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Stroke recovery processes include angiogenesis and neuroplasticity and advances in neuroimaging techniques may
provide indirect description of this action and become quantifiable indicators of these processes as well as responses to
the therapeutical interventions. This means that neuroimaging and neurophysiological methods can be used as
biomarkers—to make a prognosis of the course of stroke recovery and define patients with great potential of improvement
after treatment. This approach is most likely to lead to novel rehabilitation strategies based on categorizing individuals for
personalized treatment.
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| 1. Introduction

Stroke is an acute cerebral, spinal, or retinal vascular accident with neurological dysfunction that persists longer than 24
h, or one of any duration when infarction or hemorrhage corresponding to symptoms is demonstrated by imaging
(computed tomography/ magnetic resonance scans) or autopsy . The clinical symptoms are very heterogenous and
conditional on the topography of damage [&. There is effective, specific treatment for acute ischemic stroke available, such
as thrombolysis (intravenous administration of tissue plasminogen activator) or endovascular thrombectomy [,
Furthermore, ischemic stroke patients should be administrated with antiplatelet or anticoagulant drugs (depending on the
etiology of ischemia) as secondary stroke prevention . The procedure for acute hemorrhage stroke is based on intensive
blood pressure and intracranial pressure reduction. In addition, early open-surgery evacuation or drainage of hematoma
might be beneficial and should be considered in specific cases 2. Following the onset of stroke, natural, spontaneous
processes of recovery occur, but are generally incomplete and difficult to predict amongst individuals. By fostering
angiogenic and neuroplastic changes, restitution of function in damaged, nearby, or distant (but functionally or structurally
connected) regions to the lesion may become more efficient El. Therefore, novel therapeutic approaches of stroke
rehabilitation should be a focus of attention among researchers. Neurorehabilitation is intended to aid stroke patients to
become as independent as possible and should be introduced soon after the patient's condition stabilizes. Novel
rehabilitation strategies are specific to the individual's therapeutic goal, so directed at affected functional areas including
motor impairments (most frequent), gait disturbance, speech disorders, cognitive failure, vision disturbances, etc.
Therefore, it is appropriate to provide post-stroke rehabilitation by an interdisciplinary medical team together with
physicians, psychiatrists or psychologists, neurologists, physical and occupational therapists, speech-language
pathologists, nutritionists, and others [. Increasingly, novel technology applications are employed in post-stroke
procedures, such as rehabilitation robots—as therapy devices (to train lost motor function) as well as assistive devices (to
compensate lost skills) Bl. When considering the strategies of modern post-stroke rehabilitation, the importance of non-
invasive neuromodulation techniques including repetitive transcranial magnetic stimulation and transcranial direct current
stimulation should also be emphasized RILALLILZ Fyrthermore, virtual reality programs on mobile devices may constitute
a time-efficient, clinically effective, easy-to-implement and goal-oriented tool for upper extremity stroke rehabilitation (3],

For outcome prognosis, recovery processes such as angiogenesis and neuroplasticity should be analyzed. Angiogenesis
is a renewed growth of blood vessels to restore blood supply to the damaged brain tissue and it occurs after stroke 141151,
This restorative action is undoubtedly beneficial after stroke; it was proved that there is a stroke-related period of
heightened vascular plasticity that is correlated with restoration of blood flow and then predictive of motor function
recovery 28l However, it is also worth remembering that angiogenic factors, such as VEGF and MMPs, contribute to
blood brain barrier injury and may lead to oedema formation or haemorrhagic transformation 2. Neuroplasticity definition
contains adaptive structural and functional processes, including synaptogenesis, neurogenesis and neuroprotection. The
critical period for post-stroke recovery and neuroplasticity is considered the acute (0—7 days) and the early subacute (7
days-3 months) phase [8l. In the acute phase, secondary neuronal networks are exploited to preserve function, whereas in
the subacute stage, new synaptic connections are formed, and in the chronic phase, remodeling by axonal sprouting and
then reorganization occurs 8. There is also enhanced expression of growth associated genes and proteins observed 191,



changes in GABA (gamma-aminobutyric acid), NMDA (N-methyl-D-aspartate) receptor subtypes and upregulation of
NMDA receptors to increase brain excitability [29. Diaschisis can be demonstrated by neuroimaging techniques that
evaluate changes in cerebral blood flow, neurotransmitters, and metabolism action in regions distant from the lesion.

| 2. Neuroimaging Techniques Dedicated to Stroke

Neuroimaging is usually associated with differentiating ischemic from hemorrhage stroke in the acute phase; it also has a
crucial role in ischemic stroke patients’ selection for novel treatment options, including late window thrombectomy.Figure
1 shows the emerging roles of stroke biomarkers 21, Figure 2 presents a classification of neuroimaging techniques with
potential for use in stroke recovery prognosis. Neuroimaging stroke recovery biomarkers include measures of structure
and function 22, To evaluate structure, people commonly use characteristics including infarct volume, extent of cortical or
white matter injury, white matter integrity, and percentage of corticospinal tract injury. Functional assessment should be
focused on features including activation within ipsilesional and contralesional sites, interhemispheric balance, resting state
functional connectivity, task-based synchronization, and desynchronization, as well as cortical excitability, facilitation, and
inhibition (23],

J Types of biomarkers in stroke research

|

[ . " [
B

| V\
Predicting | o Use as
J drug J § e H endpoints in

outcome . %
responses & clinical trials

Screening Detection of
H high-risk U TR J stroke

subjects

diagnosis
processes

Figure 1. Roles of stroke biomarkers.
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Figure 2. Classification of neuroimaging methods; CT—computer tomography, EEG—electroencephalography, MEP—
motor evoked potential, MRI—magnetic resonance imaging, MRS—magnetic spectroscopy, PET/SPECT—positron
emission tomography/ single photon emission computed tomography.

3. Stroke Recovery Prognosis Based on Selected Neuroimaging



| Measurements
3.1. Potential Angiogenic Biomarkers of Stroke Recovery

Angiogenesis after stroke is a complex and multistep process, involving (after gene transcription and releasing
proangiogenic factors) endothelial cell proliferation, vascular sprouting, and finally microvessel formation 24, In the
current state of knowledge, imaging techniques allow evaluation of a wide spectrum of structural and functional tissue
features. Recent developments in magnetic resonance imaging (MRI) techniques presented the possibility of assessing
tissue perfusion and estimating the quantification of various features in the vascular network, including microvascular
cerebral blood volume (CBV) or microvascular density (221, In an experimental study of Yanev et al., steady-state contrast-
enhanced (ssCE-) MRI with a long-circulating blood pool was applied to characterize the model of vascular reorganization
within the ischemic lesion and in secondarily affected areas, from subacute to chronic stages, after focal cerebral stroke
(28] Results showed that dynamic revascularization in the perilesional area and progressive neovascularization in non-
ischemic connected areas were found. These phenomena may contribute to non-neuronal tissue remodeling and be
relevant in post-stroke recovery. In turn, the initial stage of angiogenesis might be observed by MRI techniques as blood-
brain barrier leakage, because BBB permeability is associated with endothelial cell proliferation and vascular sprouting
(271, To quantify BBB integrity, the dynamic contrast-enhanced MRI (DCE-MRI) with gadolinium chelates could be included
in patients with changes in MRI signals, which occur as a consequence of leakage of an intravenously injected contrast
into the interstitial area 28], According to Pradillo et al., DCE-MRI was shown to be a useful and non-invasive technique for
evaluation of vascular function and angiogenesis processes 2. The most prevalent investigation into direct assessment
of vessels is angiography MR. However, the direct depiction of cerebrovascular remodeling or angiogenesis is very rare in
clinical usage, because of the relatively low spatial resolution of MRI. Endothelial sprouting and microvessel formation
proceed at length scales that are at minimum one order of magnitude lower than the current technology provides.
Nevertheless, high-resolution T1-contrast based on ultra-short echo time MR angiography (UTE-MRA) was carried out to
visualize macro- and microvasculature and their association with ischemic edema status in transient middle cerebral
artery occlusion rat models B9, Although the presented results are very promising, the limitations associated with MRI as
a tool for demonstrating post-stroke angiogenesis should be taken into consideration. Elevation of CBV is not only specific
for neovascularization but may also contribute to the collateral flow and vasodilatation of existing vessels. Likewise,
contrast agent leakage may arise in relation to angiogenesis as well as a result of BBB disruption in response to vascular
pathology and hemorrhage 24. To ensure new insights into the role of vascular remodeling in functional recovery after
stroke, more studies need to be performed. The use of modern technologies may be very valuable as a monitoring tool for
possible future therapies designed to support neovascularization in post-stroke patients, thus providing the possibility of
introducing personalized therapies.

3.2. Neuroplastic/Neurogenic Markers of Stroke Recovery

Understanding neural mechanisms of brain tissue damage as well as regeneration processes could be essential for
predicting recovery and monitoring therapy. Such neural mechanisms of recovery involve in particular the perilesional
tissue in the injured hemisphere, but also the contralateral hemisphere, subcortical and spinal regions B, All those
processes that support recovery, termed neuroplasticity, are possible to identify as structural and functional brain changes
in various neuroimaging techniques, such as magnetic resonance imaging (MRI), functional MRI, and functional magnetic
spectroscopy (MRS) (2. what is more, by using neurophysiological agents such as electroencephalography (EEG),
people can map the brain activity and by using transcranial magnetic stimulation (TMS), it is also possible to test the
influence of specific brain regions on motor learning and post-stroke recovery 231,

MRI is an essential clinical tool for diagnosing stroke severity, implementing treatment and predicting outcome 24,
Multimodal MRI reveals various parameters that help determine stroke mechanisms which affect recovery, such as
differentiation of ischemic core from ischemic penumbra. The ischemic core is an area of infarction, which develops
rapidly after artery occlusion. The differentiating parameter is the cBV, which is kept in the penumbra zone and decreased
in the ischemic core. Using MRI technology, ischemic lesions can be identified with high precision, using diffusion-
weighted image (DWI). Perfusion-weighted image (PWI) in turn can identify ischemic penumbral tissue B5l. To assign
areas with PWI-DWI mismatch (the area difference when the perfusion lesion is larger than the diffusion lesion) is to
identify representative salvageable tissue that may be responsible in recovery B8l There is agreement as to the
usefulness of characterizing the ischemic penumbra at the acute stage in relation to predicting motor outcomes. However,
there are also data which suggest that the location of ischemic penumbra, instead of volume, could predict outcome and
affect motor recovery 7,



MRI also delivers a method for assessing indices of white matter integrity and remodeling following ischemic stroke
through diffusion-based methods. Measures of corticospinal tract (CST) white matter integrity is possible by diffusion
tensor imaging (DTI) that uses anisotropic diffusion to estimate the axonal (white matter) organization of the brain. Ratio
and asymmetry index of fractional anisotropy (FA) between ipsi- and contralesional corticospinal tracts (CSTs) is a very
popular predictor in DTI studies. In general, a lower FA value of the ipsilesional CST may indicate greater damage tp the
CST that can lead to more Wallerian degeneration of CST axons 28, It has been proved that corticospinal tract injury is a
valuable predictor of motor recovery in acute and post-acute stages B34 |y tyrn, Doughty et al. discovered that FA
reduction of the CST (detected in the acute phase of stroke) present fractional predictive value to motor outcomes at 3
months ¥2. Essentially, FA value can also be influenced by other factors (not only damage of CST), such as white matter
architecture, so it should be carefully considered as a biomarker of brain impairment and poor recovery.

After stroke damage, people can observe a dynamic process of changing brain activation patterns. Measurement of brain
function presents complexities that do not increase with the measurement of anatomy. The way to follow this complexity is
functional MRI (fMRI), which measures brain activity by detecting changes associated with blood flow. It is considered that
neuronal activation and cerebral blood flows are coupled 43I, The most common form of fMRI is based on the blood-
oxygen-level dependent (BOLD) contrast, which can indirectly measure neural activity based on changes in blood flow
and deoxyhemoglobin concentration 441, To activate the brain with fMRI, a specific behavioral paradigm must be executed
by a patient; it should be performed on command, correctly and on time. Therefore, the behavioral paradigm should also
be carefully selected to investigate the brain’s functional field of interest. However, post-stroke motor impairments can
make even simple motor performance difficult; thus, resting-state imaging is an attractive method for studying stroke
network activity. With this technique, the functional connectivity represents the synchrony of intrinsic blood oxygen level-
dependent (BOLD) signal fluctuations among different brain regions 3. Functional connectivity that reflects the integrity
of various motor and non-motor networks is associated with stroke outcome 481471,

The next technique that allows assessment of the function of brain tissue is MRS (magnetic resonance spectroscopy).
The presence and concentration of various metabolites is analyzed based on the principle that the distribution of electrons
within an atom cause nuclei in different molecules to experience a slightly different magnetic field. In a study by Blicher et
al., the higher GABA level in ipsilesional M1 was related to better motor function improvements after constraint-induced
therapy 148!,

Electroencephalography (EEG) is the most common, non-invasive method to record spontaneous or evoked electrical
oscillation at various frequencies of the brain and, importantly, is one of the few mobile techniques available, unlike CT
and MRI. Assessment of neuronal oscillations with electro or magneto-encephalography may supply an easy, available
method to evaluate the balance between excitatory and inhibitory cortical actions 22, EEG signals can identify sensitive
changes in brain activity that cannot be detected by clinical measures. Furthermore, quantification of the EEG signal
before and after treatment (rehabilitation) may evaluate neuroplasticity near the lesion and within whole-brain networks.
The general findings, suggesting bad recovery in post-stroke patients investigated with EEG or MEG at the acute or
subacute stages, indicate predominant inhibitory processes in the perilesional areas of cortex, shown by increased low-
frequency oscillations B4,
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