were in the subacute phase after stroke
(within 6 months post-stroke). The group of subjects had a dichotomous distribution on
the Fugl-Meyer motor assessment of the upper extremity (FM-UE) Z. Six subjects had a
FM-UE of 55 points or higher (the maximum possible score is 66 points), these subjects
were considered to have a good motor function (group: good function). A score of 55 or
higher indicates that these subjects were able to move outside of synergistic movement
patterns. Some of these patients still experienced loss of strength and coordination,
indicated by a non-maximal score; however, they were able to perform all movements
and withstand a minimal resistance during the test. The other 5 subjects had considerably

lower FM-UE scores, these subjects all scored <20 points and were considered to have
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poor motor function (group: poor function). Sensory function of subjects was evaluated
using the Erasmus modification of the Nottingham sensory assessment (EmNSA) 2. This
scale evaluates different test items across multiple locations on the upper extremity. Test
items are as follows: light touch, pressure, pin prick, sharp-blunt discrimination, and
proprioception. When a subject scored less than the maximal score for a test item on more

than one location on the upper extremity, the test item is marked as reduced.

All measurements were taken in accordance with the Declaration of Helsinki and were
approved by the medical ethics review committee of the Leiden university medical center
(Leiden, the Netherlands). All participants gave signed informed consent before the

measurements.

Experimental set-up

Subjects were seated next to a wrist manipulator (Moog Inc., Nieuw-Vennep, the
Netherlands), see Figure 4.1. The wrist manipulator (WM) is an actuated rotating device
with a single degree of freedom that can impose flexion and extension movements on the
wrist. The lower arm of the subject was strapped in an arm rest while the subject held the
handle of the WM. The axis of rotation of the WM was aligned with the axis of rotation of
the wrist. The neutral angle was determined for each subject as an angle between flexion
and extension which was comfortable for the subject. The lever of the WM is equipped

with a force transducer to measure the torques exerted by the subject.

EEG was measured using 64 scalp electrodes, placed according to the 5% electrode system %
using a standard EEG cap with Ag/AgCl electrodes (actively shielded headcap by TMS;,
Oldenzaal, the Netherlands). Electrode impedances were below 20 kQ), and signal quality
was monitored online. EMG was measured from the flexor carpi radialis using bipolar Ag/
AgCl electrode pairs placed on the muscle belly. All physiological signals were sampled
at 2048 Hz (Refa system by TMSi, Oldenzaal, the Netherlands). The angle of the WM and
the torque exerted on the lever were synchronously measured on a separate system at
2048 Hz (Porti system by TMSi, Oldenzaal, the Netherlands) or via electrically isolated

channels on the same amplifier as the physiological signals.

Protocol

Subjects performed a motor task with the affected arm and with the non-affected arm.
In the active motor task, subjects were instructed to exert a constant wrist flexion torque
on the handle of the WM. Subjects were instructed to keep the exerted torque within a

range of 1.8 £ 0.27 Nm. To aid the subjects in keeping a steady torque, subjects received
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position perturbation
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Figure 4.1 | Overview of the experimental set-up (left) and a 1-s segment of the position
perturbation (right).

The subject holds the handle of the wrist manipulator (WM), and the lower arm is strapped in an
arm rest using Velcro straps. To support the subject in maintaining a steady isotonic wrist flexion
torque, visual feedback of the target torque and the exerted (2-Hz low-pass filtered with third-order
Butterworth filter) was provided on the display in front of the subject. The position perturbation is
a sum of sines with a decreasing value of the power with frequency. Power spectral density (PSD).

visual feedback of the exerted and the target torque via a display. For the visualisation, the
exerted torque was low-pass filtered online with a cut-off frequency below the bandwidth of
the perturbation (third-order low-pass Butterworth, 2 Hz) to remove frequencies contained

in the position perturbation.

All subjects performed the active motor task (active task) with the non-affected arm and
attempted the active task with the affected arm. When a subject was unable to maintain
a stable wrist flexion torque for at least 5 s with the affected wrist or when the subject
was unable to return to the target torque once the exerted torque decreased, the subject
performed the relax task. In the relax task, the subject held the handle of the WM without
exerting a torque. Table 4.1 lists which task was performed with the affected arm for

each subject. Subjects performed eight trials of 40 s. In case the online monitoring of the
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EEG revealed many eye blinks or activation of facial muscles, an extra trial was recorded.
The affected arm trials were performed first. During the trials, the inactive hand lay in
a comfortable relaxed position, generally on the lap of the subject. EMG was visually

monitored online to control for mirror movements.

Six subjects (C.05, C.07,C.08, C.10, C.11, and C.13) were willing to perform both the active
and relax task with the affected and/or non-affected arm to allow comparison between the
active and relax task. Two subjects performed these extra trials in a separate measurement
session. The subjects with poor motor function that performed the extra active motor
tasks with the affected arm (C.05, C.07, and C.13) performed the extra active task with
a lower target torque. The target torque was set such that muscle activation was seen in
the EMG signal. Even with a low target torque, these subjects were unable to maintain a
stable contraction; during the trials, subjects were motivated to keep attempting to exert

torque and return to the target torque when the exerted torque decreased.

The position perturbation signal (Figure 4.1, right side) consisted of a sum of sine waves
(5,9,13,17,21, 25, and 29 Hz). The perturbation signal had a period of 1s and a peak-to-
peak amplitude of 1.7° (0.03 rad). The power of the sine waves decreased with frequency,
giving the perturbation a flat velocity spectrum. The small amplitude of the perturbation

allows the application of the perturbation also to subjects with increased wrist stiffness.

Data analysis

Recorded signals were processed offline using MATLAB 2010b (the MathWorks, Inc., Natick,
MA, USA). First, raw EEG signals were high-pass filtered (1 Hz, second-order Butterworth
filter applied with zero phase shift) to remove baseline drift. Channels containing artefacts
due to bad electrode contact were removed from the common average reference. EEG
signals were low-pass filtered (70 Hz, second-order Butterworth applied with zero phase
shift) and resampled to 1024 Hz.

All signals were segmented in 1 s segments (1024 samples), the period of the perturbation,
with 75% overlap between segments. Segments were visually inspected, and segments
that contained eye blinks or muscle activity were removed. The 50 Hz component was
removed from each segment using the discrete Fourier transform 2. EEG data were then

referenced to a nearest neighbour Laplacian derivation.

Subsequent coherence analysis was performed on EEG channels overlying the left and right
sensorimotor areas (SM). The left SM consists of FC1, FC3, FC5, C1, C3, C5, CP1, CP3,
and CP5, and the right SM consists of the equivalent electrodes on the right hemisphere.
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Estimation of PCC
All segments were transformed to the frequency domain using the fast Fourier transform.
The power spectral density (PSD, ¢xx(f)) and cross-spectral density (CSD, ¢xy(f)) were

estimated using:

N
1
Pxx() = = X () - Xi() (1)
i=1
and
oxy(f) = TN X () - Yi(f) 2

respectively, where Xi(f) and Yi(f) are the Fourier coefficients at frequency f, estimated
from the i, data segment. The asterisk indicates the complex conjugate, and N is the

total number of segments.

EEG channels were excluded from coherence analysis when the mean power in the
frequency band between 25 and 49 Hz was larger than the mean power between 5 and
15 Hz. Channels with this power distribution were presumed to reflect mostly EMG activity.
This method for marking channels with EMG activity is based on the method applied by
Severens et al.  to select EEG and EMG components in a blind source separation method.
The presence of EMG activity obscures the detection of PCC as it severely decreases
signal to noise ratio. The (magnitude-squared) coherence (Cxy(f)) between signals was

calculated according to:

| Py (F)?

C =2
Xy (0 Prx(HPyy ()

Q)
Position-cortical coherence (PCC) was calculated between the position perturbation
signal and each EEG channel and was only evaluated at the frequencies contained in
the perturbation signal. The significance of coherence values was determined using the
approximation of the confidence limit (CL) by Bortel and Sovka . The confidence level
was set to 0.99 (a=0.01).

The presence of PCC across the sensorimotor area contralateral to the wrist perturbation
(contra-SM) was evaluated by summing the number of frequencies where the PCC exceeds
the 99% Cl per electrode and summing across the contra-SM. This number was expressed
as a percentage of the total number of frequency bins on the contra-SM (i.e. number of
stimulus frequencies times the number of electrodes in the contra-SM). Amplitude of

significant PCC was evaluated by the mean significant PCC over the contra-SM.
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Lateralisation of PCC was quantified by the lateralisation index (L):

L=log,,(PCC_ .. ) — Log,(PCC ) (4)

ipsi-SM

where PCC
all electrodes in the contra-SM and ipsilateral SM (ipsi-SM), respectively. Note that in

conrasu and PCC__ o, are the mean PCC amplitudes over all frequencies and
the lateralisation index, no distinction is made between the presence and amplitude
of significant PCC. When L>0, the PCC is more lateralised towards the contra-SM. L<0
indicates that PCC is more lateralised towards the ipsi-SM.

The nonparametric Wilcoxon rank-sum test was used to compare the presence and
amplitude of significant PCC at the contra-SM and the lateralisation index between the
good function and poor function subjects. Paired t tests were used to compare contra-SM
PCC and lateralisation index in response to affected wrist perturbation and non-affected
wrist perturbation within one subject. Amplitude of significant PCC was log10-transformed

prior to statistical analysis.

RESULTS

All good function subjects had normal sensory function on all test items according to the
EmNSA scale (see Table 4.1). In the poor function group, C.07 had a reduced sensory
function affected arm at the time of the first measurement session (11 days post-stroke).
C.07 had a reduced tactile sensation in the hand and fingers and a reduced ability to
discriminate between sharp and blunt tactile stimuli in the whole arm including hand and
fingers. In addition, C.13 had a reduced sensory function in the affected arm: a reduced
ability to discriminate between sharp and blunt stimuli across the whole arm including
hand and fingers and a reduced proprioceptive sense in the fingers, wrist, and elbow. In
all 11 subjects, EEG on one or more electrodes in the left and right SM was excluded due
to poor signal quality. In 9 subjects, this concerned one or more of the most temporal
electrodes (FC5, FC6, C5, C6, CP5, and CPé). In 2 subjects, also electrodes other than the
most temporal ones were excluded. For C.06, electrodes FC3, C3, and CP3 were excluded
in addition to the most temporal electrodes (FC5, FC6, C5, C6é, CP5, and CPé). For C.07,
electrodes C3 and FC3 were excluded in addition to the most temporal electrodes (FC5,
FC6, C5, and Cé).
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Presence and amplitude of significant PCC in the contralateral sensorimotor area
All subjects presented significant PCC at the contra-SM on at least three stimulus frequen-
cies in the affected wrist task and in the non-affected wrist task (see Figure 4.2). Five of the
6 subjects in the good function group had significant contra-SM PCC during the affected
wrist task on all stimulus frequencies, while none of the subjects in the poor function
group had significant contra-SM PCC on all stimulus frequencies during the affected wrist
task. The poor function subjects all presented significant PCC on the highest stimulus
frequencies (17, 21, 25, and 19 Hz) in the affected wrist task.

Affected wrist task Non-affected wrist task
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Figure 4.2 | Mean significant PCC at the contra-SM per stimulus frequency.

Left: affected wrist task, right: non-affected wrist task. Grey vertical lines indicate the stimulus
frequencies, a square indicates that the PCC was significantly larger than zero at that stimulus
frequency on at least one electrode in the contra-SM.

The presence of significant PCC at the contra-SM varied between affected and non-affected
wrist tasks and between subjects (Figure 4.3). Poor function subjects tended to have a
lower presence of contra-SM PCC in the affected wrist task compared with the non-affected

wrist task but the difference did not reach statistical significance. The difference in the
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Figure 4.3 | Presence and amplitude of significant PCC at the contra-SM in the affected wrist task
(aff. wrist) and non-affected task (n-aff. wrist).

Upper panel: Presence of PCC expressed as a percentage of the total number of frequency bins on
the contra-SM. Lower panel: Mean significant PCC over the contra-SM and all stimulus frequencies
in arbitrary units (a.u.).

presence of contra-SM PCC in the affected wrist tasks between poor and good function
subjects was significant (Wilcoxon rank-sum test: P<0.01). The average difference between

the subject groups was 31%.

The mean significant amplitude of PCC on the contra-SM varied between subjects and
between affected and non-affected wrist tasks (Figure 4.3). There was no significant
difference in mean PCC amplitude at contra-SM between good and poor function subjects,
not in the affected wrist task and not in the non-affected wrist task. Neither was there a
significant difference between contra-SM PCC amplitudes in affected and non-affected

wrist tasks within subjects.

100



Position-cortical coherence after stroke; a cross-sectional study

Comparison of PCC in active and relaxed tasks

The difference in tasks performed with the affected wrist by the subjects with poor function
and those with good motor function (relax and active motor tasks, respectively) could be
a confounding factor. Therefore, 5 subjects performed an extra active or relax task with
the affected and/ or non-affected wrist to enable comparison of the presence and mean
significant amplitude of contra-SM PCC between the active and relax tasks. Results are
summarised in Figure 4.4. The presence of contra-SM PCC in the affected wrist tasks tended
to be lower in the relax task compared with the active task. This difference was on the limit
of significance (paired t test: P=0.05). The average difference in the presence of contra-SM
PCC was 7.4%. In the non-affected wrist tasks, the difference was not significant. There
were no significant differences in mean significant contra-SM PCC amplitude between

active and relaxed tasks.
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Figure 4.4 | Comparison of the presence and magnitude of significant PCC between an active and
a relaxed task.

Upper panel: Presence of PCC expressed as a percentage of the total number of frequency bins
across the contra-SM. Lower panel: Mean significant PCC over the contra-SM in arbitrary units (a.u.).
C.10 performed both tasks only with the non-affected wrist, and C.11 performed both tasks only
with the affected wrist.
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Lateralisation of PCC

In ten subjects, PCC was significantly larger than zero on at least one electrode on the
ipsi-SM during both the affected and the non-affected wrist task. Only C.10 did not
show significant PCC on the ipsi-SM during the non-affected wrist task, and thus, the
lateralisation index could not be determined in this case. In the non-affected wrist task,
the lateralisation index was larger than zero in all subacute subjects, showing that PCC

was lateralised more towards the contra-SM (see Figure 4.5).

In the poor function group, the lateralisation index was significantly lower during the
affected wrist task compared with the non-affected wrist task (paired t test: P=0.03). This
indicates that in the poor function group, PCC is distributed more evenly between the
lesioned and non-lesioned hemisphere during the affected wrist task, while during the

non-affected wrist task PCC is more lateralised to the (non-lesioned) contra-SM.

Three subjects (C.06, C.05, and C.13) had a negative lateralisation index during the
affected wrist task. This indicates that the PCC is more lateralised towards the ipsi-SM.

Lateralization index PCC
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Figure 4.5 | Lateralisation index for affected and non-affected wrist tasks.

L>0 indicates that PCC is more lateralised towards the contra-SM compared with the ipsi-SM. L<0
indicates that PCC is more lateralised towards the ipsi-SM.

affected (aff), non-affected wrist (n-aff wrist), in arbitrary units (a.u.).

DISCUSSION

In this study, we evaluated position-cortical coherence (PCC) in eleven subacute stroke
subjects. Position-cortical coherence is the coherence between a joint position perturbation
and the EEG during an isotonic motor task. Because the position perturbation acts as an
independent external excitation of the proprioceptive system, PCC represents unidirectional

connectivity, i.e. information transfer, across the afferent pathways '¢. All stroke subjects
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presented PCC at the contralateral sensorimotor area (contra-SM) during an affected and
non-affected wrist angle perturbation. The presence of contra-SM PCC during an affected
wrist perturbation was lower in poor motor function stroke subjects than in good motor
function stroke subjects. The presence of contra-SM PCC differed between subjects with
good and poor motor function; the amplitude of significant contra-SM PCC did not differ
between these groups. This implies that when contra-SM PCC is significantly larger than
zero, the amplitude does not contain extra information. The reduced presence of PCC in
the ipsilesional hemisphere of poor function subjects shows that these subjects have not
only poor functioning efferent motor pathways, but a reduced integrity of their afferent
sensory pathways as well. This agrees with the notion that motor control takes place in a

closed loop where sensory feedback is crucial for generating proper motor commands.

From the reduced presence of PCC, it cannot directly be determined whether subjects
with poor motor function showed contra-SM PCC on less frequencies or on less electrodes.
Damage to the sensorimotor cortex due to a large cortical stroke can result in a reduction
in the size of the sensorimotor cortex and thus PCC on less electrodes. However, none of
the poor function subjects presented significant PCC on the lowest stimulus frequencies
in the affected wrist task (Figure 4.2). This indicates that a reduced number of frequencies
where PCC is present is a large contributing factor to the reduced presence of PCC in
the poor function subjects. Future studies combining PCC measurements with detailed

imaging of the cortex should correlate the presence of PCC to specific (cortical) damage.

In most data sets, electrodes had to be excluded because the EEG signals were conta-
minated by muscle activity. As a result, we may have missed significant PCC. For future
studies, it is advised to consider the use of artefact removal algorithms to remove muscle
activity artefacts from the EEG. A potentially suitable algorithm based on blind source
separation was presented by De Vos et al. # for the removal of tonic muscle activity from

EEG recorded during spoken language.

In the group of subacute stroke subjects included in this study, the subjects with good and
poor motor function had very distinct ranges of FM-UE scores. Due to this sharp distinction,
we cannot correlate the PCC measures with the FM-UE score. In a larger population of
stroke subjects, that exhibit a more continuous distribution of FM-UE scores, it would be
possible to perform correlation analysis on the presence of contra-SM PCC and motor
function score to find out whether there is a continuous relation between motor function

and afferent pathway integrity.

Although the presence of contra-SM PCC in the affected wrist task was lower in the

poor function group, most subjects in the poor function group had a normal sensory
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function according to the EmNSA 2. Subject C.13 had a reduced proprioceptive sense
of the fingers, wrist, and elbow but a presence of PCC similar to the other subject in the
group. This implies that sensory feedback related to the perturbation from the muscle
spindles and Golgi tendon organs does reach the cortex. Possibly the sensory feedback
is processed in a different, less effective, manner at the cortical level, resulting in the
reduced sensory function according to the clinical assessment of this subject. However,
as the other subjects with poor motor function had normal sensory function according
to the clinical assessment, the lower presence of PCC in the poor function group could
suggest that sensory deficits in this group were not found with the clinical assessment.
Clinical scaling of sensory function has been shown to be unreliable . Although progress
has been made to obtain more reliable clinical scoring of sensory function 2, especially
impairment of proprioception is often overlooked *'. Dukelow et al. introduced a method
for the assessment of proprioceptive function using robotics. Such robotic assessment
of sensory function could very well be combined with an evaluation of PCC to enable a

more quantitative evaluation of the relation between PCC and proprioceptive function.

Subjects with poor motor function were not able to generate a steady wrist flexion torque,
and these subjects performed the relax task. Also during the relax task, subjects showed
significant contra-SM PCC. In the subjects that performed additional active and relax tasks
for comparison, the presence of contra-SM PCC did not differ between active and relax
tasks performed with the non-affected wrist. This implies that the cortical response to the
position perturbation is similar during active and relax tasks. However, when performed
with the affected wrist the presence of PCC was 7% smaller during a relax task. This
difference between active and relax tasks is not sufficient to explain the difference in the
presence of PCC found between the subjects with good and poor motor function (30%).
Although the difference between active and relax tasks is small or absent, we advise to
let subjects relax in future studies to fully avoid biased results due to differences in ability

to perform motor tasks.

The frequency-dependent likelihood of finding significant contra-SM PCC during
the affected wrist task in the poor function group indicates that there is a frequency
dependency of the signal to noise ratio in the ipsilesional EEG. Either the EEG contains
more contributions of sources other than the position perturbation at the lowest stimulus
frequencies (increased noise at lowest stimulus frequencies) or the contribution of the
position perturbation to the EEG is higher at the highest stimulus frequencies (increased
signal at the highest stimulus frequencies). The perturbation signal was designed such
that it had a flat velocity spectrum. As a result, the position- and velocity-sensitive muscle

spindles were excited with decreasing and equal power at each frequency, respectively.
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Higher sensitivity of muscle spindles to higher velocities or excitation of Golgi tendon
organs could still result in a higher output of the sensory pathways at the higher stimulus
frequencies, thus increasing the likelihood of finding PCC at these frequencies. An
alternative explanation for an increased signal at the highest stimulus frequencies could
be that these stimulus frequencies are transmitted more efficiently along the afferent
pathways. The higher stimulus frequencies lie in the beta band (15-30 Hz). During an
isotonic and isometric motor task, coherence between EEG and EMG is typically found
in the beta band, indicating that oscillations in this frequency band are already being

transmitted along the afferent pathways.

Using the lateralisation index of PCC, we found that 3 of the 11 subjects (2 poor function
and 1 good function) had PCC predominantly localised in the ipsi-SM during the affected
wrist task. It is known from several studies that after stroke, there can be a disbalance
between the lesioned and the non-lesioned hemisphere. This results in abnormal activation
of the ipsilateral sensorimotor cortex during motor tasks with the affected hand and is
especially seen in stroke survivors with poor recovery of motor function 2?2, During motor
tasks with the affected side, the increased activity of the ipsilateral sensorimotor cortex is
seen as a sign of increased motor output of the ipsilateral sensorimotor cortex. Our results
in lateralisation of PCC indicate that sensory input from the affected wrist elicits response
in the ipsilateral sensorimotor cortex and that this response can even be stronger than in
the contralateral sensorimotor cortex. Increased activation of the ipsilateral sensorimotor
cortex can thus also indicate increased sensory input to this area during an affected arm
motor task. Further research is required to establish whether this relates to recovery of

motor function.

About two third of the stroke survivors with initial hemiplegia do not regain dexterity and
remain impaired despite rehabilitation therapy 2. The ability to extend the fingers and
abduct the shoulder at 72 h post-stroke gives a strong indication of an individual’s ability
to recover motor function 34. Nevertheless, 25% of the stroke survivors with an initial poor
prognosis does regain dexterity. It is important to identify individuals in this so-called
crossover group since they will most likely benefit most from early applied intensive
rehabilitation training. Potentially, objective assessment of connectivity between cortex
and periphery could aid in identifying individuals in the crossover group. Position-cortical
coherence may be more suitable for this purpose because it has important advantages
over CMC, which is the traditional measure of corticomuscular connectivity '°. While
CMC cannot be found in all subjects, all subjects do present PCC. Furthermore, PCC
can be measured even in subjects that lack the ability to voluntarily generate muscle

contraction, while muscle activation measurable by EMG is required for the estimation
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of CMC. In a larger longitudinal study design, it should be evaluated whether PCC, as
an objective measure of sensory pathway integrity, provides additional information that

allows separation between the good prognosis, poor prognosis, and crossover group.

Conclusion

This study shows that subacute stroke subjects present PCC, indicating that afferent sensory
information arrives at the cortex. Position-cortical coherence can even be detected in
subjects with very poor motor function, who are unable to generate voluntary force. The
presence of PCC on the sensorimotor area contralateral to the affected wrist is lower in poor
function subjects compared with good function subjects. This shows that afferent pathways
integrity and sensorimotor integration are affected in stroke survivors with poor motor
function. In addition, in subjects with poor motor function, the lateralisation index showed
that PCC is distributed more evenly between the lesioned and non-lesioned hemisphere
during affected wrist perturbations than during non-affected wrist perturbations. Position-
cortical coherence provides an objective measure of sensory pathway information transfer
and processing after stroke and may provide additional insight into mechanisms of recovery

of motor function after stroke.
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Chapter 5

ABSTRACT

Background: Addressing the role of somatosensory impairment, i.e. afferent pathway

integrity, in post-stroke motor recovery may require neurophysiological assessment.

Objective: We investigated the longitudinal construct validity of position-cortical coher-
ence (PCC), i.e. the agreement between mechanically evoked wrist perturbations and

EEG, as a measure of afferent pathway integrity.

Methods: PCC was measured serially in 48 patients after a first-ever ischemic stroke in
addition to Fugl-Meyer motor assessment of the upper extremity (FM-UE) and Erasmus
modification of the Nottingham sensory assessment hand-finger sub-scores (EmNSA-HF,
within 3and at 5, 12 and 26 weeks post-stroke. Changes in PCC over time, represented by
percentage presence of PCC (%PCC), mean amplitude of PCC over the affected (Amp-A)
and non-affected hemisphere (Amp-N) and a lateralization index (L-index), were analyzed,
as well as their association with FM-UE and EmNSA-HF. Patients were retrospectively
categorized based on FM-UE score at baseline and 26 weeks post-stroke into high-and

low-baseline recoverers and non-recoverers.

Results: %PCC increased from baseline to twelve weeks post-stroke (B:1.6%, Cl:0.32—
2.86%, P=0.01), which was no longer significant after adjusting for EMNSA-HF and FM-
UE. A significant positive association was found between %PCC, Amp-A and EmNSA-HF.
Low-baseline recoverers (N=8) showed longitudinally significantly higher %PCC than

high-baseline recoverers (N=23).

Conclusions: We demonstrated the longitudinal construct validity of %PCC and Amp-A
as a measure of afferent pathway integrity. A high %PCC in low-baseline recoverers
suggests that this measure also contains information on cortical excitability. Use of PCC as
an EEG-based measure to address the role of somatosensory integrity to motor recovery

post-stroke requires further attention.
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INTRODUCTION

Progress of time as a reflection of underlying spontaneous neurobiological recovery
appears to account for 80-90% of the observed improvement in motor function and
upper limb capacity in patients after stroke '-*. This accounts for approximately 70% of
patients in which some patients are expected to recover, i.e. patients with a relatively high
baseline motor function, while other patients are not, i.e. patients with a low baseline
motor function. It is unknown why 20-30% of patients, the so-called non-recoverers, with

a low motor function at 26 weeks post-stroke, fail to show spontaneous recovery *.

Patients with somatosensory impairments have a lower probability of regaining upper limb
capacity than patients in whom this function is not affected ®. Somatosensory impairments
may influence motor recovery due to a tight interaction of the afferent and efferent
pathways with a supposed cortical loop *%. Disturbance of afferent pathway integrity is
therefore important to study to understand motor recovery ’. The Erasmus modification of
the Nottingham sensory assessment of the upper extremity (EmNSA-UE) is a common and
reliable clinical measure of somatosensory impairment in patients with stroke &. However, itis

not a direct measure of afferent pathway integrity, and is not very responsive to change .

Finger stimulation evoked somatosensory potentials could theoretically be an approach
to study somatosensory processing, however may not be recommend due to the lack
in reliability ". Cortical rebound responses in the beta band of the affected hemisphere
measured with magneto-encephalography during manual passive finger movements, were
found to correlate with the initial severity and recovery of motor activity as measured with
the box and block test at 1 and 12 months post-stroke 2. Joint position perturbations act
as an external excitation signal for the proprioceptive system, primarily the Golgi tendon
organs and muscle spindles, providing an interesting approach to study sensorimotor
processing in severely affected patients '2. Coherence between mechanical perturbations
and subsequent cortical responses as measured with EEG, that is, position-cortical
coherence (PCC), represent the unidirectional information transfer across the afferent
pathways *'4. A cross-sectional study in stroke patients found significant differences in
the presence of PCC between groups with poor and good motor function as measured by
FM-UE using this system identification approach . A similar protocol was used by Vlaar
et al. ', who reported a reduced amplitude in ipsi-lesional cortical responses, quantified
by a signal-to-noise ratio, in patients with severe somatosensory impairment (reduced

EnMSA-UE score for more than two subtests) in patients in the chronic phase after stroke.

To address the potential added value of neurophysiological measures, prospective studies

are required with fixed moments of measurements post-stroke to establish their construct
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validity . These neurophysiological biomarkers could help to improve the prediction of

outcome, and enhance accurate selection of patients for clinical trials "2

We aimed to evaluate the longitudinal construct validity of PCC as a measure of afferent
pathway integrity and its relation to post-stroke recovery, in a prospective cohort study
with repetitive measurements at fixed time points within 3 and at 5, 12 and 26 weeks in
patients after a first-ever ischemic stroke. We addressed the following research questions

and corresponding hypotheses:

(1) How does PPC change over the first 26 weeks post-stroke? We expected measures
of PCC to show a significant change over time as a reflection of spontaneous
neurobiological recovery. Due to these spontaneous neurobiological processes, we
also expected this association over time to be influenced by the recovery of motor
function, reflected by FM-UE and somatosensory function, reflected by EmNSA hand
and finger subset (EmNSA-HF).

(2) Does PCC relate to clinical somatosensory scores, and how does this compare with
motor recovery? We expected measures of PCC to represent somatosensory integrity,
i.e. to show a significant association with EmMNSA-HF and not with FM-UE score. We

hypothesized that these associations would be independent of time.

(3

=

How does PCC relate to motor recovery post-stroke? We expected a higher PCC in

recoverers Compared to non-recoverers.

METHODS

Participants & design

The present cohort consisted of 48 patients with a first-ever ischemic stroke who were
recruited within 3 weeks after stroke onset, between August 2012 and July 2016. A
flowchart is displayed in Figure 5.1. Inclusion criteria were: (1) first-ever ischemic lesion
within 3 weeks after onset, established with CT, MRI or clinically; (2) hemiparesis of the
upper limb, i.e. a national institutes of health stroke scale, motor arm score of 1-4 points
at the moment of inclusion; (3) no orthopedic limitations of the upper extremity; (4) no
other neurological condition; (5) aged 18 years or older; (6) able to sit for 30 minutes
with support; (7) no severe cognitive deficits (mini mental state examination score >19);
and (8) sufficient motivation to participate. Measurements were performed at baseline,
i.e. within 3 weeks, and repeated at 5, 12 and 26 weeks post-stroke. All procedures were

in accordance with the declaration of Helsinki and were approved by the medical ethics
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Screened for inclusion (N=1951)

Excluded (1903)
(93.9%) did not meet inclusion criteria
(3.6%) met inclusion criteria, unwilling/unable to participate

Patients included (N=48)

Drop-outs (N=4)
2 due to medical reasons (e.g. recurrent stroke)
2 no longer willing to participate

Missing data

Missing (11 measurements)

Insufficient EEG data quality (4 measurements)
Unreliable EmMNSA (N=1)

Included in the EEG analysis
(N=44)

Figure 5.1 | Flow diagram.
Inclusion flow diagram, number of patients (N).

committees of Leiden university medical center (NL39323.058.12, for eleven patients
measured) and VU university medical center (NL 47079 029 14, for 37 patients measured).

All participants gave their written informed consent.

Experimental set-up

Measurement van

Eleven patients were measured in a hospital-based set-up at Leiden university medical
center; the remaining 37 patients, from different stroke units in the Netherlands, were
measured in a customized measurement van (Volkswagen Crafter, Wolfsburg, Germany,
Figure 5.2a), certified as a medical room complying with NEN1010:2007 +C1:2008 +C1/
A1 regulations of the VU university medical center. This measurement van enabled us to

measure patients at their current site of residence, minimizing the burden of traveling.
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Position pertubation
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Figure 5.2 | Experimental setup.

Panel A: Experimental setup in the measurement van. Panel B: The patient’s arm is placed in an arm
rest and the wrist aligned with the axis of rotation of the wrist manipulator; the hand and arm are
held in place with Velcro straps. Panel C: Two-second segment of the position perturbation. The
position perturbation is a sum of sinusoids with a decreasing value of the power with frequency.

Mechanical joint position perturbations

Patients were seated with their affected arm into a wrist manipulator (Wristalyzer, Moog
Inc., Nieuw-Vennep, the Netherlands), a one-degree of freedom actuated rotating device
by which angular perturbations can be imposed in both flexion and extension direction

onto the wrist (Figure 5.2b).

EEG equipment & signal acquisition

A 64-channel EEG set up with a 2048 Hz sample frequency was used to record cortical
activity (Leiden university medical center: Refa, ANTneuro, Enschede, the Netherlands,
measurement van: Refa, TMSi International, Oldenzaal, the Netherlands). Electrodes
were placed on the skull using a 64-channel actively shielded EEG cap according to the
international 10-20 system (TMSi, Oldenzaal, the Netherlands). Bipolar pairs of Ag/AgCl
electrodes were used to monitor activity of the wrist muscles (Refa, TMSi International,
Oldenzaal, the Netherlands). The force and position signals from the manipulator were

recorded via optical isolation onto the same amplifier.

Preparation
An EEG cap was placed over the head of the subject, after which the electrodes were

filled with conductive gel. EMG electrodes were placed over the muscle bellies of the
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m. flexor carpi radialis and the m. extensor carpi radialis longus of both the affected and
the non-affected arm. Before placement, the skin was shaved, scrubbed and cleaned
with alcohol to ensure a good signal-to-noise ratio. The height of the manipulator was
adjusted to enable the subject to sit with their affected lower arm in 90 degrees elbow
flexion and approximately 45 degrees shoulder abduction. The axis of rotation of the wrist

manipulator was aligned with the axis of rotation of the affected wrist.

Measurement protocol

Relax task with multisine position perturbations

Subjects were asked to remain relaxed (monitored by EMG activity) while a series of
perturbations were imposed onto the handle. The trials lasted 300 seconds and were
performed 5 to 8 times. The wrist manipulator moved the affected wrist according to
an unpredictable, smooth, periodic pattern consisting of a sum of sinusoids with power
at frequencies of 5, 9, 13, 17, 21, 25 and 29 Hz with a fixed peak to peak amplitude of
0.03 rad (Figure 5.2c). More details about the used perturbation signal can be found in
Campfens et al. 2013 ™.

Data processing

All EEG data processing was performed in Matlab 2012b (The MathWorks, Inc. Natick,
Mass. USA) using the Fieldtrip toolbox for EEG analysis '°. Statistical comparisons were
performed using IBM SPSS statistics (v22) (IBM corporation, Armonk, NY, USA). MLwiN
(2.28) was used for the mixed model analysis (center for multilevel modelling, University
of Bristol, Bristol, UK).

EEG signal pre-processing

EEG signals were filtered with a high pass second order Butterworth filter with a cut-off
frequency of 1 Hz to remove the linear trend and inspected for large artifacts, which
were removed from the data. Subsequently the signals were band stop filtered between
49 and 51 Hz and its multiples with a second order Butterworth filter in both directions.
Channels with no or very poor data quality were interpolated using a weighted method.
An independent component analysis was applied to remove eye blink components based
on the signal characteristic and topography. Components with a median frequency =60
Hz were considered EMG artifacts and removed. Signals were then manually inspected
for remaining artifacts, which were removed from the data, and were divided into epochs

of one second with 75% overlap.
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PCC

The EEG segments were multiplied with a Hamming window and transformed to

the frequency domain by a fast Fourier transformation. The power spectral density
(PSD, dxx(f)) and cross spectral density (CSD, dxy(f)) were estimated.

bax () = 2 X () - X (f) Q)

bay () = 3 21 X7 () Yi(f) 7
Subsequently the (magnitude-squared) coherence (Cyy (f)) was calculated:

by (2

Coy ) = 5y 3)

PCC was calculated as the coherence between the measured perturbation signal and each
EEG channel at the perturbed frequencies. The confidence limit (CL) was determined using
an approximation method for overlapping segments, in which oo was set at 0.01 to achieve
a confidence level of 99% ', The number of frequencies where the PCC amplitude
exceeded the 99% confidence interval per electrode was taken and summed across the
electrodes overlapping the contralateral (affected) sensorimotor area which consisted of
the electrodes: FC1, FC3, FC5, C1, C3, C5, CP1, CP3 and CP5 for the left sensorimotor
area and its equivalents for the right hemisphere. This sum was expressed as a percentage
of the total number of 63 frequency bins, representing the percentage presence of PCC
(%PCC). The amplitude of the mean significant PCC was calculated over the sensorimotor
area of the affected (Amp-A) and the non-affected hemisphere (Amp-N). A lateralization
index (L-index) was calculated to evaluate if the PCC was more lateralized towards the

affected hemisphere (L-index>1) or towards the non-affected hemisphere (L-index<1).
L-index = 1 + log10(Amp-A) - log10(Amp-N) 4)

Clinical measurements & subgrouping of patients

Fugl-Meyer motor assessment of the upper extremity (FM-UE) ?' and the Erasmus
modification of the Nottingham sensory assessment (EmNSA) & were used as measures
of motor function and somatosensory function. Since the mechanical perturbation via the
manipulator was applied to the wrist, only the test items for hand and finger somatosensory

function were used (EmNSA-HF) (maximal score of 20 points) for comparisons.
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Patients were classified based on the amount of spontaneous neurobiological recovery
they showed over time. The proportional recovery model #?? defined as: 0.7- (66 - initial
score FM-UE) +0.4 22, was used to determine the expected amount of spontaneous
neurobiological recovery over time. Based on this expected improvement, patients who
showed and patients who failed to show spontaneous neurobiological recovery (recoverers
and non-recoverers), were distinguished by means of a hierarchical cluster analysis using
Mahalanobis distances *. The categorization into low- and high-baseline was made based
on the FM-UE baseline score, with a cut-off of 18 points, which was found to characterize

non-recoverers in the study by Winters et al. %

Retrospectively, we distinguished three motor recovery subgroups: (1) patients with an
initial score of 18 points or higher on the FM-UE, who were expected to and showed
spontaneous recovery (high-baseline recoverers); (2) patients with an initial score less than
18 points on the FM-UE, who nevertheless showed spontaneous recovery (low-baseline
recoverers); (3) patients with an initial score less than 18 points on the FM-UE, who fail to

show spontaneous recovery (non-recoverers).

Statistics

Normality was examined by inspecting the histograms, g-q plots and Z-scores for skewness
and kurtosis of the data, or the residuals when appropriate. A natural log transformation
was applied when these assumptions were not met. If this transformation was not sufficient,
or in the case of ordinal or nominal data, a non-parametric test was used. The significance

level o was set two-tailed at 0.05.

To examine the longitudinal change in the four PCC parameters over time, a mixed-model
analysis was performed. EMNSA-HF and FM-UE were added to the model as a second
step. A 10% change in effect estimates (3-values) was considered an improvement to the

model 2.

The longitudinal association of the four PCC parameters with EmNSA and FM-UE was
examined using a second mixed-model analysis. We tested for possible interaction effects
between measurement time point and EmNSA-HF as well as between time point and
FM-UE.

A third association model was used to examine the relation between the PCC parameters
and the different motor recovery subgroups, i.e. high- and low-baseline recoverers and
non-recoverers. EmMNSA-HF and measurement time points were tested for possible

confounding and interaction effects.
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In the fourth model, EMNSA-HF was taken as an outcome variable to examine the fixed

effects between motor recovery subgroups over time and between subjects.

Differences in characteristics and baseline parameters between motor recovery subgroups
were tested with a one-way ANOVA model in the case of continuous normally distributed
data, with a Bonferroni correction for post-hoc analysis. The Kruskal Wallis test was used
for ordinal data, with a Mann Whitney-U test for post-hoc analysis. Categorical/nominal
variables were tested with Pearson’s Chi squared, a 2x2 cross table was used for post-hoc

analysis.

RESULTS

48 of the 1951 screened patients were included for this prospective cohort study. During
follow-up, 4 patients withdrew from the study. Among the 44 remaining patients, 165
measurements were performed. One EEG measurement was missing in 11 patients with
additional missing of clinical measurement 2 of these patients. See Figure 5.1 for a flowchart.
EEG data quality was not sufficient to calculate the parameters for 3 measurements in 1
patient and for 1 measurement in 1 other. In 17 of the 165 measurements 1 channel, and
in 5 measurements, 2 channels were interpolated in the affected sensorimotor area from
which PCC was calculated. This concerned 13 different patients. In 3 patients the same
channel was interpolated in 2 measurements. An example of the measured signals and
their quality is displayed in Supplementary Figure S5.1. In 1 patient, EnNSA-HF could not
be measured correctly due to failure to understand the instructions. Baseline characteristics

of the study population are displayed in Table 5.1.

Changes in PCC over time

The association model for %PCC (Table 5.2a) revealed a significantly higher %PCC at
the 12-week measurement time point; mean (M):97.4%, standard deviation (SD):2.7%,
as compared to baseline, M:95.8%, SD:3.7%, 95% confidence interval (Cl):0.32 to 2.86,
P=0.01. These differences were no longer significant when the model was longitudinally
corrected for ENNSA-HF and FM-UE.

No significant differences were found between the baseline and the other measurement
time points, or between the 12- and 26-week measurements; M:96.9%, SD:2.7, 3:-0.50,
Cl:-1.77 t0 0.77, P=0.44. Amp-A, Amp-N and L-index did not differ significantly between

measurement time points (see Table 5.2a and Supplementary Figure S5.2).
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Table 5.1 | Subject characteristics at baseline

Number of patients analysed 44

Time between stroke and baseline measurement (days) ® 13.4 (5.3)
Age (y) 64.5(11.9)
Weight (kg) * 82 (17.2)
Height (m) ® 1.74 (0.1)
Gender, male/female (N) ® 28/16
Affected hemisphere, right/left (N) ® 26/18
Bamford classification, LACI/PACI/TACI (N) © 24/16/4
Lesion location, cortical/subcortical/unknown (N) © 36/6/2

CIRS 4 (2-6)
NIHSS 5.5 (3-8)
FM-UE at baseline 20.5 (7-2.75)
FM-UE at 6 months ps 54.5 (18.5-62.75)
ARAT at baseline 3(0-27.75)
ARAT at 6 months ps 50 (3-57)

EmNSA-hand and finger at baseline 8 (16-20)
EmNSA-hand and finger at 6 months ps 0 (19-20)
MI-UE at baseline 9 (9-65)
MI-UE at 6 months ps 3 (28-80)
MI-LE at baseline 6 (39-89.25)
MI-LE at 6 months ps 0 (58-100)

Characteristics and baseline values of all 44 patients. Unless mentioned otherwise, median and
interquartile range are listed for each variable. a=continuous variable, mean and standard deviation
are listed. b=categorical/nominal variable, number of patients is listed.

Abbreviations: years (y), kilogram (kg), meter (m), lacunar anterior circulation infarction (LACI), partial
anterior circulation infarct (PACI), total anterior circulation infarct (TACI), cumulative illness rating
scale (CIRS), national institute of health stroke scale (NIHSS), Fugl-Meyer motor assessment of the
upper extremity (FM-UE), action research arm test (ARAT), Erasmus modification of the Nottingham
sensory assessment (EmNSA), motricity index (Ml), lower extremity (LE), upper extremity (UE),
baseline is the first measurement of each subject within 3 weeks post-stroke, post-stroke (ps).

Association of PCC with EmNSA-HF and FM-UE

A significant positive association was found between %PCC and EmNSA-HF; B3:0.14,
Cl:0.02-0.26, P=0.02. The fixed effect estimate beta for EnNNSA-HF changed by more
than 10%, to B:0.12, CI:0.00-0.25, P=0.047, when measurement time was added to the
model (see Table 5.2b). No interaction effects were found between measurement time
points and EmNSA-HF (Figure 5.4).

A significant positive association was also found between Amp-A and EmNSA-HF; 3:1.02
(ratio due to log transformation), Cl:1.00-1.03, P=0.01. Including measurement time
as a covariate did not change this model. No interaction effects were found between

measurement time points and EmNSA-HF (Figure 5.4).
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Figure 5.3 | Cluster analysis to distinguish recovery groups.

The proportional recovery model displaying the measured improvement on the Fugl-Meyer motor
assessment of the upper extremity (FM-UE) relative to the predicted improvement of FM-UE at 6
months post-stroke = 0.7 x (66-FM-UE-baseline) + 0.4. A cluster analysis was used to distinguish
between recoverers and non-recoverers. Subjects with a baseline score >18 points on the FM-UE
were classified as having a high-baseline (HB), (high-baseline recoverers in green), while subjects
with <18 points on the FM-UE were classified as having a low-baseline (LB). Eight of these patients
were classified as recoverers (low-baseline recovers in blue). Thirteen patients were classified as
non-recoverers (in red). In of case overlapping data points, the numbers are indicated. The B panel
shows the hierarchical cluster analysis in which green indicates the fitters and red the non-fitters to
the proportional recovery model.

%PCC and Amp-A were not associated with FM-UE. While Amp-N and FM-UE were
significantly associated; B:1.00 (ratio due to log transformation), CI:1.00-1.00, P=0.046.
This association remained significant when measurement time was added to the model.
The positive association found between Amp-N and EmNSA-HF; 3:1.01 (ratio due to log
transformation), Cl:1.00-1.02, P=0.046, did not change when corrected for measurement

time. No interaction effects were found.

No association was found between L-index and FM-UE or EmNSA-HF, (Table 5.2b and
Supplementary Figures S5.3 and S5.4).
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Position-cortical coherence early post-stroke

Subgroups of motor recovery patterns

Of the 44 patients, 31 showed spontaneous recovery and were classified as recoverers. Eight
of these recoverers started with a FM-UE score lower than 18 and were categorized as low-
baseline recoverers. The remaining 23 patients had a FM-UE score of 18 points or higher
at baseline and were categorized as high-baseline recoverers. 13 patients were classified as

non-recoverers, all of them having a FM-UE score lower than 18 points at baseline (Figure 5.3).

Baseline characteristics of patient subgroups

Differences between high-baseline recoverers, low-baseline recoverers and non-recoverers
are presented in Table 5.3. Non-recoverers and low-baseline recoverers significantly
differed only on by their affected hemisphere; non-recoverers: 9 right- vs. 4 left-sided
affected; low-baseline recoverers: 1 right- vs. 7 left-sided, P=0.01, and on the motricity
index of the lower extremity; non-recoverers: median: 28, interquartile range (IQR):4.5-39.5,
low-baseline recoverers: median: 53, IQR:31.5-68.5, P=0.05 (Table 5.3).

Association of EmMNSA-HF with motor recovery subgroups

EmNSA-HF showed a significantly lower value in non-recoverers: M:15.37, SD:6.24
as compared to low-baseline recoverers: M:19.13, SD:1.65; $3:-3.38, Cl:-4.73 to -2.02,
P<0.001 and compared to high-baseline recoverers M:18.75, SD:2.59; B:-3.76, Cl:-5.51
to -2.01, P<0.001.

Association of PCC measures with motor recovery subgroups

A significantly higher %PCC was found in the low-baseline, M:98.0, SD:2.2, as compared
to the high-baseline recoverers: M:96.2, SD:3.0, B:1.75 CI:0.42-3.08, P=0.01. A non-
significantly lower %PCC was found in the non-recoverers: M:96.7, SD:3.7, as compared to
low-baseline recoverers; B:-1.25, Cl: -2.71-0.21, P=0.09. No difference was found between
high-baseline recoverers and non-recoverers. EMNSA-HF as a covariate improved the
model, this correction attenuated the difference between low-baseline recoverers and

non-recoverers (Table 5.4 and Figure 5.4).

A lower Amp-A was found in non-recoverers median: 0.11, IQR: 0.09-0.14, as compared to
low-baseline recoverers, median: 0.14, IQR:0.1-0.2; 3:0.86 (ratio due to log transformation),
Cl: 0.76-0.99, P=0.03. A non-significantly higher Amp-A was found in low-baseline
recoverers as compared to high-baseline recoverers: median: 0.11, IQR:0.10-0.14; 3:1.12,
Cl:0.99-1.26, P=0.09.
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Chapter 5

No difference in Amp-A was found between high-baseline recoverers and non-recoverers.
Measurement time as a covariate did not change the model by 10% or more (Table 5.4

and Figure 5.4). No difference in Amp-N was found between the subgroups.

A significantly lower L-index was found in non-recoverers: M:0.97, SD:0.13 as compared
to low-baseline recoverers: M:1.05, SD:0.13 3: -0.08, Cl: -0.14 to -0.02, P=0.01, as well as
among high-baseline recoverers: M:0.96, SD:0.14 as compared to low-baseline recoverers
3:0.08, CI:0.03-0.14, P=0.003. Adding EmNSA-HF as a covariate did not influence these
differences (Table 5.4 and Supplementary Figure S5.3).

DISCUSSION

We conducted a longitudinal cohort study with repetitive measurements at fixed time
points post-stroke combining EEG with clinical measures of sensorimotor function of
the upper limb after stroke. We found a significant difference between percentage of
position-cortical coherence (%PCC) at baseline and at 12 weeks post-stroke, a difference
which attenuated after correction for level of somatosensory and motor impairment. No
significant difference was found between the 12- and 26-week measurements or between
the baseline and 26-week measurements. This time window of 12 weeks post-stroke is in
line with mechanisms of spontaneous neurobiological recovery, which is predominant in
the first 5 to 8 weeks post-stroke 22*. We therefore confirm our first hypothesis that %PCC
changes over time as a reflection of spontaneous neurobiological recovery. This result also
confirms the need for repetitive measurements to quantify the non-linear time-dependent
dynamics of cortical markers in the recovery of upper limb function after stroke #. The
significant positive longitudinal relation found between %PCC and EmNSA-HF, Amp-A
and EmNSA-HF and between Amp-N and EmNSA-HF confirms the longitudinal construct
validity of %PCC and Amp-A as a measure of afferent pathway integrity.

We found a significant association between motor function in terms of FM-UE score and
Amp-N, while the other measures did not show this association. The present result is
therefore not in line with an earlier cross-sectional study ', which found a significantly
higher %PCC in the group of patients with FM-UE scores >18 points as compared to
the more severely affected patients. The lower overall %PCC, ranging from 35 to 95% '
compared to the 85 to 100% range found in our study may be explained by the differences
in artifact removal, since we used independent component analysis and interpolated poor

data channels.
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We found a significant association between Amp-N and FM-UE, irrespective of the time
of assessment post-stroke. Interestingly, we found no difference between motor recovery
subgroups (high-baseline recoverers, low-baseline recoverers and non-recoverers).
Although the L-index did not show an association with FM-UE nor with EmNSA-HF, the
L-index did show significant more lateralization towards the affected hemisphere in the
low-baseline recoverers, while the expected and non-recoverers showed lateralization
towards the non-affected hemisphere. Unlike %PCC and Amp-A, these differences could
not be explained by differences in EmNSA-HF. It is therefore unclear what exactly is

represented by the L-index and Amp-N.

70.5% of the included patients in this study showed spontaneous neurobiological recovery
including all patients with a FM-UE score of 18 points or higher at baseline, which is
comparable to previously studies #?2. The longitudinal association between EmNSA-HF and
the subgroups revealed a significantly higher ENNSA-HF in both low and high-baseline
recoverers as compared to the non-recoverers, and no difference between the low and

high-baseline recoverers.

We could not confirm our third hypothesis that PCC would be lower in non-recoverers
compared to recoverers and would not differ between high- and low-baseline recoverers.
The expected construct of %PCC, representing solely the integrity of afferent pathways
may therefore be incomplete. A possible explanation for the lower values of %PCC in both
the non-recoverers and the high-baseline recoverers could be that %PCC also reflects
enhanced activity of cortical networks next to representing afferent pathway integrity. A
decrease in beta-rebound, i.e. an increase in cortical excitability, in response to tactile
finger stimulation and passive finger movement, has been previously linked to better
functional outcome 22, Possibly this increased cortical excitability may only be needed
after stroke when motor function is severely affected, this compensatory mechanism might

then be failing in the non-recoverers.

Parkkonen et al. '? used passive finger movements to evoke cortical responses, a task
comparable to that is used in our study, in a cohort of 23 patients who were measured
within one week and at one month and one year post-stroke. In addition to a significant
positive correlation between cortical excitability (decrease in beta-rebound measured with
MEG) and functional outcome, a decrease in cortical excitability was found over time,
which correlated with functional recovery 2. It is possible that in our study, a normalization
of cortical excitability had already occurred in the high-baseline recoverers before the
first measurement within 3 weeks, reflected by a lower %PCC, paralleling their functional

recovery.
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Nicolo et al. 7 suggested that the association between coherence measures of functional
connectivity and clinical improvement after stroke might reflect neurotransmitter changes,
and that GABAergic processes in particular are reflected in the beta band. Our perturbation
signal was largely within the beta band range, therefore PCC might reflect a similar
process. Our study provides evidence that cortical excitability as well as afferent pathway
integrity might be contained in %PCC. Establishing the direct link between EEG markers
and synaptic processes requires further research that can bridge the gap between animal

models and early post-stroke studies in humans .

To the best of our knowledge this study is the largest prospectively conducted cohort study
on EEG and upper limb function in stroke so far. The study incurred only a few drop outs
and missing serial EEG-measurements. The high compliance may be attributable to the
use of a measurement van allowing to collect high-quality data. No differences between
the group measured in the hospital and the van for all four PCC parameters were found,
and data quality was comparable. The measurement van could be a promising way to
measure patients in their local community which reduces burden and costs. It may be a
new way to explore the longitudinal relationship between derivatives of brain plasticity,
such as EEG, and clinical somatosensory and motor recovery very early post-stroke.
Importantly, differences in timing of assessments could be avoided as was recommended
by the SRRR task force .

Limitations and future directions

Four different outcome parameters of PCC were calculated for this study and tested
in separate mixed model analysis. No adjustment for multiple comparisons was made
since most results were obtained from one model and the conclusions of the paper were
not based on single significant result. Values displayed in Table 5.3 and 5.4 should be

interpreted as such.

Our study included significantly more patients with a subcortical lesion in the high
compared to the low-baseline recoverers, while no significant difference was found
between the non-recoverers and recoverers. We recommend for future studies to make
MRI-scans several months after stroke to provide detailed information with respect to the
exact lesion volume and location, to explain individual differences in recovery. It could be
informative to compare anatomical afferent pathway integrity by Diffusor Tensor Images

with functional alternation measured with EEG '®.

The presence of PCC and the Amp-A (PCC amplitude of the affected hemisphere) show

generally the same pattern in the association models. The small range of 16% at baseline
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(from 84 to 100%), with 6 out of the 44 patients at 100% PCC, suggest a ceiling effect
of %PCC. %PCC indicates whether or not coherence is detected in specific electrodes
and frequency bins. As such, it may be more a dichotomous than a continuous measure.
In contrast, Amp-A is more sensitive to changes and not restricted by a ceiling effect,
however it is more prone to noise than %PCC. Future studies are needed to improve
the reliability of Amp-A by for example by converting the signals from an electrode to
a source level. Analyzing Amp-A on a source level, if successful, would also resolve the
multiple comparison problem that generally exists when analyses are performed on an

electrode level.

PCC quantifies only the linear response while Vlaar et al. has shown that only about 20%
of the cortical response can be found on the perturbed frequencies and can therefore be
quantified as linear *°. The perturbation signal was designed to be able to investigate the
non-linear responses, yet a linear approach was the first choice to investigate longitudinal
changes of neural pathways. Non-linear coherence measures may yield further information
on the response to a wrist joint perturbation in the highly non-linear closed-loop afferent

pathway system, which would be interesting to study in patients with a stroke 3'.

Other neurophysiological measures to study afferent pathway integrity post-stroke were
proposed such as muscle stretch evoked potentials (StrEP) *2. In a cross-sectional study, this
particular marker was found to be consistent across conditions and sessions however was
found not to differ significantly between patients with good and poor motor recovery 32,
While the ultimate marker for afferent pathway integrity has not yet been found, longitudinal
studies are needed to evaluate possible markers in post-stroke recovery that have shown
good reproducibility. Potential biomarkers for afferent pathway integrity, like PCC, StrEP,
median nerve stimulation and other emerging methods, should be compared an evaluated

in longitudinal studies.

Patients with an initially mild to moderate impairment, classified as a high baseline on FM-
UE of 18 points or more, all complied with the proportional recovery model of Prabhakaran
et al. 22. Note that the variability in this group is likely to be larger than the proportional
recovery model suggests *. To show the construct validity of the %PCC and Amp-A as
a measure of afferent pathway integrity, also patients with a maximal score (13 out of 44

patients), were included in the current dataset.

Of the clinical assessments, only lower extremity function, expressed in the motricity index,
was found to differ significantly between non-recoverers and low-baseline recoverers at

baseline, while the EmMNSA-HF did not differ between subgroups.
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In order for %PCC or Amp-A to be of clinical use, it needs to be able to correctly predict
individual recovery post-stroke, which is not yet feasible at this moment. More advanced
analysis, such as the non-linear dynamics of the signal and source localization, need to be
explored to better understand the biological meaning of PCC and differentiate between

the information it contains on afferent pathway integrity and cortical excitability.

Conclusions

EEG derived percentage of PCC (%PCC) showed a change over time in line with processes
of spontaneous neurobiological recovery. We demonstrated the longitudinal construct

validity of %PCC and Amp-A as measures of afferent pathway integrity.

However, a higher %PCC in low-baseline recoverers compared to non-recoverers and high-
baseline recoverers suggests that this biomarker may also contain information on cortical
excitability next to afferent pathway integrity. More efforts are needed to distinguish these
processes before %PCC and Amp-A can be used as biomarkers for predicting post-stroke

motor recovery.
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Chapter 6

ABSTRACT

Introduction: Transcranial direct current stimulation (tDCS) may serve as an adjunct ap-
proach in stroke rehabilitation. The cerebellum could be a target during standing balance
training due to its role in motor adaptation. We tested whether cerebellar tDCS can lead

to short term effects on standing balance performance in patients with chronic stroke.

Methods: 15 patients with a chronic stroke were stimulated with anodal stimulation on
the: contra-lesional cerebellar hemisphere, ipsi-lesional cerebellar hemisphere or with
sham stimulation, for 20 minutes with 1.5 mA in three sessions in randomized order. 10
healthy controls participated in two sessions with cerebellar stimulation ipsi-lateral to
their dominant leg or with sham stimulation. During stimulation subjects performed a
medio-lateral postural tracking task on a force platform. Standing balance performance
was measured directly before and after each training session in several standing positions.
Outcomes were centre of pressure (CoP) amplitude and its standard deviation, velocity
and its standard deviation and range, subsequently combined into a CoP composite score

(comp-score) as a qualitative outcome parameter.

Results: In the patient group, a decrease in comp-score in the tandem position was found
after contra-lesional tDCS: B=-0.25, Cl=-0.48 to -0.03, P=0.03. No significant differences
in demographics and clinical characteristics were found between patients that responded
(N=10) and patients that did not respond (N=5) to the stimulation.

Discussion: Contra-lesional cerebellar tDCS shows promise for improving standing balance
performance. Exploration of optimal timing, dose and the relation between qualitative
parameters and clinical improvements, are needed to establish whether tDCS can augment

standing balance performance after stroke.
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INTRODUCTION

Recovery of standing balance after stroke is a key factor in regaining independence in
activities of daily living (ADL) and preventing fall-events '. A meta-analysis of interventions
aimed to improve standing balance did not indicate superiority of a certain training method,

suggesting the need for more effective interventions post-stroke 2.

Recently, non-invasive transcranial direct current stimulation (tDCS) has emerged as
an innovative, promising approach in stroke rehabilitation 3. tDCS may prime the brain
before or during a therapeutic intervention, providing potential to augment the positive
learning effects of task specific training, the idea being that such combined peripheral and
central input enhances synaptic plasticity and skill relearning *. Recent literature however,
reports inconsistent findings on improvement in motor performance when measured
with clinical scales in patients with chronic stroke, suggesting that, if any effect exists at
all, tDCS interventions may only induce subtle changes °. In addition, clinical outcomes
such as gait speed and the Berg balance scale, are not able to delineate between ‘true
neurobiological repair’ and behavioural compensation strategies ¢. Therefore, kinematic
and kinetic measures are recommended in stroke recovery trials to demonstrate possible
effects of tDCS in terms of quality of motor performance 7. One may also argue that the
subtle effects of tDCS, which are believed to enhance Hebbian and non-Hebbian learning
processes by mechanisms of long term potentiation (LTP) and long term depression
(LTD)-like plasticity may benefit most in those brain areas that are responsible for learning-

dependent motor control such as the cerebellum .

The cerebellum is known to be involved in error based motor learning, also referred
to as motor adaptation . LTD-like plasticity of Purkinje cells is associated with learning
this Hebbian process is mediated by simultaneous activation of parallel fibers and
climbing fibers that give input to error signals in motor control to the cortex '°'2. Balance
performance can be seen as adaptation of posture '3, and the cerebellar hemispheres play
a specific role in motor adaptation 5. A strong M1-cerebellar connection also results in
more accurate movement endpoints, emphasizing the crucial role of the cerebellum in
motor adaptation %'*'¢. The more medial flocculonodular lobe of the cerebellum is directly
linked to postural balance "7, but can likely not be targeted with tDCS due to its anterior

location, while the hemispheres can be targeted with tDCS ®.

Cathodal stimulation of a cerebellar hemisphere leads to a decrease in cerebellar brain
inhibition, likely via an enhancement of LTD of Purkinje cells 2%, In healthy subjects,
cathodal stimulation, of the cerebellum has been found to lead to improvement of balance

performance in the study of Inukai et al. #', while Foerster et al. # found an impairing
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effect. Anodal stimulation has been found to lead to significant improvements in motor
adaptation and balance performance in several studies in healthy subjects, while others
found no added value of stimulation 2% The potential benefits of cerebellar tDCS in

stroke patients with balance impairments, has to date not been investigated.

It has been suggested that anodal cerebellar tDCS (cb-tDCS) enlarges the population of
activated Purkinje cells, leading to a larger involvement of the cerebellum in the executed
motor task 2*. More recent animal studies also showed that synaptic based forms of learning
cannot take place in the absence of LTP of Purkinje cells, suggesting a complex interplay
of LTD and LTP in the cerebellum 822, Bearing in mind the function of the cerebellum,
as controller of temporal and spatial accuracy, it can be argued that both Hebbian and
anti-Hebbian processes play a role in the cerebellum and optimisation of these processes
can lead to an enhancement of motor adaptation. It is plausible that a positive effect of
stimulation can therefore only be found if there is a need for improvement of balance
performance, which is unlikely in healthy young adults, however there is a substantial

clinical problem in patients with a stroke 2.

In this proof of concept study we investigated for the first time the short term effects of
anodal cb-tDCS applied on both the ipsi-lesional as well as the contra-lesional cerebellar
hemisphere as compared to sham stimulation during a postural training task in patients
with chronic stroke and healthy age-matched controls. Since clinical tests are not sensitive
enough to record the qualitative aspects of balance performance and with that, unable to
record the subtle changes that can be expected from a single session of tDCS, the effects
are measured with kinetic parameters. We hypothesised that both anodal stimulation
conditions normalize standing balance performance measured with centre of pressure
(CoP) derived parameters in patients with stroke. Normalisation of standing balance
performance was defined as a decrease in CoP parameters in patients with a stroke. The
largest effect on standing balance performance was expected in the most difficult task, a
(semi-)tandem stance, due to the expected room for improvement via motor adaptation,

especially in the group of patients with a stroke.

METHODS

Measurements took place at the rehabilitation department of the VU university medical
center. All procedures performed in this study involving human participants were in
accordance with the ethical standards of the institutional research committee and with
the 1964 Helsinki declaration and its later amendments and approved under reference:
NL52021.029.15. All subjects gave their written informed consent.
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Subjects

Fifteen patients with chronic stroke (>6 months post-stroke) and ten age-gender matched
healthy controls were enrolled in this study. Patients had to meet the following criteria

to participate:

(1) A first ever ischemic or haemorrhagic lesion excluding lesions of the cerebellum as
verified by CT or MRI scan; (2) decreased standing balance performance as determined

by a score of <56 points on the Berg balance scale (BBS).
In addition, all patients and healthy controls had to meet the following additional criteria:

(1) age 218; (2) normal or corrected to normal vision with an optical aid; (3) able and
sufficiently motivated to perform the required tests and interventions; (4) no metallic
implants near to the side of stimulation; (5) no orthopaedic limitations that interfere with
the study; (6) no cranial bone defects; (7) no history of epileptic seizures; (8) no severe
psychiatric disorder (e.g. bipolar or psychotic disorder or suicidality); (9) no signs of
depression (hospital anxiety and depression scale, HADS, sub score D <7) %7; (10) sufficient
cognitive function (mini mental state examination, MMSE >19); (11) no sensory impairments
(prior to the ischemic lesion, in case of patients); (12) no diagnosed diseases of the vestibular
system; (13) absence of additional therapy focussing on standing balance improvement
during the time period in which the measurements took place; (14) no history of disease,

condition, event or use of medication that interfered with the study.

Protocol

All subjects first participated in an intake and clinical assessment session. After which they
returned for respectively 2 (healthy controls) or 3 (patients) sessions, in which they had to
perform a medio-lateral postural tracking task while being stimulated with anodal cb-tDCS.
Directly before and after this tracking task with cb-tDCS, standing balance performance
was assessed during several quiet standing tests. These sessions were minimally 1 and

maximally 2 weeks apart. For a schematic overview of the protocol, see Figure 6.1.

Tracking task

Two dots were presented on a video screen located at eye height for the tracking task
(Figure 6.2, panel C). One dot represented a moving target, which the subject was asked
to follow as precisely as possible with the second tracking dot, representing their CoP
measured with a force plate. The CoP signal was low pass filtered with a second order
Butterworth filter at 10 Hz (D-flow, Motek, Amsterdam, the Netherlands). Four repetitions
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of the tracking task of 3 minutes each were performed by each subject. In two of those

repetitions, the target moved in predictable manner with an increasing velocity in eight

blocks of 20 seconds from 0.16 to 1.28 cm/sec. During the two other repetitions, the target

moved in a pseudo-random manner with 16 blocks of 10 seconds with a velocity between

0.16 and 1.28 cm/sec. Those repetitions were therefore considered to be unpredictable in

terms of velocity. Subjects received feedback on their performance after each repetition.

Performance was defined as the percentage of the time of accurate overlap of the target

and tracking dot during the eight different velocities. Subsequently, subjects could rest

as long as needed between repetitions.

15 patients in chronic phase after stroke
10 healthy subjects age and gender matched

Session to obtain clinical characteristics

tDCS 20 min, 1.5 mA

Measurement 1
lpsi-lesional/
Ipsi-lateral stimulation

Measurement 2
1 week . . 1 week
Sham stimulation

Pre-measurement
Forceplate +EEG

Eyes open
Eyes closed
Tandem

Measurement 3
Contra-lesional stimulation
(only stroke subjects)

Training balance with a
tracking task

Post-measurement
Forceplate +EEG

Eyes open
Eyes closed
Tandem

Figure 6.1 | Overview of the experimental protocol.
Patients were stimulated in one session at the contra-lesional side, and in one session at the ipsi-
lesional side. Sham stimulation was applied to the contra-lesional side. Healthy controls only had
two sessions both ipsi-lateral to their dominant leg with either real or sham stimulation.
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Performance on the tracking task

To evaluate a possible learning effect of the tracking task, performances of the last
two repetitions were averaged over all frequencies. This included one repetition with a

predictable and one with an unpredictable moving target.

tDCS

During the tracking task cb-tDCS was delivered by a battery-driven portable stimulator
(Starstim ®, Neuroelectrics, Barcelona, Spain) through 3.14 cm? electrodes filled with
conducting gel, with a direct 1.5 mA current. The anodal electrode was placed 3
centimetres lateral of the inion. Two cathodal electrodes were placed on the ipsi-lateral
buccinators muscles (Figure 6.2, panel A). Anodal stimulation was applied for 20 minutes
with 1.5 mA in all sessions. During the first 3 minutes of stimulation, subjects were sitting
on a chair to get acquainted with the stimulation while the tracking task was explained.
For patients, three experimental sessions, with minimally 1 week and maximally 2 weeks
apart were performed: 1) anodal cb-tDCS on contra-lesional side, 2) anodal cb-tDCS on
the ipsi-lesional side and 3) Sham cb-tDCS on the contra-lesional side. In Sham tDCS the
current was automatically switched off after 30 seconds and switched on again for the last
30 seconds of the 20 minutes stimulation period. Healthy controls only had two sessions,
both ipsi-lateral to their dominant leg, with either anodal or sham stimulation. The order
of the sessions was randomized. The stimulation was always finished before subjects
finished their fourth repetition of the tracking task. The dominant leg was determined by
the preferred leg used and better performance on the lateralized items of the BBS (i.e.

looking over the shoulder, turning, tandem stance and one leg stance).

Standing balance performance assessment

Before and after the stimulation, standing balance performance was assessed during several
quiet standing positions. Ground reaction forces were measured during these positions
with a sample frequency of 1000 Hz using an 80x80 cm force plate (Motek, Amsterdam,
the Netherlands). The analogue signals were converted with a 16bit analogue-to-digital

converter with a 10 Volt range (National Instruments, Austin, USA).

Subjects were asked to stand quietly in three sequential standing positions; 1) with eyes
open, 2) eyes closed and 3) in the most challenging, subject specific, (semi-)tandem
stance, on a force plate during 5 repetitions of 1 minute. Subjects rested for a minimum
of 30 seconds in between standing tests. The rest period was extended upon the subjects’

request to avoid fatigue. In standing position 1 and 2, subjects stood barefoot with their
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arms relaxed, alongside the trunk if possible, with their feet at hip width in 9 degrees
exorotation (Figure 6.2, panel B). During the tandem stance, subjects were asked to stand
in the most difficult position which they could hold for one minute as determined in the
first clinical assessment session. The foot positions of the first session were marked and

measured to keep foot placement the same in the consecutive sessions.

Figure 6.2 | Overview of experimental setup.

Panel A: Cerebellar transcranial direct current stimulation was delivered by a portable stimulator
with 1.5 mA current for 20 minutes in all sessions.

Panel B: Subject performing the tracking task. The blue dot represented a moving target, which the
subject was asked to follow as precisely as possible with the grey tracking dot, representing their
centre of pressure measured with the force plate.

Panel C: Subjects stood with their feet at hip width in 9 degrees exorotation for 5 times 1 minute per
standing position. The position was marked for repositioning after rest.
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At four time points during a session, subjects were asked to indicate their level of headache,
nausea, fatigue and depressed mood on a visual analogue scale (VAS) from 0-100 mm,

in order to track commonly reported side effects of tDCS .

All subjects were told at the end of all measurements that during one of the sessions a

placebo stimulation was given and asked if they could indicate which session it was.

Clinical assessments

The clinical measures were performed by the researcher according to recommended
guidelines 2 before the sessions with tDCS. The following assessments were performed:
Berg balance scale (BBS) *', functional reach task (FRT) *, timed up and go (TUG) *,
fall efficacy scale (FES) *, fall history, Erasmus modification of the Nottingham sensory
assessment of the lower extremity (EmNSA-LE) 3. For healthy controls the dominant leg
was determined by the preferred leg used and better performance on the lateralized items
of the BBS (i.e. looking over the shoulder, turning, tandem stance and one leg stance). The
most difficult position for subjects to hold for more than 30 seconds was determined with
an ordinal scale ranging from: 1) full tandem stance with non-paretic leg/dominant in front,
2) non-paretic/dominant leg a step ahead, 3) non-paretic/dominant leg half a step ahead,
5) full tandem stance with paretic leg/non-dominant in front, é) paretic/non-dominant leg

a step ahead, 7) paretic/non-dominant leg half a step ahead or 8) feet placed together.

Stroke patients were also assessed with the: Fugl-Meyer motor assessment of the lower
extremity (FM-LE) 3, motricity index (MI) ¥, Nottingham extended activities of daily living
index (NEADL) 3, and O-letter cancelation test (LCT) %.

Data analysis and pre-processing

Recorded data were processed using MATLAB 2012a (the MathWorks, Inc., Natick,
MA, USA). Statistical analysis was performed using IBM SPSS statistics version 22 (IBM
corporation, Armonk, NY, USA).

Outcome parameters

Force plate data was low pass filtered with a second order Butterworth filter with a cutoff
frequency of 10 Hz, after which the CoP in both the anterior-posterior (AP) and the medio-
lateral (ML) direction was calculated. The middle 50 seconds of each trial were used for
further analysis. The signals were linear detrended with a period of 20 seconds. The

following parameters were computed from the sum of the vectors of the CoP in the AP and
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ML direction: the mean amplitude of the CoP (ACoP) calculated as the root mean squared
distance from the mean CoP, its standard deviation represents the amplitude’s variability
(varCoP), the velocity of the CoP (VCoP) calculated by the sum of the distance between
sequential points divided by its length, its standard deviation represents the velocity’s
variability (varVCoP) and the range determined as the maximal difference between any
two points of the time series. A CoP composite score of the above mentioned parameters
was calculated as a comprehensive outcome parameter representing qualitative aspects
of standing balance performance *. Each parameter, calculated for ML and AP direction
separately, was transformed to a z-score calculated over all parameters, separately for the
stroke patients and the healthy controls. This transformation leads to a mean of O with a
standard deviation of 1, making it possible to average the ten transformed parameters

per standing position into a CoP composite-score (comp-score).

Statistical analysis

Normality was checked by visual inspection of the probability distribution (g-q plot) and the
box plot. A Shapiro-Wilks test was performed on the data or the residual when appropriate.
When the assumptions of normality were not met, a natural log transformation was applied
after which normality was checked again. In case this transformation was not sufficient, or
in case of ordinal or nominal data, the non-parametric equivalent of the below mentioned

tests was used. The significance level a was set two-tailed at 0.05.

CoP baseline differences between healthy controls and patients were analysed with an
independent t-test with a Bonferroni correction for multiple testing per standing position.
To correct for differences in sample size, Hedges'g (g) was used to calculate effect sizes,

when significant differences were found.

A generalized estimating equation (GEE) model, with a correction for baseline CoP comp-
score, was used to establish an association between the stimulation conditions on CoP
comp-scores for patients and healthy control separately. The model was also tested for
confounding of randomization order. If the B-values for the stimulation conditions changed
with more than 10%, this was considered an improvement of the model. In case of a
significant association between post-measurement CoP comp-score and cb-tDCS, the five

parameters from which the CoP comp-score was constructed were evaluated separately.

Performance on the tracking task
A GEE model was used to evaluate the improvement of performance on the tracking
task over time. Stimulation condition was added as a possible confounder to examine if

performance was influenced by cb-tDCS.
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Responders and non-responders

To investigate the differences in response to cb-tDCS between subjects (interindividual
response), a distinction was made between patients who showed a response on the CoP
comp-score and patients that did not. A subject was defined as a ‘responder’ when a
change in CoP comp-score (post - pre) for the tandem stance was more than one standard
deviation larger in the contra-lesional stimulation or the ipsi-lesional condition compared
to the sham condition. Differences in baseline CoP comp-score, fatigue and clinical and
demographic characteristics between responders and non-responders were analysed

with independent t-tests.

RESULTS

Procedures

All subjects completed the experimental protocol. One patient was not able to perform
5 repetitions of each static assessment of standing balance performance due to fatigue.

Three repetitions of each assessment were performed instead.

Two patients were able to perform a semi-tandem stance for 60 seconds with the non-
paretic leg ahead of the paretic leg, ten patients were able to perform a semi-tandem
stance with the non-paretic leg a small step in front of the paretic leg, and 3 patients
were able to perform a semi-tandem stance with the paretic leg a small step in front of
the non-paretic leg. Nine healthy controls were able to perform a tandem stance with
the dominant leg ahead, one healthy control performed a semi-tandem stance with the

dominant leg ahead.

Successfulness of blinding procedures

When asked to indicate the sham condition at the end of the protocol, 4 out of 10 healthy
controls answered correctly, 5 incorrectly and 1 could not make a choice. From the patients

7 answered correctly, 6 incorrectly and 2 patients could not make a choice.

Possible side effects, fatigue

No subjects reported headaches or nausea during any of the sessions. Three healthy
controls reported to be somewhat fatigued but no differences in VAS on fatigue between
sham: median=0, inter quartile ranges (IQR)=0-1.5 and cb-tDCS median=0, IQR=0-0, were
found, z=-0.54, P=0.60. 11 patients reported a higher VAS on fatigue after stimulation
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but no differences were found between the sham median=11, IQR=0-30. contra-lesional:
median=10, IQR=0-26 and ipsi-lesional median=13, IQR=0-21, %2=0.98, P=0.61
conditions. Only one patient reported 70 out of 100 points on the VAS for depressed

mood at the start of one of the sessions, no increase was reported after stimulation.

Baseline differences between patients and healthy controls

Characteristics of both groups are displayed in Table 6.1. Healthy subjects and patients
did not differ significantly in age, weight and height. Patients had a lower score on the
BBS median=50, IQR=48-53, as well as on the EmNSA-LE: median=38 |IQR=34-39
and were slower on the TUG: mean=14.3, SD=7.9, compared to healthy controls, BBS
median=56, IQR=56-56, P<0.01, EmMNSA-LE median=39, IQR=39-40, P=0.02, TUG
mean=6.1, SD=0.99, P<0.01.

The baseline CoP parameters are displayed in Figure 6.3. Patients showed significant larger
excursion on all baseline CoP parameters for the eyes open; ACoP mean healthy=2.90
mm, SD=0.47, mean patients=4.17 mm, SD=1.53, Cl of the mean difference =-2.16—0.38,
t(17.6)=-3.01, g=1.00, varCoP: healthy=3.67 mm, SD=0.58, patients=5.35 mm, SD=1.99,
Cl=-2.83—0.53, 1(17.3)=-3.07, g=1.02, range: healthy=20.68 mm, SD=0.22, patients=32.21
mm, SD=0.42, Cl=-18.88--4.17, 1(16.4)=-3.31, g=31.37, VCoP: median healthy=7.10
mm/s, IQR=5.88-7.81, median patients=10.78 mm/s, IQR=8.80-15.48, C|=0.43-0.78,
ratio due to log transformation, t(23)=0.02, g=1.71, varVCoP: median healthy= 5.79
mm/s, IQR=5.79-6.62, patients=8.81 mm/s, IQR=7.76-13.87, CI=0.40-0.75, ratio due
to log transformation, t(23)=0.02, g=1.57, all P<0.05.

This was also the case for the eyes closed position when compared to healthy-age-
matched controls; ACoP: mean healthy=3.66 mm, SD=0.65, mean patients=5.71 mm,
SD=2.02, Cl=-3.23--0.88, t(18)=-3.67, g=1.22, varCoP: healthy=4.66 mm, SD=0.83,
patients=7.21 mm, SD=2.57, Cl=-4.06—1.07, t(18)=-3.60, g=1.20, range: healthy=26.49
mm, SD=5.23, patients=42.16 mm, SD=15.20, Cl=-24.59—-6.74, t(18.5)=-3.68, g=1.23,
VCoP: healthy=11.62 mm/s , SD=2.28, patients=20.44 mm/s, SD=8.91, Cl=-13.91--3.73,
1(16.6)=-3.66, g=1.20, varVCoP: healthy=9.42 mm/s, SD=1.94, patients=17.26 mm/s,
SD=7.56, Cl=-12.16—-3.51, t(16.6)=-3.83, g=1.26, all P<0.05. For the (semi-)tandem
stance position no significant differences were found between patients and healthy
controls; ACoP: median healthy=5.17 mm, IQR=4.65-6.34, median patients=5.86 mm,
IQR=4.65-7.89, ratio due to log transformation, Cl=0.63-1.15, t(23)=0.33, varCoP:
median healthy=6.55 mm, IQR=5.80-8.45, median patients=7.31 mm, IQR=5.82-10.09,
ratio due to log transformation, Cl=0.63-1.15, t(23)=0.33, range: median healthy=40.29
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mm IQR=36.65-55.94, median patients=47.72 mm, IQR=33.14-64.73, ratio due to log
transformation, Cl=0.64-1.17, 1(23)=0.37, median VCoP: healthy 30.25=mm/s, IQR=26.22-
32.48, median patients=26.33 mm/s, IQR=23.90-36.83, U=61, z=-0.78, varVCoP: median
healthy 26.24=mm/s, IQR=21.40-28.96, median patients=23.84 mm/s IQR=19.47-31.16,
U=71, z=-0.22, all, P>0.5.

Table 6.1 | Baseline characteristics and clinical assessments

Stroke Healthy
subjects subjects

Subjects' characteristics N=15 N=10 P
Gender, male/female 12/3 6/4 0.29
Age in years (mean, SD) 57.1 (10.0) 57.9 (7.1) 0.82
Weight in kilograms (mean, SD) 86.1(21.1) 78.2 (9.24) 0.41
Height in meters (mean, SD) 1.78 (0.10) 1.78 (0.73) 0.84
Time since stroke in months (mean, SD) 107.8 (143.6) - -
Affected hemisphere, right/left 9/6 - -
Cortical/sub-cortical stroke 13/2

Bamford classification, LACI/PACI/TACI/unknown 7/4/2/2 - -
Type of stroke, ischemic/haemorrhagic 11/4 - -
CIRS, range 0-52 (median, IQR) 5 (4-6) - -
HADS, range 0-42 (median, IQR) 4 (3-10) 3.5 (0.75-5.25) 0.30
BBS, range 0-56 (median, IQR) 50 (48-53) 56 (56-56) <0.01
TUG in seconds (mean, SD) 14.3(7.9) 6.1 (0.99) <0.01
EmNSA-LE, range 0-40 (median, IQR) 38 (34-39) 39 (39-40) 0.02
Falls past 6 months (median, IQR) 1(0-2) 0.5 (0-1) 0.39
FES, range 7-28 (median, IQR) 10 (8-12) - -
FM-LE, range 0-34 (median, IQR) 25 (22-30) - -
MI-LE, range 0-100 (median, IQR) 69 (58-83) - -
MI-UE, range 0-100 (median, IQR) 84 (76-93.75) - -
Spatial neglect, yes/no 5/10 - -

Overview of baseline characteristics and clinical assessments measured in the first session for 15 the
patients and 10 healthy subjects. Mean per group are given as well as the standard deviation (SD)
or the median and inter quartile ranges (IQR) in case of ordinal scales and the frequencies in case of
nominal data. Deviation in cortical and sub-cortical lesions are made base on the main classification
made by a clinician directly after stroke.

Abbreviations: total anterior circulation infarct (TACI), partial anterior circulation infarct (PACI),
lacunar anterior circulation infarct (LACI), cumulative illness rating scale (CIRS), hospital anxiety and
depression scale (HADS), Berg balance scale (BBS), timed up and go (TUG), Erasmus modification
of the Nottingham sensory assessment lower extremity (EmNSA-LE), fall efficacy scale (FES), Fugl-
Meyer assessment lower extremity (FM-LE), motricity index of the lower extremity (MI-LE) and the
upper extremity (MI-UE), standardized score (Z-score), number per group (N), probability value (P).
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Effect of stimulation on CoP parameters

The tested model revealed no significant changes in CoP comp-score associated with
cb-tDCS in the eyes open: p=0.02 Cl=-0.09-0.12, P=0.73, eyes closed: p=0.08 Cl=
-0.01-0.16, P=0.07 and tandem: f=-0.08 Cl=-0.41-0.25, P=0.64 for the healthy controls.

Adding the stimulation order to the model did not change B-values with more than 10%.

In the patient group, a significant association between contra-lesional stimulation and a
decrease in CoP comp-score, in the tandem position was found: p=-0.25, Cl=-0.48--0.03,
P=0.03. Post-hoc analysis showed a significant decrease in ACoP: f=-0.86, Cl=-1.58—-0.15,
P=0.02, varCoP: B=-1.10, CI=-1.93--0.26, P=0.01, range: ratio due to log transformation,
B=0.94, CI=0.90-0.98, P=0.01, and VCOP: ratio due to log transformation, f=0.97,
Cl=0.94-0.99, P=0.02 but not in varVCoP: ratio due to log transformation, p=0.97, Cl=-
0.93-1.01, P=0.11. The GEE-model constructed for the eyes open position revealed a
significant association between ipsi-lesional stimulation and a lower CoP comp-score: p=-
0.09, CI=-0.18--0.01, P=0.03, after correcting for randomisation order, the association was
no longer significant and changed to: $=0.00, CI=-0.09-0.90, P=0.94 (Figures 6.4 and 6.5).

No changes in CoP comp-score in the eyes closed position associated with cb-tDCS
were found for patients, contra-lesional stimulation: =0.02, Cl=-0.11-0.16, P=0.73 and
ipsi-lesional stimulation: B=-0.01, Cl=-0.19-0.16, P=0.89. Adding the stimulation order to
the model changed B-values with more than 10% to: contra-lesional stimulation: f=0.06,
Cl=-0.10-0.22, P=0.44 and ipsi-lesional stimulation: $=0.09, C|=-0.08-0.26, P=0.30. See

Table 6.2 for an overview of the corresponding B-values and confidence intervals.

Performance on the tracking task

The healthy controls showed a significantly higher tracking task performance during the
second measurement; mean=99.33, SD=0.57, $=0.80, C|=0.10-1.50, P=0.03 as compared
to the first measurement; mean=98.53, SD=1.31. No effect of stimulation was found =0,
Cl=-0.70-0.70, P=1.0.

The patient group showed a significantly higher tracking task performance during the
second measurement; mean=92.90, SD=7.5, with a ratio of f=1.62, CI=1.23-2.14,
P<0.01 and on the third measurement; mean=94.60, SD=6.11, with a ratio of f=2.06,
Cl=1.51-2.80, P<0.01 as compared to the first measurement; mean=88.60, SD=9.29.

No effect of contra-lesional stimulation was found with a ratio due to log transformation
of p=1.15, Cl=0.89-1.50, P=0.29, nor an effect of ipsi-lesional stimulation, p=1.16,
Cl=0.91-1.49, P=0.23.

161



Chapter 6

“(s/ww) puodas Jad siaawil]|iw ‘(W) SI91WI||IW SUOIIRIASICQY "UBSW S O JOLS plepuels syl a1edipul
sieq JoJiJ "UONIPUOD Weys 8yl pue (SO1-GO) UONE|NWIAS JUSLIND 198lIP [elUBIOSURI) JB||9C2l9D |BUOISS|-BJIUOD USSMIS] JOpIO UONezIUIOpUeR) pUB auljaseq
10} UOI}D1I0D B YIM [apow uonenba Bunewrse pazijesauab ayy ul ‘500> 40 anjea Ayjigeqoid e yum aduaiayip juediyiubis e sajedipu| , ‘pake|dsip aie 8100s
-a)isodwod ap pue (JoDAJeA) Alljigeliea s A1120[aA ay1 ((JODA) 0D dYi Jo Aldojan ay ‘(doDuen) Alljigelien sapnyjdwe si ‘(oY) doD 8yl jo spniijdwe ueaw
ay] 'suonisod (wapuel) souels wepuel diydads 10afgns ayi ul uone|nwins-1sod pue uonenwiis-aid ayy Buunp painsesw sislaweled (oD) ainssaid jo anuad)
"93043s Ul @duewWIOpad 9oUelS WOPUER) UO UOHe|NWIAS JO 108yT | 9 aunbig

1sod aud

; z0-
91005-7
| m —— 170
* SEE=s=zoooas
L 2100s-dwo) 1t
1sod aid
; 2
s/
8 * ﬁ SIIzioo. "
TT----ZIZZsssao,
| 1€
dODA
1sod aud
T ' @
wuw
‘ D O I
e N S
t doDlen 1

aoue)s wapuey

1sod wa
o
1sod w,&
I
sbuey
gm,og w,a
o I O
doOV

‘syusined ul uoneNWIS 4O 10943

0¢

s/ww

S¢

o€

oy

ww

0s

09

ww

162



Short term effects of cb-tDCS on standing balance performance

“(s/wwl) puodes Jad siaawil]jiw ‘(W) SI938WI||IW SUOIBIASICAY

‘sasodind uonoadsul [ensia 1o} JayIp SUORIPUOD Usam1ad sixe-A syl 1yl 810N UBSW Sy} JO JOLIS PIEPUERIS S} 81eDIPUI SIB] JOLIT “WeYS pue (SD1-gP) Uole|nuwins
JUS.IND 102UIP [BIUBIOSUE) 18||9C218D [eUOISD|-BIIUOD U9SMIDJ PO UOIEZILOPUES PUB SUI|9Seq JO) UOID8110D e Ym [opow uonenbs Bunewnss pazijeiauab
Byl Ul (G0'0> @njea Aljiqeqoud) eousiayip uedyiubis e seyedipu| , ‘pakeldsip aie (si0ds-dwoD) aiods-aisodwod ap pue (JoDAJeA) Alljigeliea sALD0A oy}
‘(dODA) dOD a4 jo A1Dojen a1 ‘(doDuen) Aljiqeriea sapnijdwe sii ‘(JoDY) 4o ayi jo spnijdwe uesw ay] "uonisod (Wsepuel) aduels wapuel diyads 10algns
e pue (29) paso|p sake ‘(08) uado sake ayy ul (1sod) uonenwns-}sod pue (aid) uonenwis-aid ayy Buunp painseaw sigoweled (JoD) ainssaid jo anpua)
'syuaned axois Ul uonenwiis 3sod pue aid painsesw sisoweled 4o | G 9 aunbi4

1sod aid 1sod aid 1sod aid
20— S0- L=
a100s—dwo?)
*[@oizozmm=== 50 + 0 ﬂmmmmmmmn"u+ §0-
L S0 0
1sod aid 1sod aid 1sod aid
oz vl 8
+ (s/ww) JoOAJen
S=soo_ S=ssIZlg:i:
-----uummm+ 9z === 6l sol
[43 e €l
1sod aid 1sod aid 1sod aid
€C 9L oL
- * femeeioo. (s/ww) 4odA
* L nummmuuuun+ os =Ezzz 1z ez
L€ 8¢ Sl
1s0d aud 1sod aud 1sod aid
44 - S€ S¢
- - (ww) aBuey
N SSLErT so-o-zzzzz
mmmmao oI 4 St So-oIZzee- z€
9 SS oy
1s0d aid 1sod aid 1sod aid
L S 14
*ﬁ S===zzz:z-- |||||||uum+ (ww) JoDJea
.......... 6 L IZZzzz=ER s's
Ll 6 L
1sod aid
S 14 €
--------uua (Ww) goov
* L S'S w“nunuu||| Sy
6 L 9
waepue] o3 [eF]

syuaned ur §O) 4e|[9ga49D JO 10947

163



Chapter 6

0¢0 (90°0-62°07) L1°0- LE0 (v2°'0-80°0") 800 700 (€2°0-80°0) 450 uoissas yig 1e weys
vS°0 (r€0-¥9°07) SL°0- 124" (0L '0-zz'0) 90°0- 8.0 (£0'0-60°0) 100" RIS LR 112 WIS
000 (60°0—€¥°07) 9¢0- i24Y (¢z0-01°0) 900 LL0 (10'0-¥1°07) 00" VORI ULES [[EURIEEFRUeD)
S0 (0¥'0-S5°07) 80°0- 0€0 (92°0-80°0") 600 760 (06°0-60°0) 000 uone|nwins [euoisa|-isd
000 (¢8:0-9%°0) ¥9°0 000 (16°0-09°0) S/.°0 000 (60°L=6£°0) v6°0 SLER WSl
100 (Ev°0-£0°0) GC0 ¥9°0 (¢1°0-02°0") ¥0°0- ¥S°0 (lz0-1L10) S0°0 deousiy|
€00 (€0°0—8%°07) S¢'0- €L0 (91°0-L1°0) 00 430 (90°0-61°07) L0°0- VORI UL [[EUOlER e
8L0 (90°0-0€°0) 40 680 (91°0-61°0") 100" €00 (10°0—81°0") 60°0- uone|nwis [euoisa|-isd
000 (78°0-51°0) G9°0 000 (¢6°0-19°0) 9.0 000 (€L'L=¥,0) €60 SRS LUl
L1'0 (9€°0-70°0") 910 G0 (¢1°0-600") 00 SL°0 (0£°0-50°0") €Lo deousyy|

(GL=N) saueneq
¥8°0 (€€°0-v0°07) ¥0°0- LS50 (11°0-90°0") €00 180 (01°0-80°0) 100 SHURIURAMEIEEI (0 JERUO)
¥9°0 (Sz°0-Lv0) 80°0- L0°0 (91°0-10°0") £0°0 €0 (¢1°0-80°07) 00 IRIHIZI LIRS
000 (S0°1-€S°0) 6L°0 9L°0 (0€'0-£¥°07) G0°0- 000 (Ov'1-€6°0) L7 8100s wins-ald
8¢0 (€6°0-£2°0) €e0 100 (90°0—£¥°07) L0 900 (60100 IZ4Y 1dedsay]
¥9°0 (S20-L¥'0) 80°0- L0°0 (91°0-10°0") 800 €0 (21°0-60°07) 00 UIRIIZI LIRS
000 (€0°1=£S°0) 080 960 (¢e0-€€07) 100~ 000 (Ov'1-€6°0) L7 ©100s wins-ald
4% (0£0-€8°07) LEO ¥0°0 (¢00—L¥'0) v 0- S0°0 (6°0-00°0) IZ4Y 1dedsay]

(0L=N) s|oi3u0)

d 1D %56 g d 1D %56 g d 1D %56 g
wapue| paso|d sak3 uado safg

2100s-dW07) JO7) Ul 9SBI09P B UO UOIIR|NWIS JO UOIRIDOSSY

UOIIE|NWIIS JO 109}48 SUj] 10} S|9POW PSIS] 8L JO MaIAIBAQD | Z2°9 9jgeL

164



Short term effects of cb-tDCS on standing balance performance

"(d) @njea Ayjigeqoud ‘(1D) [eAleUl @2UBplUOD ‘() anjea-elag paziplepuelsun ‘(JODAJRA) Aljigeliea
s,A1100[8A 83 ‘(dODA) dOD U1 4o A11D0jaA BUL ‘(doDden) Alljiqeliea sspniiidue st /(J0DY) 40D a1 o apniijdwe uesw syl :SUOIEIABIGAY "Sollel se pajaidiaiul
2 p|noys pue a|qel Y3 Ul uaAlb aie | 8y} pue g Jo suoduny [ernuauodxa ay} ‘PawIojsue) dIWYIIeBO| [BINJBU B19M () YSLISISe U YlIM padiew sialauweled

"1SBJ1UOD Se Pasn seM UOISSSS 1Si1f 84l 18 UOIIIPUOD UOIIR|NWIIS WeYs 1O UoI1Ipuod
UOIIB|NWIIS WeYS ‘[9POW aU JO JudwaAoIdWl Ue PaIspISUOD Sem SIU] ‘|9POW 8y} O} UOIIR|NWIS Sl JO JBPIO paziwopuel sy} 1oy Bunoalod Aq 90| ueyl aiow
pabueyd [apow ay} ul sanje-g ayj §| 's8100s JO7) Juswainseaw-aid |[enpIAIpUl BY) 40 PaIDLI0d d1aMm Ss|apowl ||y siuaied pue sjonuod Ayijesy ui sieyoweled
(doD) ainssaid jo JolULD JUSWAINSESW-1SOd UO UONEINWIS JO 10940 Sy} JOj Palsal alom 1eyl sjopouw uonenbs Bunewnss pazijeiousb oyl Jo malAeAQ

800 (10°1-26°0) 960 L0°0 (00'1-G6°0) 860 uoissss Yig je weys
8.0 (€1'1-98°0) 860 960 (L'1-68°0) 00°L uoissss Yig je weys
LL'0 (L0'L-€6°0) L60 00 (66'0-176'0) L60 uoie|nuwiis jeuolss|-enuos
€L°0 (1'1-68°0) 860 890 (L1=£8°0) 860 uone|nwis [euoisaj-isd
000 Py -1zl ce'L 000 (0s'1-0¢€°1) or'l 8102s wins-ald
000 (0Lc=9z'1) €9°L 000 Li-zi1) 8¢l 1dedusquy
xdOONIBA xdODA
¥0°0 (66'0-16°0) 960 180 (9£°0-£6'07) L1°0- L60 (G£°0-2L0) 100 uolssas Y1z 1e weys
v¥°0 (S0'1-68°0) L60 ¥9°0 oL1-641-) GE0- 080 (¢6'0-02'L") 71°0 Uolisses Y1¢ Je Wweygs
100 (86:0-06°0) 76°0 100 (92°0—¢€6'1L-) olL'L- 00 (S1'0—8G°L-) 980~ Liolie|ntiinsijedolss|zelilios)
LS°0 (90°1-68°0) 860 890 (€L 1=vL1) 0€0- LS°0 (S£°0-L€°1Y) L€0- uone[nwis [euoiss|-isd
000 (€ L=1L1) 9C'1 000 (960 -€9°0) 080 000 (96'0-89°0) 280 2105s wins-ald
000 (99'¢-0v°L) Lee 00 (15°€-L€0) Y6l €00 (9r'z=91°0) LEL 1dedsaul
d 1D %S6 d d 12%56 d d 1D %56 d
Lobuey doD.en doDv

uonisod wapuel sy 1oy sisraweled oo ajesedss ayj Jo siskjeue 20y-1sod

165



Chapter 6

Responders and non-responders

Ten patients had a reduction in CoP comp-score in the tandem stance in response to contra-
lesional stimulation (responders). Five patients did not show a change when compared
to sham stimulation (non-responders). The group responders did not differ on any of the
baseline CoP comp-scores, fatigue level or clinical characteristics from the non-responders,
see Table 6.3. Out of the 5 non-responders, 2 patients could be identified as responders

on the ipsi-lesional stimulation, while 5 patients responded to both stimulation types.

Table 6.3 | Differences in characteristics and clinical assessments between responders and non-

responders

Non-
Responders responders

Subject characteristics N=10 N=5 B

Age in years (mean, SD) 54.4 (+8.88) 62.4 (£10.94) 0.15
Time since stroke in months (mean, SD) 76.9 (£86.2) 169.8 (£219.8) 0.25
Affected hemisphere, right/left 5/5 4/1 0.18
Bamford classification, LACI/PACI/TACI/unknown 4/3/1/2 3/1/1/0 0.23
Type of stroke, ischemic/haemorrhagic 9/1 2/3 0.07
CIRS, range 0-52 (median, IQR) 5(3.75-6.25) 5(3.5-7) 1

HADS, range 0-42 (median, IQR) 4 (3-10.25) 5(1.5-8) 0.85
BBS, range 0-56 (median, IQR) 50 (48.75-52.25) 52 (43-53.5) 0.76
TUG in seconds (mean, SD) 11 (8.75-17) 15 (8-20.5) 0.67
EmNSA-LE, range 0-40 (median, IQR) 38 (35.5-39.25) 37 (30.5-39) 0.46
FES, range 7-28 (median, IQR) 10 (7.75-12.5) 11 (7.5-14) 0.95
Falls past 6 months (median, IQR) 1 (0-1.5) 2 (0-2) 0.70
MI-LE, range 0-100 (median, IQR) 26 (22.75-30.25) 24 (13-28) 0.30
MI-UE, range 0-100 (median, IQR) 70.5 (62.5-85) 59 (45.5-72) 0.16
Spatial neglect, yes/no 3/7 2/3 0.20
Fatigue VAS, range 0-100 (median, IQR) 2.2 (£3.2) 1.6 (x£1.2) 0.70
CoP pre_comp_EO (mean z-score, SD) -0.43 (x0.56) -0.79 (x0.28) 0.20
CoP pre_comp_EC (mean z-score, SD) 0.04 (£0.61) -0.15 (x0.74) 0.63
CoP pre_comp_tandem (mean z-score, SD) 0.83 (£1.23) 0.32 (x0.52) 0.39

Overview of characteristics and clinical assessments measured in the first session for 10 responders
and 5 non-responders on the contra-lesional cb-tDCS. The assessment range is given in case of
ordinal scales. Mean per group are given as well as the standard deviation (SD) or the median and
inter quartile ranges (IQR) in case of ordinal scales and the frequencies in case of nominal data.
Abbreviations: total anterior circulation infarct (TACI), partial anterior circulation infarct (PACI),
lacunar anterior circulation infarct (LACI), cumulative illness rating scale (CIRS), hospital anxiety and
depression scale (HADS), Berg balance scale (BBS), timed up and go (TUG), Erasmus modification
of the Nottingham sensory assessment lower extremity (EmNSA-LE), fall efficacy scale (FES), Fugl-
Meyer assessment lower extremity (FM-LE), motricity index of the lower extremity (MI-LE), visual
analog scale (VAS), first measured session of the centre of pressure composite score (CoP pre_
comp) for eyes open (EO), eyes closed (EC) and the tandem stance (tandem) position, standardized
score (Z-score), Number per group (N), probability value (P).

166



Short term effects of cb-tDCS on standing balance performance

DISCUSSION

To our knowledge this is the first study reporting the short-term effect of cb-tDCS on
standing balance performance in patients with chronic stroke. The effect of cb-tDCS was
tested during three static positions, namely: eyes open, eyes closed and in a tandem
position. No effects of cb-tDCS on standing balance performance were found in the
first two positions for patients nor in control subjects. In the tandem stance position a
significant decrease in four separate CoP parameters and in the CoP comp-score was found,
suggesting an improvement in standing balance performance in the stroke patients after
contra-lesional anodal stimulation. In healthy controls no effect of cb-tDCS was found in

the tandem stance position.

tDCS is believed to facilitate motor learning while being simultaneously applied with a
motor task *'. It could therefore be expected that the most difficult task, the (semi-Jtandem
position in which there is most to gain, would show the largest improvement in standing
balance performance after training with cb-tDCS. It s likely that the tandem stance position
and the tracking task were not difficult enough for the healthy controls. Similar to the
study by Steiner et al. 2°, who used a moving platform to train balance performance in 30
healthy young adults and found no effects of cb-tDCS, healthy subjects in our study were
also likely performing on a (sub)optimal level with a mean performance of 98.5% after
the first session and had very little room for improvement. Future studies with an interest
in the feasibility of cb-tDCS in healthy subjects, should use a more challenging postural

task or a dual task paradigm.

Poortvliet et al. * found a significant smaller CoP path length and standard deviation during
and after disturbed proprioceptive input with Achilles tendon vibration in quiet stance,
in the group receiving cb-tDCS as compared to sham stimulation. This is an interesting
model in the understanding of cb-tDCS on balance performance, since dysfunction of
proprioception can occur after stroke and can hamper balance performance *. It would
be interesting to study whether proprioceptive function is an independent covariate for
improvement of balance performance after cb-tDCS in patients after stroke. Unfortunately
the sample size in the current study was too small to perform such a sub-analysis. The
reported changes in standing balance performance in the tandem stance position
with contra-lesional stimulation in patients with a stroke, are in line with the theoretical
framework that both LTP and LTD like processes play a role in spike timing-dependent
forms of neuroplasticity in the cerebellum and non-invasive stimulation may enhance
these processes *. Theoretically, stimulation on either one of the cerebellar hemispheres

could enhance adaptive motor learning and thereby improve motor coordination.
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Targeting the contra-lesional cerebellar hemisphere could directly strengthen the M1-
cerbellar connection, to enhance the function of the cerebellum connected to the affected
cortical hemisphere %%, On the other hand, neural activity of the ipsilateral cortex during
movements has been associated with poor functional outcome after stroke *. This
phenomenon has been attributed to a decreased inter hemispheric inhibition (IHI) from
the lesioned motor cortex on the non-affected hemisphere, leading to an increased IHI on
the affected hemisphere, negatively affecting functional outcome #. Inhibition of the ipsi-
lateral motor cortex with cathodal stimulation is thought to suppress this over activity *.
Anodal stimulation of the ipsi-lesional cerebellar hemisphere could have potentially
improved the disturbed IHI in an indirect manner via cerebellar brain inhibition and at the
same time enhance adaptive learning. The results of this study did not show evidence that
targeting IHI via the cerebellum can lead to improvement in terms of standing balance
performance. From these results it cannot yet be concluded if the protocol failed to induce
a normalisation in IHI or if it should be considered a compensatory mechanism reflecting
the severity of the brain damage, in which normalization of this phenomena does not
have any added value for clinical outcome . Future research should aim to underpin the

neurobiological mechanisms by which cb-tDCS enforces its effects.

Baseline differences between patients and healthy controls

The increase in postural sway found in stroke patients compared to aged match controls
and the enlarged sway with the more difficult positions, are in line with previous found
results in a comparable population “¢. However, no significant differences in CoP parameters
were found between stroke patients and controls for the tandem stance position. This
result may be explained by the individualized feet positioning during the tandem stance
per subject. None of the stroke patients could hold the full tandem stance position with
either leg behind, while all but one healthy subject could hold this position with the
non-preferred leg behind. This again indicates that the task may not have been difficult
enough for the healthy controls. The main purpose of this proof of concept study was
to investigate the potential of cb-tDCS to elicit qualitative changes in standing balance
performance in patients with a stroke. Since the differences between patients are much
larger than the effect that can be expected from a single training session, a within subject

design was needed with a challenging task, tailored to the specific capacity of each patient.

Outcome parameters

A decrease in CoP parameters is generally assumed to reflect an improvement in postural

stability in patients with a stroke #°. There is a strong need for more sensitive and reliable
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measures to be able to quantify subtle changes in standing balance performance and
disentangle postural control mechanisms *°. Despite several promising methods to quantify
postural control, a golden standard is still lacking *'*2. We used the CoP comp-score as a
sensitive comprehensive outcome parameter, combining information from five parameters
of standing balance performance . A sensitive outcome parameter, able to detect subtle
qualitative changes, is also needed to establish an optimal dose in terms of sessions and
intensity. To relate the currently found short term effects of anodal cb-tDCS on standing
balance performance to a clinical meaningful and long-term improvement, the effect
of multiple training sessions should be measured using both qualitative parameters of

standing balance performance and clinical outcome measures.

Responders and non-responders

A general point of concern in tDCS research is the different responsiveness of subjects to
the stimulation, i.e. why do some subjects respond to the stimulation while others don't?
Several reviews on both healthy subjects as well as patients with stroke have highlighted
factors such as: age, anxiety, time since stroke, lesion type, lesion location and motor
function, as contributors to interindividual variability in response to tDCS %-7. Within this
study ten patients showed changes towards normal CoP values in response to contra-
lesional cb-tDCS compared to sham. On a group level this contrast was large enough
for a significant association, the non-responders should however not be ignored. These
interindividual differences play a role in many tDCS studies, which lead to ambiguity in the
interpretation of results and the conclusion of some authors that tDCS does not have any
added value or vice versa *8. Within the small sample of this study no differences could
be detected between responders and non-responders on several subject characteristics.
Next to clinical characteristics, the initial state of neuronal populations could play a role in
terms of responsiveness to the stimulation *%. Neuroimaging techniques could provide

valuable insights into these neuronal state dependencies .

Strength and limitations

This proof of concept study is the first aimed at the short-term effect on standing balance
performance of a single training sessions combined with anodal cb-tDCS in stroke
patients. The current setup was able to detect subtle qualitative changes in standing
balance performance by using high resolution kinetic parameters. The study population
was however small and heterogeneity in terms of lesion type, location and motor function
could have influenced the interindividual variability in response to the stimulation. Within

the sample 2 patients were included with a lesion primarily located in the brainstem,
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both of these patients were classified as responders to the contra-lesional cb-tDCS. The
current sample is however too small to perform a sub-group analysis or to generalize these
findings to a wider population. The healthy controls in this study only received stimulation
ipsi-lateral to their dominant leg. Itis possible that an improvement in the healthy subjects
could have been found after contralateral stimulation. The more evident explanation for
the lack of improvement in healthy controls is however that the task was too easy and a

more challenging task should have been chosen for this group.

Future research

The current study shows the potential of anodal cb-tDCS for improving standing balance
performance in a chronic stroke population, though interindividual differences should be
further studied. Analysis of ongoing cortical processes during standing balance tasks and
the influence of cb-tDCS on these processes may give more insights in unknown underlying
mechanisms. Moreover, these unknown mechanisms leading to interindividual differences,
could be very different in the more acute phase after stroke. Behavioural restitution
of function, mainly taking place in the first 8-12 weeks post-stroke ¢', goes alongside
changes in growth factors, creating a critical time window for recovery %% tDCS might
be able to optimize the learning potential in this time window, leading to a completely
different paradigm of the mechanisms of action of tDCS in the sub-acute phase thanin a
population of patients in a chronic phase after stroke ¢¢¢. Considering that balance recovery
is especially important in the early phase after stroke, tDCS interventions should also be
tested in this time window of enhanced neuroplasticity. In addition, possible contributors
to interindividual differences, such as a wide variety of clinical characteristics as well as

neuronal state, should be recorded.

CONCLUSION

The improvement in standing balance performance after anodal contra-lesional cerebellar
tDCS shows promise for the application in stroke rehabilitation. Future studies should
investigate interindividual differences to elucidate the working mechanisms of tDCS.
Qualitative outcome parameters that can capture the subtle effects of tDCS can be used
to explore the optimal dose, and should be related to clinically meaningful improvements.
High quality randomized controlled trials in the early phase after stroke are needed to
establish the role of cb-tDCS in the critical time window of recovery post-stroke and its

potential to enhance clinical outcome in rehabilitation practice.
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Chapter 7

ABSTRACT

Rationale: Restoration of adequate standing balance after stroke is of major importance for
functional recovery. POstural feedback ThErapy combined with Non-invasive TranscranlAL
direct current stimulation (tDCS) in patients with stroke (acronym POTENTIAL) aims to
establish if cerebellar tDCS has added value in improving standing balance performance

early post-stroke.

Methods: Forty-six patients with a first-ever ischemic stroke will be enrolled in this double-
blind controlled trial within 5 weeks post-stroke. All patients will receive fifteen sessions
of virtual reality based postural feedback training (VR-PFT) in addition to usual care. VR-
PFT will be given 5 days per week for 1 hour, starting within 5 weeks post-stroke. During
VR-PFT, 23 patients will receive 25 minutes of cerebellar anodal tDCS (cb-tDCS), and 23

patients will receive sham stimulation.

Study outcome: Clinical, posturographic and neurophysiological measurements will be
performed at baseline, directly post-intervention, two weeks post-intervention and at fifteen
weeks post-stroke. The primary outcome measure will be the Berg balance scale (BBS) for
which a clinical meaningful difference of 6 points needs to be established between the

intervention and control group at fifteen weeks post-stroke.

Discussion: POTENTIAL will be the first proof-of-concept randomised controlled trial to
assess the effects of VR-PFT combined with cerebellar tDCS in terms of standing balance
performance in patients early post-stroke. Due to the combined clinical, posturographical
and neurophysiological measurements, this trial may give more insights in underlying

post-stroke recovery processes and whether these can be influenced by tDCS.
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INTRODUCTION AND RATIONALE

Impaired standing balance after stroke is common and has a significant impact on fall
events, independence in activities of daily living and perceived disability 2. Prospective
cohort studies suggest that most improvements in standing balance and walking ability
occur within the first 5 to 8 weeks post-stroke *4. There is strong evidence of enhanced
homeostatic forms of neuroplasticity during this time window, including upregulation of
gene expression of growth promoting factors, such as brain derived nerve growth factors
(BDNF) followed by growth inhibiting factors °. Human motor learning in this critical
time window may be facilitated by transcranial direct current stimulation (tDCS) which is
believed to specifically target synapse-based learning by enhancing the turnover of the
secretion of BDNF ¢. tDCS is thought to induce polarity-driven alterations of membrane
potentials and efficacy modulations of specific neuronal receptors in the underlying brain

tissue .

These dynamic neural modulations are evident not only in motor performance 7%, but also
in intrinsic functional network connectivity that manifest in neurophysiological recordings of
cortical brain activity '°. Neural changes while performing balance tasks are mostly reflected
by a change in theta (4-8 Hz), and alpha power (8-12.5 Hz) "2 A higher alpha power
reflects increased learning speed and an optimal concentration level 3. Decreased alpha
activity is also generally seen in patients after stroke . Theta power activity is associated
with an emerging state of concentration and optimal error control and found to increase
with increasing complexity of balance tasks ''*. Although a general deceleration of EEG
signals is associated with poor functional outcome after stroke, conflicting results regarding
a correlation of increased theta power activity with post-stroke function are found '*&.
Next to an alteration in power spectral density, asymmetry between the hemispheres
(low brain symmetry index) has been associated with poor clinical function and disability
6 months post stroke and is believed to reflect the clinical neurological condition of acute
stroke patients '%%°. To study these changes in cortical activation patterns in post-stroke
recovery, and the potential influence tDCS may have on these processes, repetitive EEG

measurements in both a resting state and during postural balance tasks are required 2'-%.

The cerebellum with its distinct role in feedback based learning could be a promising target
for tDCS 8%, The cerebellum is involved in motor adaptation via long term depression
(LTD)-like plasticity of Purkinje cells mediated by activation of predominantly climbing
fibers 227, Via cortico-cerebellar connections, it is involved in optimisation of timing of
movements by comparing a copy of efferent and afferent information, which may be
enhanced by tDCS %', From a detailed anisotropic head model study a known optimal

configuration to apply cerebellar tDCS is available *2.
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We recently found an instantaneous positive effect of a postural feedback based tracking
task combined with anodal cerebellar tDCS (cb-tDCS) on standing balance performance in
a small group of patients with a chronic stroke (N=15) when stimulated on the ipsi-lesional
cerebellar hemisphere as compared to sham *. Moreover, it has been proposed that
anodal cb-tDCS may counteract the effect of crossed cerebellar diaschisis, which induces
a disbalance in cerebellar brain inhibition by a decrease in activity of Purkinje cells 3.

Anodal cb-tDCS might positively interfere with this process when applied early 335,

"POstural feedback ThErapy combined with Non-invasive TranscranlAL direct current
stimulation in patients with stroke” (acronym POTENTIAL) aims to establish whether virtual
reality based postural feedback training (VR-PFT) combined with anodal cb-tDCS is more
effective than VR-PFT with sham cb-tDCS in improving standing balance, starting within 5
weeks post-stroke. Clinical measurements are needed to establish the clinical relevance of
cb-tDCS, while posturographical and neurophysiological measurements are required to gain
understanding into underlying mechanisms of standing balance performance and recovery
post-stroke *. We hypothesise that: patients receiving VR-PFT+cb-tDCS will show a clinically
meaningful improvement of 6 points or more on the Berg balance scale (BBS) at fifteen weeks
post-stroke when compared to patients receiving VR-PFT+sham. A significantly larger decrease
over time in centre of pressure (CoP) parameters is expected after VR-PFT+cb-tDCS as
compared to VR-PFT+sham. We also hypothesise that these posturographical improvements
will be accompanied by neurophysiological changes evident in normalisation in EEG-based

theta and alpha power spectral density and cortical asymmetries between hemispheres.

METHODS

Study design

POTENTIAL is a double-blind randomised controlled trial, with fifteen intervention sessions
of one hour during 3 weeks and a follow-up period until fifteen weeks post-stroke. Forty-
six patients with a first-ever ischemic stroke will be enrolled within 5 weeks post-stroke.
The study has been approved by the local medical ethical committee (NL52021.029.15),
is registered in the Dutch trial register (NTR5261) and designed according to the criteria
of the CONSORT 2010 statement ¥. A flowchart of the study procedures can be found
in Figure 7.1.

Patient population

Inclusion criteria are displayed in Figure 7.1.
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Assessment for eligibility

Inclusion criteria:

Postural balance deficit, BBS<50 (tested in TO measurement)
<5 weeks after first ever ischemic stroke (no cerebellar lesion)
Able to stand for 30 seconds with minimal support

Age > 30

Able to communicate

Sufficient cognitive function MMSE > 19 (tested in TO
measurement)

No neurological disease or condition other than stroke
Normal vision or corrected to normal

No orthopaedic limitations that interfere with the study

No sensory impairments prior to the ischemic lesion

No metallic implants near stimulation side

No cranial bone defects

No history of epileptic seizures

No diagnoses psychiatric disorder

No signs of depression HADS, sub score D<10 (tested in TO
measurement)

No diagnosed diseases of the vestibular system

Sufficient motivation to participate

Signing of informed consent
I

TO measurement

Within 5 week post-stroke

BBS, MMSE and HADS to confirm
eligibility for study

Clinical measurements
EEG/posturographic measurements

Randomization by an independent
administrator

[ [

Allocation to Allocation to

cb-tDCS sham

[ I
15 sessions 15 sessions
cb-tDCS + VR- sham + VR-
postural postural
feedback feedback
training training

T1 measurement
directly after the
intervention

T1 measurement
directly after the
intervention

T2 measurement
2 weeks after the
end of the
intervention

T2 measurement
2 weeks after the
end of the
intervention

[

[

T3 measurement
15 weeks post-
stroke

T3 measurement
15 weeks post-
stroke

Figure 7.1 | Flowchart of the patient inclusion and study procedures.

Abbreviations: Berg balance scale (BBS), mini mental state examination (MMSE), hospital anxiety
and depression scale (HADS).
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Randomisation and blinding procedure

Patient, assessors and therapists will be blinded to treatment allocation. Block randomi-
sation per participating centre with blocks of 6 (last block of four) will be used. Concealed
allocation will be effectuated with an online randomisation tool (Julius center, Utrecht,
the Netherlands) performed by an independent administrator who will convey the
randomisation into the tDCS software per patient. The group allocation is secured by a

code only known to the independent administrator.

Intervention

Training and measurements will take place at the rehabilitation facility where patients
reside or receive outpatient therapy. Fifteen VR-PFT sessions, applied 5 days per week
for 1 hour will be started within 5 weeks post-stroke, in addition to usual care. Subjects
will be randomised by an independent administrator, into either VR-postural feedback
training plus active cb-tDCS (N=23) or VR-postural feedback training plus sham (N=23).
VR-PFT will be given by trained physical therapists on a balance workstation (Motek,
Amsterdam, the Netherlands). The balance workstation consists of a customised software
setup with a computer and 42 inch flat screen TV on a frame. VR software applications
will be implemented in which visual feedback is given regarding centre of gravity or trunk
movements during several tasks requiring active control of posture and balance in a virtual

environment (D-flow, Motek, Amsterdam, the Netherlands), see Supplementary Table S7.1.

Cb-tDCS application

tDCS will be applied starting 5 min before and during the first 20 min of each training
session. The stimulation will be delivered by a portable stimulator (Starstim ®,
Neuroelectrics, Barcelona, Spain) through a pair of 3.14 cm? electrodes filled with a

conducting gel, see Figure 7.2.

The anodal electrode will be placed 3 cm lateral of the inion towards the affected leg
side, the cathodal electrode over the buccinator muscle. A 1.5 mA constant current will
be applied in the cb-tDCS-group for 25 min with a ramp up and down phase of 30 s.
The sham-group will receive a 0.5 mA ramp up of 30 s followed by a ramp down of 30
s, 24 min of 0 mA current ending with a 0.5 mA ramp up of 30 s and a ramp down of 30
s. Sham stimulation is a common procedure in tDCS research as an effective and reliable

blinding method .
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Figure 7.2 | Head cap with portable wireless tDCS stimulator.

Measurement outline

Assessments will be carried out prior to treatment allocation (baseline assessment,
TO) as well directly after the intervention (T1), repeated 2 weeks after the end of the
intervention (T2) and at 15 weeks post-stroke (T3). The clinical measures are performed
by the researchers according to recommended guidelines % covering the three domains

of the international classification of functioning, disability and health .

Primary outcome measure

The main outcome parameter is the Berg balance scale, which assesses balance perfor-
mance and consists of fourteen test items in which the patient is asked to maintain a

number of standing positions and to perform a number of balance tasks of increasing
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difficulty. The test s reliable and valid in stroke patients #'. A 6 points change is considered

a clinical relevant difference *.

Secondary outcome measures

The secondary measures performed are: Fugl-Meyer motor assessment of the lower
extremity 43, Motricity index arm and leg *, Erasmus modifications to the Nottingham
sensory assessment of both legs %, fall history, 10-m walk test %, falls efficacy scale ¥,

Nottingham extended activities of daily living %, stroke impact scale version 3.0 #.

Patient descriptors: age, date of stroke, affected side, Bamford classification, comorbidities,

handedness and smoking habits will be recorded at TO.

Posturographic assessment

Ground reaction forces will be measured to assess standing balance performance, see
Figure 7.3 for the complete setup. A monitor providing VF is positioned at eye-height in
front of two force platforms, one foot positioned on each plate (Motek, Amsterdam, the
Netherlands).

The following conditions will be tested:

1. Sit eyes open: to obtain the resting state activity of the brain, four times 60 s of EEG
will be recorded while the patient is seated and is asked to look at a dot in front of
him/her. 2 min will be recorded at the beginning and 2 min at the end of the session.

2. Quiet stance eyes-open/ eyes-closed: the patient will be asked to stand on the force
platforms. Five trials with eyes open and 5 trials with eyes closed will be recorded
for 60 s.

3. Tandem stance: the patient is asked, to hold the most difficult position that is feasible
to perform for minimally 30 s. Five trials will be performed.

4. Anterior-posterior and medio-lateral limits of stability: the patient is asked to shift his/
hers CoP forward-backward and sideways as much as possible shown by a moving dot

on a video screen while maintaining the same foot position.

Posturographic outcome measures

CoP time series will be used to calculate qualitative measures of standing balance perfor-
mance. For the quiet stance conditions we will determine: mean amplitude, amplitude
variability, range, velocity, variability of the velocity and a composite-score of the above

mentioned parameters representing standing balance performance **. The anterior-
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Figure 7.3 | Balance workstation with double force platforms, visual feedback and concurrent
measured EEG.

posterior and medio-lateral limits will be used to determine the area of the patients limits
of stability.

Neurophysiological assessment and outcome measures

During the quiet stance conditions and sitting task, 32-channel EEG will be recorded.
Electrodes will be placed onto the skull using a head cap according to the international
10-20 system (TMSI International, Enschede, the Netherlands). Line noise will be reduced

via bandpass filters and artefacts will be removed by an independent component analysis
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approach °'. The Fieldtrip toolbox for MEG and EEG analysis will serve to estimate power
spectral densities 2. Spectral power in the theta band (4-8 Hz), alpha band (8-12.5 Hz)
and the beta band (15-30Hz) will be calculated. Asymmetry between hemispheres will
be quantified with the brain symmetry index "%,

Sample size calculation

Sample size of this phase Il study was calculated using a two-sided alpha of 0.2 with a

power of 80% to correctly identify a potentially beneficial intervention 545,

Previous studies among (sub)acute ischemic stroke patients, have reported BBS values
with a mean of (M): 10, standard deviation (SD): 10 * and median (med): 12, interquartile
range (igr): 2-22 %. VR-PFT+cb-tDCS provides benefit over VR-PFT if the improvement on
the BBS over time is 6 points larger at 15 weeks post-stroke *. In order to find a é points
difference in improvement, with a SD of 11, 19 patients per group are needed. Using a
15% inflation to allow for non-parametric testing, and allow for a 10% loss to follow-up,

we will need to enrol 23 patients per group.

Statistical analysis

The BBS as the main outcome parameter of this study will be analysed with a Mann-
Whitney-U test to establish a possible difference between the cb-tDCS and the sham
group. The null hypothesis will be rejected if the cb-tDCS group shows a larger increase
in BBS score between TO and T3, as compared to the sham group with a probability value
lower than 0.05. The difference between the groups needs to be 6 points or larger to be

clinically meaningful.

Secondary outcome measures will be analysed using a mixed-model approach to establish
statistical differences over time and between stimulation groups. This models will include
factor time (TO, T1, T2, T3) and stimulation group (cb-tDCS versus sham) for which TO and
sham will be used as contrast. The distribution of the data or residuals of the models will be
tested for normality using the Shapiro-Wilk test and by visual inspection of the histogram
when appropriate. When normality of the residual is not met or in case of ordinal data
and transformation to meet these criteria do not apply, a nonparametric equivalent will
be used. The null hypothesis will be rejected if the corresponding probability value in the
cb-tDCS group in measurement T3 is lower than 0.05 for the BBS as the main outcome

parameter of this studly.
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Study organisation and funding

Patients will be included in Reade rehabilitation center Amsterdam and Vogellanden
rehabilitation center Zwolle, the Netherlands. Research coordination and analyses will
be conducted at Amsterdam UMC. The study is funded by the Dutch brain foundation,
the Netherlands.

DISCUSSION

This trial will contribute to further understanding of underlying post-stroke recovery
processes and whether these can be influenced by tDCS. Thereby it will add to a current
lack of translational models of preclinical to human studies which are needed for instance
to explain the large individual variability previously observed in tDCS studies %857, As
has been recommended by the series of rehabilitation roundtable papers of the leading
experts in the field, we will combine clinical, posturographical and neurophysiological
measurements and conduct the follow-up measurement at a fixed time point to enhance

understanding of post-stroke recovery 2':2260-63,

Summary and conclusions

This proof of concept double blind, sham controlled trial will show whether VR-PFT
combined with anodal cerebellar tDCS is more effective than VR-PFT with sham in
improving standing balance, measured with the BBS, started within the critical time window

for homeostatic neuroplasticity within 5 weeks post-stroke.

Funding

The study is funded by a fellowship of the Dutch brain foundation (Hersenstichting), the
Netherlands, awarded to dr. E.E.H. van Wegen. Grant nr: F2013(1)-41.
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Supplemental Table $6.1 | Overview of the applications used for the Postural Feedback Training in

this study
Title Maze 1 & 2
Goal Eliciting mediolateral (ML) and anterior-posterior (AP)
movements of the patients centre of pressure.
Outcome Time and number of collisions with the wall.

Instructions

Move the red dot through the maze as fast as possible by

to patient shifting your weight forward/backwards/left/right. Try not to
collide with any wall.

Adjustable Maximal speed, sensitivity in ML and AP direction.

parameters

Title City Ride

Goal Eliciting ML and AP movements of the patients centre of
pressure.

Outcome Time and number of collisions with the wall.

Instructions

You are driving a car through the city, try go get as far as

to patient possible and avoid oncoming traffic.

Move the car left and right by shifting your weight
accordingly and control the speed by shifting your weight
forward and backward.

Adjustable Lock AP movements (fixed speed),

parameters  time, max speed, sensitivity ML and AP direction, percentage
of oncoming traffic per side.

Title Reach the skies

Goal Eliciting ML and AP movements of the patients centre of
pressure.

Outcome Number of blocks you catch in the set time.

Instructions

On top of the totem pole you see a grey figure, that is

to patient you. You can move left and right by shifting your weight
accordingly. Try to align the red and grey figure as accurately
as possible, this way you will be able to catch the falling
blocks, heightening the totem pole.

Adjustable Time, speed of blocks, allowed error.

parameters

Title Hole in the bridge

Goal Eliciting ML movements of the patients centre of pressure.

QOutcome Number of rabbits that crossed the bridge.

Instructions
to patient

Adjustable
parameters

Try to save as many rabbits as possible by closing the gaps
in the bridges with the boat. You can move the boat left and
right by shifting your weight accordingly.

Time, rabbit speed, sensitivity, lock boat from moving more
lateral that the two outer bridges.

191



Chapter 7

Supplemental Table $6.1 | Continued

Title Walk the line

Goal Eliciting ML and AP movements of the patients centre of
pressure.

Outcome Time and percentage of precision following the white line

Instructions  Move the blue dot by shifting your weight. Push the
to patient orange dot with the blue dot. Try to follow the white line as
accurately as possible for a high score.

Adjustable Size orange dot, ML and AP sensitivity.
parameters  Shapes: circle, triangle, heart, star, square, flower, elephant.

Title Hit the mole

Goal Eliciting ML and AP movements of the patients centre of
pressure.

Outcome % of moles hit

Instructions  Moles will pop up from the holes in the ground, try to hit
to patient them with the hammer by putting weight with your leg at the
appointed space on the force platform.

Adjustable Speed and time.

parameters

Title The boat

Goal Eliciting ML and AP movements of the patients centre of
mass.

Qutcome Time

Instructions  Try to steer the boat pass the buoys as fast as possible. Move

to patient the boat left and right by shifting your weight accordingly.
Leaning forward means speeding up and leaning backward is
slowing down.

Adjustable  Speed and sensitivity.

parameters

Title Paper flight

Goal Eliciting ML and AP movements of the patients centre of
mass.

Qutcome Passed white rings

Instructions  Try to fly the plane through the tunnel made of rings. Move

to patient the plane by moving your trunk. Leaning forward means
diving and leaning backward is an upward movement. For
each passed white ring a point is given.

Adjustable Time, speed, sensitivity.
parameters
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Supplemental Table S6.1 | Continued

Title Sit to stand
Goal Practicing standing up.
=1 Outcome Alien is taken by the spaceship.

Instructions
to patient

Adjustable
parameters

Try to stand up independently. If you move the trunk forward,
the alien will walk across the planet. If you stand upright, the
alien will be taken by the space ship. Make sure to straighten
and put weight on the effected leg.

Trunk angle.
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General discussion

The processes by which the central nerve system can learn, restore, and adapt to lost
sensorimotor function after stroke are complex. Translational research is needed to improve
our understanding of patients’ time course of neurological and behavioural recovery early
post-stroke. We aimed to strengthen the phenomenological model presented in Figure
1.1 using different approaches in addition to clinical assessments. System identification
techniques, regression modelling, neurophysiological measures and non-invasive
stimulation of the brain were used in this thesis to investigate the relation between
underlying neuronal mechanisms, panel 1.1B, to processes that contribute to sensorimotor
recovery after stroke, panel 1.1A. In this chapter, the main findings are discussed.
Recommendations for future translational research to improve our understanding of

individualized post-stroke recovery processes are given.

PART 1: Spontaneous neurobiological recovery after stroke

The influence of somatosensory impairment on motor recovery

The first part of this thesis, Figure 1.1 blue panel, focusses on non-learning dependent

mechanisms and spontaneous neurobiological recovery after stroke.

In chapter 2, the influence of somatosensory impairments, on behavioural restitution of
upper limb motor function was investigated. A number of clinical observational studies
suggest that a severe somatosensory impairment may hamper the recovery of motor
function 2. In chapter 2 we therefore investigated if the relationship between motor
and somatosensory recovery could reflect a parallel recovery in both modalities in the
first 6 months post-stroke and if intactness of somatosensory function is a pre-requisite
for upper limb motor recovery early post-stroke. We hypothesized that improvements in
both motor and somatosensory impairments were largely driven by common processes of
spontaneous neurobiological recovery. In line with previous prospective cohort studies >,
we observed a somatosensory impairment in about 50% of the 215 measured patients with a
first-ever ischemic stroke. When analysing the population of 94 patients with somatosensory
impairments, the significant association between motor and somatosensory recovery
disappeared when correcting for the progress of time. This finding suggests that spontaneous
neurobiological recovery is an important factor that drives both motor and somatosensory
recovery of the upper limb early post-stroke. Since the association between motor and
somatosensory recovery for patients with severe somatosensory impairment at baseline did
not significantly differ from the whole group, we concluded that somatosensory impairment
at baseline does not compromise motor recovery, per se. In contrast, we found significant

differences in the association between motor and somatosensory recovery when separately
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looking at patients who show motor recovery (recoverers) and patients who show little to
no motor recovery (non-recovers). Motor recovery was found to be positively associated
with somatosensory recovery, independent of progress of time, in patients who had a mild
motor impairment or showed an improvement of 6 points or more on the Fugl-Meyer motor
assessment of the paretic upper extremity (FM-UE) at 26 weeks post-stroke (recoverers). In
addition to mechanisms that drive spontaneous neurobiological recovery in both modalities,
recovery of somatosensory impairment seems to be conditional for full behavioural restitution
of motor recovery. Associations between modalities can be concealed if different recovery
patterns are not taken into account as it is the case in a normal association model. By applying
a hybrid association model, we distinguished within- and between-subject effects, showing
that outcomes are robust for the influence of arbitrary cut-off scores ¢. In particular, when
the cut-offs to identify subgroups are not clearly defined, a hybrid association model can be
of help to disentangle the complex interplay of within- and between-subject effects during

the time course of spontaneous neurobiological recovery early post-stroke.

Predicting spontaneous neurobiological recovery

The proportional recovery model provides a broad distinction between patients who show
recovery of 64% 78 up to 97% °, of their initial impairment depending on the modality,
so-called ‘fitters’ or ‘recoverers’, and patients who show very poor outcome of function in
the chronic phase and little to no improvement over time, so-called 'non-fitters’ or ‘non-
recoverers’ 7. The model seems to overestimate the predictability of recovery since
baseline and recovery (i.e. the difference between baseline and outcome at 6 months) are
more strongly correlated than baseline and outcome at 6 months . However, it is not likely
that this overestimation influences the distinction into patients who show (recoverers) and
patients who do not show any or very little recovery (non-recoverers) '°. This classification
of recoverers and non-recoverers can give support to understand the mechanisms that
drive recovery and help the development of accurate prediction models for outcome.
Importantly, very different research and treatment approaches are needed for those
patients who do show some spontaneous neurological recovery early post-stroke when
compared to those in which spontaneous neurobiological recovery is completely absent.
Innovative prognostic mixture models may be the next steps to develop early individual
clinical decision making at stroke units 7. In addition, these mixture models may further
identify subgroups of proportional recovery and capture the observed variability in time
windows of spontaneous recovery 7, see Figure 8.1 for recommendations. A patient’s
ability to perceive and modulate, for example due to somatosensory impairment, is an

important factor to consider in these models, see Figure 1.1 in the general introduction.
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In clinical care, age is often used in triage of patients into rehabilitation or nursing facilities
and is mentioned as a possible variable in prediction models. The Copenhagen study for
example, found that patients had an average of a 3 points lower score on the Barthel Index
at hospital discharge for every 10 years of higher age 8. However, this finding does not
suggest that age is an important factor for the amount of spontaneous neurobiological
recovery '8. In the same vein, our results also indicate that higher age on itself is not a key
factor for predicting the amount of sensorimotor improvement in patients with a first-ever
ischemic stroke. Above findings rather suggests that age is associated with pre-stroke
comorbidities measured at baseline in our association model. Factors that show high
collinearity with higher age, such as pre-existing comorbidities as diabetes and mobility
problems '®1% are suggested to be more important for understanding recovery than the
influence of age on neurobiological recovery itself. In other words, the potential for
neurobiological recovery in subjects with high age without comorbidities, might not be

different when compared to the recovery of a younger person with a stroke.

Alternatives for clinical assessment of somatosensory impairments

One of the reasons for the limited attention that somatosensory recovery has received
in post-stroke research might be the absence of a golden standard assessment tool to
measure somatosensory impairment and recovery. While the Erasmus modification of
the Nottingham sensory assessment (EmNSA) has a good to excellent reliability 22, the
smallest detectable change or minimal clinically relevant difference of this scale, have not
been determined. It can be hard to obtain accurate and valid EmNSA scores for patients
with cognitive or attention impairments. Clinical practice would highly benefit from
measures that can more objectively establish somatosensory function. Neurophysiological
and imaging techniques such as DTI, Somatosensory Evoked Potentials as well as
measuring cortical coherence by wrist position perturbations may be more objective
method then clinical somatosensory scales. As shown in chapter 4 and 5 of this thesis,
position-cortical coherence (PCC), or somatosensory and median nerve stimulation to the
affected arm %, as valid and precise ways to test the integrity of somatosensory pathways
after stroke 22?4, The prognostic value of these non-invasive techniques above clinical

testing alone needs further investigation.

In addition, to understand mechanisms of recovery, longitudinal studies with fixed
measurement points in time, may further elucidate the non-linear dynamics of motor and

somatosensory recovery within the time window of spontaneous neurobiological recovery.
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Neurophysiological markers of cortical reorganisation

Resting-state spectral characteristics

Several specific frequency ranges of neuronal oscillations measured with EEG and MEG
have been linked to specific behaviour in humans and animals #. Increased power of
slow oscillations are consistently found after stroke and correlates with stroke severity
and a larger infarction volume 2. In chapter 3, EEG was longitudinally measured in
41 patients during awake rest to evaluate spectral characteristics as a representation of
cortical reorganisation and their development over time in relation to recovery of motor
function and stroke severity. It was hypothesized that an increase in slow oscillations and
a relative larger asymmetry in spectral characteristics between hemispheres in the first
weeks after stroke were related to the stroke severity and motor function of the upper
limb. We found increased spectral power in the low frequency delta band of the affected
hemisphere, which is in agreement with literature 3. The spectral power in the delta band
was increased relative to alpha activity, i.e. delta-alpha ratio of the affected hemisphere
), within 3

weeks post-stroke and gradually decreased over time. DAR, , and BSIdir,_,_were associated

(DAR,,), and relative to the unaffected hemisphere, i.e. directional BSI (BSIdir_
with stroke severity, measured with the national institute of health stroke scale, within 3
weeks post-stroke. Neural tissue affected by the stroke is likely responsible for this decrease
in frequency of neuronal oscillations 4. With that, the amount of delta increase seems

to reflect the severity of pathology in the brain. DAR, , and BSldir__,_ showed potential

delta
as markers in future prediction models, reflecting spontaneous neurobiological recovery
over time within a person and can potentially distinguish between patients with different
recovery patterns. However, resting-state spectral characteristics that quantify the strength
of the neural oscillations seem to be a rather global measure of pathology in the brain.
Our study suggests that in order to capture cortical reorganisation related to sensorimotor
recovery, the motor system itself might need to be studied by using passive and active
sensorimotor tasks. For patients with severe upper limb impairments with absence of
voluntary motor control, such a task can obviously only be passive. Furthermore, we showed
in chapter 5 that closed-loop system identification techniques may help to investigate

sensorimotor intactness.

Position-cortical coherence

The cortical response to passive wrist joint movement can be measured consistently
in healthy subjects, as well as in severely affected patients. Such a passive wrist joint
movement specifically perturbs the proprioceptive system, which is highly involved in

motor execution tasks. Chapters 4 and 5 evaluated afferent sensory pathway integrity
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and information processing after stroke with the parameter position-cortical coherence
(PCC), representing the coherence between cortical activity, measured with EEG, and a
mechanically evoked wrist position perturbation in the affected limb. The presence of
PCC (%PCC) was hypothesized as a potential neurophysiological marker of somatosensory

pathway integrity related to spontaneous neurobiological recovery.

In the cross-sectional study described in chapter 4, all 11 stroke patients showed significant
contralateral PCC. Patients with poor motor function had a reduced contralateral PCC
as compared to patients with good motor function in the affected wrist. In chapter 5 we
longitudinally evaluated PCC to capture its dynamics in the time window of spontaneous
neurobiological recovery in 48 patients after stroke and its relation with somatosensory
and motor recovery. %PCC increased from baseline to 12 weeks post-stroke, which was in
accordance with the recovery seen on the EmMNSA and FM-UE scales. A significant positive
association was found between %PCC, mean amplitude in the affective hemisphere (Amp-
A) and EmMNSA of the hand and fingers. PCC is closely related to the motor system and
shows a change as expected in the time window of spontaneous neurobiological recovery.
PCC was higher at baseline in terms of percentage and amplitude in patients who showed
some motor recovery at 26 weeks post-stroke as compared to patients with poor or no
recovery. Yet the PCC measure did not solely seem to represent the information transfer
across the afferent pathways. The used perturbation also seems to evoke a cortical response
in all patients. We used a perturbation signal that contained frequencies between 5 and
29 Hz, which overlaps for a large part with the beta band (15-30 Hz). Neuronal oscillations,
particular in the beta band, are sensitive to gamma-Aminobutyric acid (GABA)-ergic and
glutamatergic processes which are enhanced in the time window of spontaneous neuro-
biological recovery and are important for neural plasticity and recovery after stroke 2353,
Since a lower power in the beta frequencies correlates with a large lesion size in patients
within one day after stroke ¥, a lower response to the applied perturbation signal in the
beta band could reflect pathology in the brain. To investigate this interpretation of our
results, a smaller range of perturbed frequencies could be investigated in the future,
which should separate alpha and beta band frequencies from slower neural oscillations.
Non-linear coherence measures could also provide insights into the highly non-linear re-
sponses of neural pathways to a wrist joint perturbation *#3. For PCC, and other markers
based on the coherence of neural responses and oscillations, to have a role in prediction
of function post-stroke, we need future studies to separate characteristics which give
information on the initial severity of the stroke from the ones which provide information

on subsequent recovery processes *.
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Possible markers for somatosensory recovery

Within this thesis, somatosensory recovery was mainly studied as a possible marker for
motor recovery after stroke. However, there are only very limited candidate markers that
give insight into the severity of the somatosensory impairment itself **-*2. Boccuni et al.
reported a greater lesion load in the corticospinal tract of patients with somatosensory
impairments in terms of perception of stimuli at 4-7 days post-stroke, yet all of the 32
included patients showed full recovery of somatosensory perception at 26 weeks post-
stroke *2. This result indicates the important difference between markers of initial severity
and markers of recovery function that are needed in the clinical practice *. In Figure 8.1. we
give an overview of the mechanisms that are hypothesized to play a role in the time course
of post-stroke recovery as well as the recommendations for further studies. PCC showed
a longitudinal association with somatosensory recovery as measured with the EmNSA.
Future studies are needed to investigate the predictive capacity of PCC as a marker of
somatosensory recovery while disentangling the influence of somatosensory impairment
on motor recovery that goes beyond common underlying mechanisms responsible for

spontaneous neurobiological recovery in both domains.

PART 2: Modulation of sensorimotor recovery after stroke

Next to understanding spontaneous neurobiological recovery after stroke, a key challenge
is to optimize learning-dependent mechanisms and ultimately understand if reactive and
experience-dependent plasticity can influence each other (see Figure 8.1, mechanisms).
The second part of this thesis, Figure 8.1 green panel, focusses on learning-dependent
mechanisms and the potential for modulation of sensorimotor recovery after stroke by

brain stimulation (cerebellar transcranial direct current stimulation, cb-tDCS).

Interindividual differences in cerebellar tDCS response

In chapter 6 of this thesis, standing balance performance was investigated as a target
for enhanced experience-dependent plasticity by cb-tDCS. A group of 15 patients with a
chronic stroke received anodal cb-tDCS on the ipsilesional cerebellar hemisphere or contra-
lateral cerebellar hemisphere as compared to sham, during a dynamic postural feedback-
based tracking task. After receiving ipsilesional cb-tDCS, we found an instantaneous
positive effect on a composite centre of pressure measure of stability of standing balance,

but only in the most difficult tandem stance position.

Although changes in balance performance were observed at group level in chapter 6,

high interindividual variability in response to cb-tDCS was found, which indicates that
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Knowledge needed from (pre-)clinical or observational studies:
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Figure 8.1 | Challenges and recommendations for post-stroke research.

Schematic overview of the mechanisms that are hypothesized to play a role in the time course of
post-stroke recovery. The solid lines represent interactions between mechanisms that are assumed
to take place, while the dashed lines represent possible interaction for which evidence in humans
with a stroke is still lacking.

A key challenge is to disentangle how reactive and experience-dependent plasticity interact during
recovery after stroke. To investigate the effect on spontaneous neurobiological recovery, markers
of reactive and experience-dependent plasticity are essential, as well as reliable and responsive
functional outcome measures for which prospective observational cohort studies are required.

(pre-)Clinical effect studies are required, to reveal if reactive and experience-dependent plasticity
can influence each other and if this interaction can ultimately lead to enhanced spontaneous neuro-
biological recovery and therefore behavioural restitution. To understand if it is possible to intervene
in these processes, recommendations for effect studies are given.

the exact mechanisms by which cb-tDCS enforces its effects are not clear. Intrinsic factors
such as age, gender, and genetic differences, as well as extrinsic factors such as electrode
placement, current intensity, stimulation duration %44, the difficulty of the behavioural
task # and smoking before a measurement “, are mentioned as possible factors that
contribute to interindividual differences. Anatomical fibre orientation, connectivity between
brain regions and the initial state of the neuronal population also have been reported to
play a role in the variability of the response #*°. In order to fully take advantage of the
potentially enhancing effects of tDCS on experience-dependent plasticity by LTP and

LTD-like mechanisms, it is essential to have thorough evidence and understanding of the
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mechanisms by which tDCS can enforce it effects *' and from that point of view, explain
and understand interindividual variability. Understanding which cells are polarized, and
which compartments within these cells and their orientation relative to the current flow is
essential to characterize tDCS effects *2. Looking at the mechanisms of action of tDCS, it
is evident that parameters of the stimulation protocol strongly determine the direction of
synaptic plasticity and therefore the effects of the stimulation 3. To tackle the issue of the
large variability in responses, we need to formulate hypotheses on the intended neuronal
changes and test these by combining non-invasive stimulation with neurophysiological

measurements and imaging 54%5.

In the cerebellum, a complex interplay of LTD and LTP of Purkinje cells is required for
synaptic based forms of plasticity **°. Parallel fibers and climbing fibers are suggested to
have a mediating role in this process and give input to errors signals in motor execution -2,
It has been suggested that anodal cb-tDCS enlarges the population of activated Purkinje
cells, leading to a larger involvement of the cerebellum in the executed motor task ¢3¢,
More animal model studies are required to confirm the hypnotised mechanistic pathways
of cb-tDCS .

To achieve reproducible effects beyond neurophysiological excitability changes, thorough
understanding of behavioural effects and learning mechanisms are also required 4%,
Kinematic measures that can distinguish between behavioural restitution and substitution

of function are needed to measure the subtle effects that can be expected from tDCS ¢77°.

Mechanisms of action of tDCS in patients with a stroke

Designing an optimal protocol for non-invasive brain stimulation after stroke is difficult
due to the unknown effects of the lesion on the current flow. A certain baseline degree of
neuronal activity, which could be affected after stroke, is likely to be needed for synaptic
plasticity since NMDA receptors need to be active ”'. The time window of heightened neural
plasticity early after stroke 72 might at the other hand, give an unique chance to induce
clinically relevant effects, which are unattained by therapy alone. In studies investigating
the effect of cortical tDCS in patients after stroke, the hypothesized mechanisms of
action have often been based on the interhemispheric competition model. The idea of
this model is based on the mutual inhibiting effect of both hemispheres on each other,
which has been disrupted due to the stroke 3. In chronic stroke patients, this increased
interhemispheric inhibition (IHI) of the non-affected on to the affected hemisphere prior to
movement execution is correlated to poor motor recovery and might impair recovery 7475

Di Pino et al. suggested that IHI might not be a maladaptive mechanism of the brain after
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stroke, yet rather a consequence of limited residual capacity in the affected hemisphere 7°.
Recent studies showed that there is no evidence of IHI in the first 3 months post-stroke,
by that disproving the interhemispheric competition model as being the cause of poor
motor recovery after stroke and the hypothesized mechanisms of action behind many
tDCS studies 7778, Whether the mechanisms of action of tDCS are stroke specific or
represent similar effects as have been induced in the healthy brain can currently not yet
be concluded. Longitudinal studies that combine behavioural with neurophysiological and
imaging measures, starting in the acute phase after stroke, could give valuable insight
into the cause and effect of motor recovery after stroke and the mechanisms by which

tDCS enforces its effects.

Anodal cb-tDCS has been proposed as a mechanism that potentially can counteract the
effects of crossed cerebellar diaschisis 798, which induces a disbalance in cerebellar brain
inhibition by a decrease in activity of Purkinje cells 8. This specific hypothesis needs to be
investigated by combining cb-tDCS with imaging methods to study diaschisis and network

changes in the time window of spontaneous neurobiological recovery.

Modulation of sensorimotor recovery in the time window of spontaneous neu-
robiological recovery by cerebellar tDCS

In the first 4-10 weeks post-stroke, neurotrophic factors create a critical time window for
recovery 72828 _|f tDCS is able to accelerate experience-dependent plasticity, this effect

has to be evident in this specific time window of enhanced reactive plasticity %72

The randomized double-blind and sham-controlled POTENTIAL trial, of which the protocol
is described in chapter 7 aims to determine if cb-tDCS applied in the early phase after
stroke can enhance experience-dependent plasticity in the time window of spontaneous
neurobiological recovery. The POTENTIAL trial is currently underway and designed
to investigate a possible influence of experience-dependent plasticity on behavioural
restitution of function. The effect of tDCS is studied with a combination of clinical,
neurophysiological and posturographical measurements to learn more about the underlying
mechanisms by which cb-tDCS enforces its effects and follows the recommendations
for clinical effect studies (see Figure 8.1). Although this randomized controlled trial
will not directly contribute to the neurobiological evidence, it can contribute to the
translation of preclinical models into human studies, which is lacking at this moment .
Combining behavioural outcome measures with measures of diaschisis and functional
network changes will enable us to relate hypothesized mechanisms of action of enhanced

experience-dependent plasticity in the time window of spontaneous neurobiological
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recovery. Before tDCS or other non-invasive brain stimulation could have a place in clinical
care of patients with a stroke, the mechanisms including the dose-responds need to be

better understood and effects need to be reproducible.

Transcranial alternating current stimulation; as an alternative for tDCS

With tDCS, we can enhance or decrease the excitability of neurons in a certain area.
However, the timing and synchronisation or desynchronization of neuronal populations are
not directly influenced by tDCS. Synchronisation or desynchronization of neuronal activity,
which can be measured as neuronal oscillations with different ranges of frequencies, has
shown to play an important role in motor and cognitive functions *. If specific neuronal
oscillations underlie the transfer of information in the brain, and transcranial alternating
current stimulation (tACS) can entrain these intrinsic neuronal oscillations, it could have
a much larger impact than what is currently achieved by tDCS . Next to that, tACS
applied to the cerebellum could be particularly interesting due to its distinct function in
motor adaptation and timing. tACS might give us the opportunity to causally link brain
oscillations of a specific frequency range to specific processes . When applying tACS to
modulate brain oscillations, the effect will however most likely not only be linear and will
also influence other frequencies #. The mechanisms by which tACS can have an effect on

motor function recovery in stroke patients, requires further investigation.

FUTURE DIRECTIONS IN UNDERSTANDING RECOVERY
POST-STROKE

Spontaneous neurobiological recovery in non-recoverers and recoverers

In addition to investigate what influences the trajectory of spontaneous neurobiological
recovery, we need to find out what prevents recovery of function to take place at all in a

specific group of severely affected patients.

Measures of corticospinal tract integrity using transcranial magnetic stimulation (TMS) or
diffusion tensor imaging (DTI) in the acute stage, reflecting white matter integrity or lesion
load, show promise to predict motor outcome %", In particular, in patients with severe
motor impairment in the first weeks post-stroke, these integrity measures show a large
predictive capacity and likely reflect a conditional requirement for recovery to be able to
take place atall ™*. Larger trials are needed to investigate the predictive capacity of cortical
spinal tract integrity markers and determine for which groups of patients with various

recovery patterns, other markers are required. Combining imaging and neurophysiological
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measures of brain structure and function might be the key to understand the variability in

spontaneous neurobiological recovery and response to therapies 849273,

Optimizing trials in stroke rehabilitation

If we do not understand what influences spontaneous neurobiological recovery, it will
be hard to establish which intervention can enhance it # or determine if a therapy can
change non-recoverers into recoverers of spontaneous neurological recovery. Almost all
phase Ill and IV trials in stroke rehabilitation failed to show superior treatment effects
despite early promising findings in proof of concept studies. These neutral results may be
related to our poor understanding of the interaction between reactive and experience-
dependent plasticity during stroke recovery. Recommendation for future trials are given
in Figure 8.1, see 'recommendations for (pre-) clinical effect studies’. Acknowledging the
small to moderate effect-sizes of effective training programs, future studies need to be
more precise and based on better phenotyping of recovery. For this latter purpose, simple
but robust markers are needed for selecting patients with and without the potential for
spontaneous neurobiological recovery %%%. These fundamental research questions should

be answered first to apply precise and effective treatment in the future 7.

Measuring behavioural restitution

To determine if and how behavioural restitution might be augmented by interventions,
several steps are needed. The recommendations from stroke recovery and rehabilitation
roundtable (SRRR) papers includes standardized use of clinical measurements following
the International classification of functioning, disability, and health (ICF) model, comply
with the COSMIN statements ¢ and collect data at fixed times within clinical trials and
cohort studies *'%. These recommendations were applied as much as possible in the
current thesis; however, the currently available clinical measures might not be sufficient
for understanding recovery of upper limb activities. Acknowledging that none of these
clinical measurements are able to measure quality of movement, recently, the SRRR
suggested a set of kinematic and kinetic measures that should be added to this core set
of clinical measurements in order to better distinguish between behavioural restitution
and compensation of function. The next challenge is to show interaction effects of neural
repair with exercise therapy with or without support of neuromodulation or neuroprotective

agents 4770,
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Towards patient-specific prediction of recovery

The current longitudinal studies only include patients with first-ever ischemic lesion and no
severe comorbidities that could hamper recovery after stroke, which adheres to only a small
subset of the clinical population. To predict individual recovery for the whole heterogeneous
population of stroke patients, a large amount of data is needed for which standardized
measuring is required. The collection of this data needs to go beyond research settings
and should be conducted by all professionals in stroke rehabilitation. The Zon-Mw funded
study, Precision profiling to improve prognosis post-stroke: PROFITS (ZonMw-funded
Profits project (no 104003014), aims to collect a large dataset with repeated within-subject
measurements. With that, PROFITS is a multicentre programme applied within stroke
services aimed to improve precision profiling post-stroke by building a smart care chain.
These kinds of consortium studies are needed to make prediction models of post-stroke

recovery possible in the clinic and applicable for each individual patient.
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Cerebral ischemic stroke accounts for about 87% of all stroke incidents in most Western
countries '. An ischemic stroke leads to unilateral loss of function, called hemiparesis, in about
75% of patients 2. Most patients remain affected in terms of body function, such as speech,
motor, somatosensory and cognitive functions, as well as on an activity and participation
level, such as motor activities, mobility, self-care, communication and social participation *.
Task-specific and individualized rehabilitation strategies are needed to optimize meaningful
activities in daily living such as standing balance, gait, and upper limb activities *. This thesis

focusses on the underlying neuronal mechanisms of recovery post-stroke.

Neuronal mechanisms underlying recovery after stroke

The majority of patients with a hemiparesis show some form of recovery in the first weeks
after the stroke °. Based on animal studies, there is strong evidence that several mechanisms
are responsible for observed true neurological repair in the brain. These mechanisms are
a response to a sudden reduced regional cerebral blood flow caused by a thrombus or
embolus in one of the main arteries of the brain and referred to as reactive plasticity within
this thesis. The time window of the cascade of hemodynamic and neuroinflammatory
reactions starts already within minutes ¢® and may extend to several months. Some of these
neuroinflammatory reactions such as tonic GABA-ergic inhibition of anatomically related,
non-infarcted, areas are suppressive beyond the first weeks, whereas other reactions are
enhancing brain plasticity within the first weeks after stroke onset 7. Due to the optimal
conditions for enhanced plasticity in this specific early time window of 8-10 weeks after
the stroke, this period is also considered as the optimal time window for intervention to
promote recovery. In contrast to animal studies, it is unknown if and how true neurological
repair can be influenced in humans '°. Brain plasticity not only occurs as a reaction after
the stroke, it takes place throughout the human lifespan, and can strengthen or weaken
specific functions "2 This process of learning allows us to adapt to the requirements of the
environment and is known as experience-dependent plasticity. Both these non-learning and

learning dependent mechanisms of plasticity are important in post-stroke rehabilitation '°.

Spontaneous neurobiological recovery after stroke

Due to the above described mechanisms of plasticity in the brain, stroke patients can
show neurological recovery 7. This spontaneous neurobiological recovery seems to be
proportional to the severity of the initial paresis of the upper limb within the first 72 hours
after the stroke 3. Recent studies suggest that, for the majority of people, this so-called
proportional recovery is between 50 and 90% of the maximal possible recovery on the

Fugl-Meyer motor assessment of the upper extremity (FM-UE) 4. While the majority of
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patients show at least some level of motor recovery of the upper limb, this is not the case
for about one third of patients '*. An accurate individual prediction of a patient’s potential
for recovery is unfortunately not yet possible. Individual prediction of recovery is needed
for clinical care, as well as for patient selection in clinical trials to develop the optimal

treatment for different subsets of patients ™.

The first chapters of this thesis concern observational studies and focus on non-learning-
dependent mechanisms which can contribute to improvement in motor function after
stroke. Potential clinical and neurophysiological biomarkers for recovery of motor function

were monitored with repeated measurements in time in the first 6 months after stroke.

Chapter 2 focused on the influence of somatosensory impairment on arm-hand motor
recovery in the first 6 months after stroke. In 94 patients with motor and somatosensory
impairments, measured with the FM-UE and Erasmus modification of the Nottingham
sensory assessment (EmNSA), in the first 3 weeks after the stroke, the recovery for both

modalities were measured repeatedly over time.

We investigated if the relationship between motor and somatosensory recovery could
reflect a parallel recovery in both modalities in the first 6 months post-stroke and if
intactness of somatosensory function is a pre-requisite for upper limb motor recovery
early post-stroke. The results showed that the relationship between the two modalities
can only partially be explained by global mechanisms of spontaneous neurobiological
recovery. Since the association between motor and somatosensory recovery for patients
with severe somatosensory impairment at baseline did not significantly differ from the whole
group, we concluded that somatosensory impairment at baseline does not prevent motor
recovery. In contrast, we found significant differences in the association between motor and
somatosensory recovery when comparing patients who show motor recovery (recoverers)
and patients who show little to no motor recovery (non-recovers), separately. In patients
who had a mild motor impairment or showed an improvement of é points or more on the
FM-UE at 26 weeks post-stroke (recoverers), motor recovery was found to be positively
associated with somatosensory recovery, independent of progress of time. In addition to
mechanisms that drive spontaneous neurobiological recovery in both modalities, recovery

of somatosensory impairment seems conditional for full motor recovery.

Clinical measures provide information on patients’ degree of recovery and can partially
predict how a person will recover in the following months. Unfortunately, these measures
have so far not made it possible to accurately predict the recovery of each individual
patient. Markers of brain activity, measured prior to functional recovery might potentially

be beneficial in improving prediction models and could help us to better understand the
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underlaying mechanisms in the brain. For example, neurophysiological markers of brain
activity, measured using electroencephalography (EEG), could yield possible markers for

spontaneous neurobiological recovery.

Neurophysiological markers of brain activity

In resting state EEG, increased power of slow oscillations are consistently found after stroke
and correlates with stroke severity and a larger infarction volume '¢'”. In chapter 3, EEG was
longitudinally measured in 41 patients during awake rest to evaluate spectral characteristics
as a representation of neuronal deficits and their development over time in relation to
recovery of motor function and stroke severity. In agreement with literature '8, we also
found increased power in the low frequency delta band of the affected hemisphere. The
power in the delta band was represented relative to alpha activity, i.e. delta-alpha ratio of
the affected hemisphere (DAR,,), and relative to the unaffected hemisphere, i.e. directional
BSI (BSldir,_,). DAR,, and BSldir

the national institutes of health stroke scale, within 3 weeks post-stroke. Stroke induced

were associated with stroke severity, measured with

delta

neural tissue alterations are likely responsible for this decrease in frequency of neuronal
oscillations. DAR,, and BSldir

models, reflecting individual spontaneous neurobiological recovery and can potentially

w1 Showed potential as biomarkers in future prediction
distinguish between patients with different recovery patterns, so called recoverers and
non-recoverers. However, resting-state spectral characteristics which quantify the change
in frequencies of the neural oscillations seem to be a rather global measure of pathology in
the brain. Our study suggests that in order to capture a patient’s potential for spontaneous
neurobiological recovery, a specific focus on the sensorimotor system itself is required.
For patients with severe upper limb impairments with absence of voluntary motor control,

such a task can obviously only be passive.

In chapters 4 and 5, system identification techniques were used to investigate how
passive wrist joint manipulations are transferred to the brain. Using a robotic arm, the
wrist was passively moved in a pattern with specific frequencies, while EEG activity was
simultaneously measured. The similarity between both signals was calculated as the
position-cortical coherence (PCC) as a measure of somatosensory pathway integrity.
Since somatosensory function is important for movement control, it could be a possible
marker for motor recovery after stroke. A previous study showed that PCC can be reliably
measured in healthy subjects . Chapter 4 examined whether this is also the case for
people with a stroke. All 11 measured patients showed significant contralateral PCC. A
relationship was found between PCC and motor impairment, measured with the FM-UE.

These results led to the longitudinal study described in chapter 5, in which PCC was
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measured serially in 48 patients to capture the dynamics of PCC in the time window of
spontaneous neurobiological recovery. The amount of electrodes and frequencies, on
which PCC was significantly measured (%PCC), increased from baseline to 12 weeks
post-stroke, which was in accordance with the recovery seen on the EmNSA and FM-UE
scales. A significant positive association was found between %PCC, mean amplitude in
the affective hemisphere (Amp-A) and EmNSA of the hand and fingers. PCC was also
higher at baseline in terms of percentage and amplitude in patients who showed motor
recovery at 26 weeks post-stroke as compared to patients with poor or no recovery. Our
results demonstrated the longitudinal construct validity of %PCC and Amp-A as a measure
of somatosensory pathway integrity. A high %PCC in recoverers with a low baseline FM-
UE however suggests that this measure also contains information on cortical excitability.
More advanced computational approaches are needed to determine if PCC has a merit

as a marker for spontaneous neurobiological recovery of somatosensory function.

Modulation of sensorimotor recovery after stroke

Next to understanding spontaneous neurobiological recovery after stroke, a key challenge
is to optimize experience-dependent plasticity and ultimately understand if reactive and
experience-dependent plasticity can influence each other to enhance recovery. The second
part of this thesis focussed on learning-dependent mechanisms for recovery. Chapters 6
and 7 aimed to investigate the potential to modulate sensorimotor recovery of standing

balance performance by transcranial direct current stimulation (tDCS).

Transcranial direct current stimulation

In transcranial direct current stimulation (tDCS) a weak direct current (up to 3 mA) flows
between electrodes placed onto the skull. tDCS is assumed to induce polarity specific
alterations in the membrane potential of neurons, thereby increasing neuronal excitability
in the brain in the area of stimulation 22", Cathodal stimulation will generally induce low
and anodal stimulation will generally induce high concentration of intracellular calcium,
leading to respectively long term depression (LTD) or long term potentiation (LTP) like
plasticity ?'. tDCS has been extensively investigated as a tool to optimize rehabilitation
after stroke, in which the majority of studies have focused on the upper limb 222 A
current meta-analysis indicates a low to moderate quality of evidence for improving ADL
performance with tDCS applied to the motor cortex after stroke and no evidence for the

effectiveness of tDCS to enhance recovery of the upper and lower limb 24,

The meta-analysis performed by Marquez et al. indicated that while no added value of

tDCS was found on a group level, significant improvements were found when only patients
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with a low to moderate level of impairment, were taken into account #. tDCS research

therefore needs to focus on those patients in which tDCS can have an added value.

Cerebellar tDCS

The cerebellum contains about 80% of all neurons in the human brain . Recently, there
has been increased attention for the possible beneficial effects of cerebellar (cb)-tDCS
in post-stroke motor function recovery as an alternative for cortical stimulation. The
cerebellum could potentially be a target for stimulation due to its important function in

error-based learning #/-%,

In chapter 6 of this thesis, standing balance performance was investigated as a target
for enhanced experience-dependent plasticity by cb-tDCS. A group of 15 patients with a
chronic stroke received anodal cb-tDCS on the ipsilesional cerebellar hemisphere, contra-
lateral cerebellar hemisphere and sham stimulation in separate sessions while performing
a dynamic postural feedback-based tracking task. After receiving ipsilesional cb-tDCS,
we found an instantaneous positive effect on a composite centre of pressure measure of

stability of standing balance, but only in the most challenging tandem stance position.

Although changes in balance performance were observed at group level in chapter 6,
high interindividual variability in response to cb-tDCS was found, which indicates that the
exact mechanisms by which cb-tDCS enforces its effects are not clear. In order to fully
take advantage of the potentially enhancing effects of tDCS on experience-dependent
plasticity by LTP and LTD-like mechanisms, it is essential to have thorough evidence and
understanding of the mechanisms by which tDCS can enforce its effects and from that

point of view explain and understand variability.

Modulation of sensorimotor recovery in the time window of spontaneous neu-
robiological recovery by cb-tDCS

In the first 4-10 weeks post-stroke, neurotrophic factors create a critical time window for
recovery. This unique time window of heightened plasticity early after stroke might give a
unique chance to induce clinically relevant effects, which are unattained by therapy alone.
If tDCS is able to accelerate experience-dependent plasticity, this effect has to be evident
in this specific time window of enhanced homeostatic plasticity. Longitudinal studies that
combine behavioural with neurophysiological and imaging measures, starting in the acute
phase after stroke, could give valuable insight into the cause and effect of motor recovery

after stroke and the mechanisms by which tDCS enforces its effects.
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The randomized double-blind and sham-controlled POTENTIAL trial, of which the
protocol is described in chapter 7, aims to determine if cb-tDCS applied in the early
phase after stroke can enhance experience-dependent plasticity in the time window of
spontaneous neurobiological recovery. The effects of tDCS are studied by a combination
of clinical, neurophysiological and posturographical measurements to learn more about
the underlying mechanisms by which cb-tDCS enforces its effects. Combining behavioural
outcome measures with measures of functional brain network changes will enable us to
relate hypothesized mechanisms of action of enhanced experience-dependent plasticity

in the time window of spontaneous neurobiological recovery.

Future directions in understanding recovery of function post-stroke

To determine if and how behavioural restitution might be enhanced by interventions,
several steps are needed. Recommendations for future research are given in the general

discussion in chapter 8.

Without understanding what drives spontaneous neurobiological recovery, it will be
hard to establish whether and how it can be enhanced *'*2 or determine if a therapy can
change non-recoverers into recoverers of spontaneous neurological recovery. Previous
neutral results in large phase three trials may be related to our poor understanding of the
interaction between reactive and experience-dependent plasticity during stroke recovery.
Future studies need to be more precise and based on better phenotyping of recovery.
For this latter purpose, simple but robust prognostic markers are needed for selecting
patients with and without a potential for spontaneous neurobiological recovery 3. Next
to that, the currently available clinical measures might not be sufficient for understanding
recovery of upper limb function. To measure quality of movement that is assumed to be
mainly driven by behavioural restitution, a set of kinematic and kinetic measures is advised

in order to better distinguish behavioural restitution from compensation of function *.

In addition, to investigate what influences the trajectories of spontaneous neurobiological
recovery, we need to find out which factors prevent recovery of function to take place
at all in a specific group of severely affected patients. Combining neuroimaging and
neurophysiological measures of brain structure and function might be the key to understand
the variability in spontaneous neurobiological recovery and response to therapies 8333,
These fundamental research questions should be answered for precise understanding
of spontaneous neurobiological recovery and factors that influences its trajectory. This
knowledge is needed to be able to design and develop interventions that can enhance
the speed of spontaneous neurological recovery and/or change non-recoverers into

recoverers after stroke .
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Een cerebro vasculair accident (CVA) ofwel beroerte, wordt veroorzaakt door een blokkade
van de bloedtoevoer naar een hersengebied (herseninfarct) dan wel door een bloeding
(hersenbloeding). Het in dit proefschrift beschreven onderzoek richt zich voornamelijk op
patiénten met een herseninfarct, ongeveer 87% van de patiénten met een beroerte. Een
herseninfarct kan leiden tot uitvalsverschijnselen of spierzwakte van een lichaamshelft,
ook wel (hemi-)parese genoemd, maar kan ook spraak-, taal- en andere cognitieve
functiestoornissen tot gevolg hebben. Een parese komt naar schatting in 75% van de
patiénten met een herseninfarct voor. Een groot deel van deze patiénten blijft langdurig

beperkt in hun functioneren, gemeten op 6 tot 12 maanden na de beroerte.

Onderliggende processen tijdens het herstel na een beroerte

In de eerste weken na de beroerte herstellen de hersenen van een ‘shock’. Weefsel wat
te weinig zuurstof heeft gekregen maar niet irreversibel is beschadigd kan zich in die
periode herstellen. Ook hersengebieden die op een afstand in verbinding stonden met het
geinfarceerde gebied, kunnen zich herstellen waarbij ook nieuwe netwerken zich kunnen
vormen. Aangenomen wordt dat deze veranderingen kunnen plaatsvinden door, onder
meer, een verhoogde afgifte van groeihormonen die zorgen dat hersenen zich kunnen
aanpassen. Deze neurologische veranderingen worden binnen dit proefschrift reactieve
plasticiteit genoemd en kunnen leiden tot een aanzienlijke verbetering in de neurologische

functie in de eerste weken na de beroerte.

Eerder onderzoek heeft laten zien dat een groot deel van de patiénten herstel van de
parese laat zien. Dit herstel bereikt een plateau in de eerste 4 tot 10 weken na de beroerte.
Bovendien lijkt het herstel in verhouding te staan tot de ernst van de parese vlak na de
beroerte. Recente onderzoeken suggereren dat dit zogenoemde proportionele motorisch
herstel van de parese voor de meeste patiénten tussen de 50 en 90% ligt van het herstel
wat maximaal mogelijk is op de betreffende klinische meetschaal. Helaas laat niet iedereen
herstel zien. Een kwart tot ongeveer één derde van de patiénten herstelt niet tot nauwelijks
en blijft een zwaar aangedane arm- en handfunctie houden. Voor andere modaliteiten,
zoals beenfunctie of verminderde ruimtelijke aandacht, is hetzelfde proportioneel herstel
gerapporteerd waarbij meestal ook een subpopulatie is gevonden die niet tot nauwelijks
herstelt. Deze gemeten verbetering, mede als gevolg van reactieve plasticiteit, wordt in
dit proefschrift spontaan neurobiologisch herstel genoemd en lijkt hetzelfde beloop te

hebben ongeacht de modaliteit.

Naast de hierboven beschreven reactieve plasticiteit als gevolg van de beroerte kunnen ook

andere vormen van hersensplasticiteit bijdragen aan het herstel na een beroerte. Neuronale
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veranderingen in de hersenen treden gedurende de gehele levensduur van de mens op
en kunnen specifieke functies versterken of verzwakken. Dit proces van leerathankelijke
plasticiteit is, naast reactieve plasticiteit, belangrijk in de revalidatie na een beroerte. Of

leerafhankelijke plasticiteit ook reactieve plasticiteit kan beinvloeden is nog niet bekend.

Doel van dit proefschrift

Binnen de in dit proefschrift beschreven studies is onderzoek gedaan naar spontaan
neurobiologisch herstel, voorspellers van dit proces vroeg na de beroerte en factoren die
dit proces negatief of positief kunnen beinvloeden. Om therapieén effectief en efficiént toe
te passen en een realistische verwachting van het herstel en het leven met een beroerte te
geven, is het belangrijk goed te kunnen voorspellen of en hoeveel iemand neurologisch
en functioneel zal herstellen. Momenteel kan men nog niet voor elke individuele patiént
voorspellen of hij of zij zal verbeteren. Daarnaast is nog nauwelijks bekend welke factoren
spontaan neurobiologisch herstel positief of negatief beinvioeden en of bepaalde

therapieén herstel kunnen verhogen of versnellen.

De eerste hoofdstukken van dit proefschrift betreffen observationele studies waarin het
verloop van spontaan neurobiologisch herstel wordt beschreven in het eerste half jaar
na de beroerte. Daarbij is gekeken naar voorspellers en mogelijke belangrijke factoren
voor het motorische herstel van de arm en hand. In het tweede deel van dit proefschrift is
gekeken of leerathankelijke plasticiteit versterkt kan worden door middel van non-invasieve
hersenstimulatie. Daarnaast wordt het protocol beschreven van een gerandomiseerde
studie naar het effect van non-invasieve hersenstimulatie op stabalans in de vroege fase
na een beroerte. Door een combinatie van hersenstimulatie tijdens stabalanstraining al
vroeg na een beroerte te geven kan onderzocht worden of deze combinatietherapie
een meerwaarde heeft door leerafhankelijke plasticiteit te stimuleren in de tijdsperiode

waarbinnen ook spontaan neurobiologisch herstel plaats kan vinden.

Spontaan neurobiologisch herstel na een beroerte

In hoofdstuk 2 is gekeken naar stoornissen in de waarneming van tast, pijn, temperatuur
en het gevoel voor houding en beweging na de beroerte, samen somatosensorische
functiestoornissen genoemd. Hierbij is gekeken naar de invloed van somatosensorische
functiestoornissen op het motorisch herstel van de arm en hand in de eerste 6 maanden
na een beroerte. In een groep van 94 patiénten die in de eerste 3 weken na de beroerte
zowel motorische als somatosensorische functiestoornissen van de arm en hand hadden is

het herstel op beide domeinen herhaald in de tijd gemeten. In dit prospectieve onderzoek
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is gekeken of het verbeteren van de functiestoornissen op beide domeinen verklaard zou
kunnen worden door het domeinoverstijgende proces van spontaan neurobiologisch
herstel. Daarnaast is gekeken of een somatosensorische functiestoornis een mogelijke
beperkende invloed heeft op het motorisch herstel van de arm en hand. De resultaten lieten
zien dat de relatie tussen beide domeinen voor een belangrijk deel verklaard kan worden
door een generiek domeinoverstijgend proces van spontaan neurobiologisch herstel.
Binnen de onderzochte populatie had een ernstige somatosensorische functiestoornis niet
per se een remmende werking op motorisch herstel. Wel was het niet of slecht herstellen
van de somatosensorische functiestoornis in de maanden na de beroerte gerelateerd aan
een verminderd motorisch herstel. Concluderend lijkt het herstel van somatosensorische
functiestoornissen voorwaardelijk te zijn voor volledig motorisch herstel en is het belangrijk

om beide functiestoornissen te monitoren vroeg na een beroerte.

Klinische meetschalen geven een beeld van de mate van herstel van een patiént. Sommige
meetschalen, kort na de beroerte of herhaaldelijk gemeten, geven informatie over het
verwachte verloop van het herstel en kunnen gedeeltelijk voorspellen hoe iemand gaat
herstellen in de daaropvolgende maanden. Om herstel beter te begrijpen moet gezocht
worden naar markers in de hersenen die voorspellend zijn voor spontaan neurobiologisch
herstel. Hersenactiviteit gemeten met behulp van elektro-encefalografie (EEG) zou
mogelijke markers voor spontaan neurobiologisch herstel kunnen opleveren. In hoofdstuk 3

t/m 5 van dit proefschrift is onderzoek gedaan naar deze mogelijke markers vanuit het EEG.

Voor de onderzoeken in hoofdstuk 3 en 5 zijn patiénten gedurende het eerste half jaar
na de beroerte gevolgd om het herstel van de arm- en handfunctie in kaart te brengen
en prospectief te onderzoeken of dit herstel gerelateerd is aan maten vanuit het EEG.
Patiénten zijn voor dit onderzoek binnen de eerste 3 weken en vervolgens op 5, 12 en 26
weken na de beroerte gemeten. Deze metingen vonden plaats in een speciaal ingerichte
meetbus met benodigde apparatuur om metingen op locatie te kunnen uitvoeren. Hierdoor
konden patiénten worden onderzocht zonder dat de patiént hiervoor hoefde te reizen.
Naast EEG werden verschillende klinische meetschalen herhaaldelijk afgenomen om het

herstel van elke patiént over de tijd te kunnen volgen.

Hoofdstuk 3 beschrijft de ontwikkeling van verschillende EEG-maten over de tijd bij 41
patiénten met een primair herseninfarct. EEG werd gemeten tijdens rust met de ogen
open. In overeenstemming met eerdere onderzoeken werd bij patiénten een verhoogde
delta-activiteit (frequentieband 1-4 Hz) gevonden in de aangedane hersenhelft. De
EEG-maten normaliseerden geleidelijk over de eerste 6 maanden, ook voorbij 12 weken
na de beroerte, waardoor het patroon niet volledig overeen kwam met het spontaan

neurobiologisch herstel gemeten met de klinische maten. De verhouding tussen delta-
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activiteit in de aangedane en niet-aangedane hersenhelft (BSI, . ) en de verhouding tussen

de\ta)
delta- en alpha-activiteit (frequentieband 7-12 Hz) in de aangedane hersenhelft (DAR, ),
waren gerelateerd aan verbeteringen in globaal neurologische stoornissen, gemeten met

de National Institutes of Health stroke scale (NIHSS). alleen BSI,_,_ was gerelateerd aan

t
het motorisch herstel, gemeten met de Fugl-Meyer motor assessment van de arm (FM-
UE). Concluderend lijkt rust EEG een indicatie te geven van de globale neurologische
schade in de hersenen. Voor het voorspellen van motorisch herstel lijken specifiekere

neurofysiologische maten nodig te zijn.

In hoofdstuk 4 en 5 is onderzoek gedaan met behulp van een systeem identificatie
techniek waarmee gekeken kan worden hoe het signaal van een mechanische beweging
van de pols wordt verwerkt in de hersenen. Met behulp van een robotarm werd de pols
passief bewogen in een patroon met specifieke frequenties; dit verstoringssignaal werd
vervolgens vergeleken met gelijktijdig gemeten EEG-activiteit. De overeenkomst tussen
beide signalen werd vervolgens berekend als de positie-corticale coherentie (PCC), de
overeenkomst tussen de polsbeweging en het gemeten EEG-signaal. Aangezien deze
maat voor signaaloverdracht gerelateerd is aan somatosensorische functie, wat belangrijk
is voor de sturing van beweging, zou het ook een mogelijke marker kunnen zijn voor het
te verwachten motorisch herstel vlak na een beroerte. Nadat eerder onderzoek heeft
laten zien dat PCC betrouwbaar kan worden gemeten in gezonde proefpersonen, is
in hoofdstuk 4 geconstateerd dat dit ook het geval is bij patiénten met een beroerte.
Ook werd gevonden dat de PCC-maten gerelateerd waren aan de motorische functie
van patiénten met een beroerte. Deze resultaten gaven aanleiding tot de longitudinale
studie in hoofdstuk 5, waarbij PCC gemeten is in 48 patiénten gedurende de eerste 6
maanden na de beroerte. Motorische functiestoornissen van de arm en hand werden
gemeten met de FM-UE en somatosensorische functiestoornissen van de vinger en pols
met de Erasmus MC modificatie van de Nottingham sensory assessment (EmNSA). In
dit onderzoek kwam naar voren dat het patroon van de ontwikkeling van de PCC-maten
over de tijd parallel verloopt met de snelle spontane verbetering in motorische en
somatosensorische functiestoornissen, in de eerste weken na de beroerte. Deze stijgende
lijn vlakt vervolgens af tussen 12 en 26 weken na de beroerte. Daarmee lijkt PCC, in ieder
geval deels, het proces van spontaan neurobiologisch herstel te meten. De PCC-maten
bleken gerelateerd te zijn aan somatosensorische functie maar niet aan motorische functie.
In de groep patiénten die, ondanks een zeer zwaar aangedane motorische functie van de
arm, in de eerste 3 weken na de beroerte later toch een goed herstel lieten zien, waren
de gemeten PCC-waardes significant hoger dan in de groep die geen goed herstel van
motorische functie liet zien. Dit resultaat lijkt er op te wijzen dat de hersenen een sterkere

reactie geven op het verstoringssignaal in de groep patiénten die een groter herstel

232



Nederlandse samenvatting

lieten zien. Concluderend lijkt PCC niet alleen iets te zeggen over de intactheid van de
signaaloverdracht tussen de pols en de hersenen, maar lijkt ook de sterkte van de reactie
van hersenen informatief te kunnen zijn. Deze resultaten laten potentieel zien voor de
toekomst maar kunnen in vervolgonderzoek nog verbeterd worden door geavanceerde

methodes die de betrouwbaarheid van de meting zullen moeten verbeteren.

Modulatie van sensomotorisch herstel na een beroerte

Aangezien stabalans belangrijk is voor veel activiteiten in het dagelijks leven, zoals lopen en
het uitvoeren van transfers, is het streven dit zo snel mogelijk na de beroerte te verbeteren.
Mogelijk zijn de hersenen direct na de beroerte gevoeliger en ontvankelijker voor leren
en kan daarmee spontaan neurobiologisch herstel beinvloed worden. In hoofdstuk é en
7 is onderzocht of het verbeteren van stabalans na een beroerte versneld kan worden
door tijdens een balanstraining hersenstimulatie te geven. Transcraniéle direct current
stimulatie (tDCS) is een niet-invasieve techniek waarbij de neuronen onder de positief
geladen elektroden in een verhoogde staat van paraatheid gebracht kunnen worden. Het
idee achter deze hersenstimulatie is dat als de neuronen tijdens het uitvoeren van een
taak sneller vuren, men daardoor sneller een taak zou kunnen leren. In dierexperimenteel
onderzoek zijn na het toepassen van tDCS groeihormonen gemeten die gerelateerd
zijn aan leerprocessen. Mogelijk kan deze techniek het (her)leren van activiteiten of
vaardigheden in de revalidatie versnellen of mogelijk zelfs spontaan neurobiologisch
herstel beinvloeden. De kleine hersenen (het cerebellum) spelen een belangrijke rol bij de
controle van de stabalans en tijdens het leren van een nieuwe taak. Mits de beroerte niet
het cerebellum heeft getroffen zou het optimaliseren van de processen in het cerebellum
door middel van een combinatie van training en tDCS een positief effect kunnen hebben
op de stabalans bij patiénten met een beroerte. In hoofdstuk 6 is onderzoek gedaan naar
de korte termijneffecten van cerebellaire tDCS voor het verbeteren van de stabalans bij
15 patiénten die langer dan 6 maanden voor het onderzoek een beroerte hebben gehad
maar nog steeds balansstoornissen hadden. Stabalans werd in dit onderzoek gemeten met
behulp van een krachtenplaat waarmee schommelingen in de lichaamspositie gemeten
kunnen worden tijdens staan, staan met de ogen dicht en staan met een voet voor de
andere (tandemstand). De resultaten lieten zien dat patiénten na elke trainingssessie
stabieler stonden in de tandemstand. In de trainingssessie waarbij de hersenstimulatie
gegeven werd aan de zijde van het cerebellum die verbonden is met het aangedane
been was de meeste vooruitgang in stabalans zichtbaar. Voor het bewerkstelligen van
een merkbare verbetering in het dagelijks leven van patiénten is meer dan een enkele

trainingssessie nodig. Om dit te onderzoeken is een gerandomiseerde en geblindeerde
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effectstudie opgezet beschreven in hoofdstuk 7. In deze studie werd gekeken wat het
effect is van een intensieve balanstraining van meerdere weken, toegepast in de eerste
weken na de beroerte. Hierbij zijn klinische meetschalen gecombineerd met metingen met
behulp van een krachtplaat en EEG. Door deze combinatie van technieken kan niet alleen
gekeken worden naar het effect van deze gecombineerde training, maar ook meer inzicht

gekregen worden in de onderliggende processen van spontaan neurobiologisch herstel.

In de algemene discussie in hoofdstuk 8 wordt geconcludeerd dat toekomstig onderzoek
zich zal moeten richten op het verder in kaart brengen van de voorspelbaarheid en
beinvloedbaarheid van spontaan neurobiologisch herstel. Hierin moet een onderscheid
gemaakt worden in factoren die iets zeggen over de ernst van de beroerte, bijvoorbeeld
de NIHSS-score vlak na de beroerte, en factoren die meerwaarde hebben om het
daadwerkelijke herstel in de eerste 6 maanden na de beroerte in kaart te brengen,
bijvoorbeeld de verbetering van motorische functie gemeten met de FM-UE. Om het effect
van revalidatie-interventies goed te kunnen meten zijn gerandomiseerde effectstudies
nodig waarbij in de opzet van het onderzoek rekening gehouden moet worden met het
spontane neurobiologische herstel. Het spontane neurobiologische herstelproces zorgt
immers in een specifieke groep patiénten voor verbeteringen, terwijl dit in anderen
achterblijft. Toekomstig onderzoek naar de meerwaarde van vroeg ingezette interventies
zal daarom duidelijk onderscheid moeten maken tussen het mogelijke effect van een
interventie en het eventuele spontane neurologische herstel. Dit kan gedaan worden door
hypotheses te richten op een specifieke subgroep van patiénten die bij aanvang zowel
in tijd als ernst prognostisch vergelijkbaar zijn en daarmee kansrijk zijn om een eventueel
interactie-effect te vertonen tussen enerzijds het spontane neurobiologische herstel en
anderzijds therapie. Deze selectie van een homogene groep dient plaats te vinden samen
met een randomisatieprocedure. Om interactie-effecten te kunnen meten zullen naast
klinische ook technologische meetinstrumenten gebruikt moeten worden die in staat
zijn om kwaliteit van bewegen te kunnen meten. Deze aanbevelingen zijn in lijn met de
recente consensus van experts in het onderzoeksveld en zullen er in de toekomst voor

moeten zorgen dat patiénten met een beroerte therapie op maat gegeven kan worden.
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