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Abstract

Introduction

Angiogenesis and neuroplasticity are biologically based mechanism that mediate stroke
recovery and are critical in restoring cerebral perfusion and restructuring neural pathways
after injury. Current technology in neuroimaging, such as perfusion-weighted imaging (PWI),
diffusion tensor imaging (DTI), functional MRI (fMRI), and transcranial Doppler (TCD), can be
used to determine these restorative processes in vivo. However, it is not yet well understood to
what degree traumatic brain injury (TBI) alters such regenerative pathways.

Material and Methods

A comprehensive literature search was conducted in PubMed, Scopus, and ScienceDirect,
including both clinical and preclinical studies published between 1999 and 2024. Search terms
included “stroke,” “neuroplasticity,” “angiogenesis,” “traumatic brain injury,” “MRI,” “DTI,”
“fMRI,” “PWI,” and “cerebral perfusion.” The studies were given priorities based on the
inclusion of neuroimaging information pertinent to cerebral repair mechanisms post-stroke.
Results

The reviewed literature suggests that imaging markers of cerebral perfusion, white matter
integrity, and functional connectivity are reliable measures of angiogenic and neuroplastic
recovery following stroke. Patients with a history of TBI are often characterized by delayed or
modified recovery patterns, which can be probably explained by chronic vascular impairment
and impaired plastic capacity. Neuroimaging integration in post-stroke evaluation procedures
aims to early detect unfavorable cases and develop more personalized rehabilitation plans.
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Conclusions

Neuroimaging is a powerful stroke recovery assessment modality. The need to identify risks
with accuracy and provide a specific line of treatment amplifies its utility among patients with
antecedent TBI. The entire dynamics between pre-existing brain injury and post-stroke repair
mechanism is invaluable in promoting improved clinical outcomes.

Keywords: Ischemic stroke, Angiogenesis, Neuroplasticity, Neuroimaging, Traumatic brain injury

Rezumat

Introducere

Angiogeneza si neuroplasticitatea sunt mecanisme biologice fundamentale ce mediaza
recuperarea In urma unui accident vascular cerebral (AVC), fiind esentiale in restabilirea
perfuziei cerebrale si in reorganizarea cailor neuronale. Tehnologiile moderne de
neuroimagistica, precum RMN-ul de perfuzie (PWI), imagistica bazata pe rezonanta magnetica
de difuzie (DTI), RMN-ul functional (fMRI) si Dopplerul transcranian (TCD), pot fi utilizate pentru a
evalua aceste procese de regenerare. Cu toate acestea, impactul traumatismul cranio-cerebral
(TCC) asupra acestor procese regenerative ramane insuficient clarificat.

Cuvinte-cheie: AVC ischemic, angiogeneza, neuroplasticitate, neuroimagistica, traumatism
cranio-cerebral
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Introduction

Ischemic stroke continues to be one of the
leading causes of prolonged debilitation™.
Pathophysiology focuses on the disruption of
cerebral blood flow, which leads to functional
neurological deficits that often become
permanent. Despite the belief that the adult
brain has limited regenerative potential,
recent research has shed light on two
endogenous processes, angiogenesis and
neuroplasticity, which are essential in post-
stroke recovery®?.

The optimal level of oxygen and nutrient
supply to damaged tissue are a result to
angiogenesis, when new blood vessels
develop secondary to ischemia. At the same
time, neuroplasticity promotes adaption
through the reinforcement of the existing
connections, the formation of the new ones
and recruitment of brain areas that have not
been involved in the past to replace the lost
functionality™.

Neuroimaging technologies are invaluable
tools in current clinical practice and research
in evaluating brain regenerative capacity
after stroke.

Perfusion-weighted imaging (PWI), arterial spin
labeling (ASL), diffusion tensor imaging (DTI),
functional MRI (fMRI), and transcranial Doppler
(TCD) are the most common non-invasive
techniques applied in the measurement of the
cerebral blood flow, axonal integrity, and
functional reorganization of cortical
networks”*?.

Despite these technological developments,
recovery patterns following stroke are
variable and a past history of traumatic brain
injury (TBI) is a major covariate™. Optimal
repair can be changed by previous TBI by
decreasing vascular responsiveness,
maintainimg chronic neuroinflammation, or
by disrupting key structural connections. The
remaining effects are capable of limiting both
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angiogenesis and neuroplasticity during the
post-stroke phase"”. Furthermore, it is still
difficult to differantiate between chronic
lesions, previous TBI and acute ischemic
damage on neuroimaging™".

The recent development of advanced
neuroimaging modalities represent one of
the most important tools in exploring the
post-stroke angiogenesis and neuroplasticity.
The occurance of prior history of traumatic
brain injury (TBI) makes the interpretation
and prognostic significance of these imaging
measures difficult. Understanding of these
interactions in detail therefore remains a very
important factor in guiding individual
rehabilitation and maximizing stroke
recovery.

Objectives

The role of neuroimaging studies in
comprehension of biological mechanism
underlying facilitation of cerebral recovery
after an ischemic stroke, particularly the
complementary role of angiogenesis and
neuroplasticity, will be discussed in the
current narrative review'?. These processes
are necessary to reestablish cerebral
perfusion and to enable functional
reorganization after ischemic injury™.

An additional objective is to explore the
potential influence of a history of traumatic
brain injury (TBI), normally related to long-
term vascular changes and structural
disruption on recovery patterns, as
monitored using neuroimaging methods™®.
Even though stroke and TBI are usually
examined separately, their overlap raises
important clinical considerations that have
not been fully explored"”.

This review outlines the molecular and
physiological processes that underlie post-
stroke angiogenesis and neuroplasticity,
summarizes neuroimaging modalities that
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are generally used to assess these
regenerative processes, examines how a prior
history of traumatic brain injury (TBI) may
affect neuroimaging findings and post-stroke
regenerative potential, and discusses the
prognostic and therapeutic implications of
imaging biomarkers to individualize
rehabilitative interventions to patient profiles.
By discussing these goals, these review will
facilitate a more complete insight of post-
stroke recovery process and demonstrate the
importance of multimodal imaging in
describing recovery patterns in patients with
and without prior TBI.

Materials and Methods

This narrative review aims to synthesize and
critically evaluate the available evidence
related to neuroimaging-based evaluation of
angiogenesis and neuroplasticity in patients
with ischemic stroke and history of traumatic
braininjury (TBI).

To systematic search was performed through
PubMed, Scopus, and ScienceDirect, that
resulted in articles published from January
1999 to March 2024.

Keywords used were combinations of the
following: “stroke”, “ischemic stroke”, “angio-
genesis”, “neuroplasticity”, “traumatic brain
injury”, “MRI”, “diffusion tensor imaging”,
“functional MRI”, “perfusion imaging”,
“cerebral blood flow” and “transcranial
Doppler.”

Stroke patients with a history of TBI showed
reduced regional cerebral blood flow (rCBF)
and cerebral perfusion reserve (CPR) as
compared to stroke patients with no prior TBI
along with inreased angiogenic biomarkers.
Furthermore, such patients had more
pronounced neurologic impairments and had
more cogntice deficits. Taken together, these
results indicate that previous TBI adversely
affects post-ischemic angiogenesis and
neuroloplasticity, which may affect the long-
term recovery processes.

Theinclusion criteria were the following:

1. Peer-reviewed articles published in
English;

2. Clinical or preclinical focused on the
treatment of ischemic stroke recovery
and/or neuroregeneration;

3. Studies utilizing neuroimaging techniques
to study the cerebral angiogenesis and/or
neuroplasticity™*";

4. Studies that took into consideration the
influence of previous TBI on stroke
outcomes, imaging, or recovery patterns
[12]

The exclusion criteria were the following:

1. Case reports, editorials, or narrative
articles with no imaging data"®;

2. Studies that only focuses on hemorrhagic
stroke or primary neurodegenerative
disorders™;

3. Articles that had limited imaging
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methodology or outcome measures of

recovery”®,

The current qualitative synthesis included
ove 40 articles, namely clinical studies,
neuroimaging studies, and translational
works. The studies that used a more
elaborate imaging techinique, such as
perfusion-weighted imaging (PWI), arterial
spin labeling (ASL), diffusion tensor imaging
(DTI), and functional MRI (fMRI), to evaluate
cerebral perfusion, structural connectivity,
and functional cortical reorganization were
given priority'**,

The protocols of the imaging studies and the
clinical cohorts varied between studies, so
they were not suitable to perform a formal
meta-analysis. Thus, the results were
narratively synthesized, with main imaging
observations organized within two major
areas: angiogenesis and neuroplasticity. It
should be noted that the changing variables,
especially a history of traumatic brain injury
(TBI), were also systematically tested to
determine the possible impact on the
outcomes of recovery*?”,

Neuroimaging Assessment of
Angiogenesis
Whereas angiogenesis occurs at a microscopic
level, a number of modern imaging enable
assessment of its effects on cerebral perfusion
in a non-invasive manner?’, These have
emerged as proxies of central importance in
the assessment of vascular remodeling and
microvascular recovery after stroke:

1. Perfusion-Weighted Imaging (PWI): A
dynamic MRI sequencies which uses
contrast agents to measure cerebral blood
volume (CBV), cerebral blood flow (CBF),
mean transit time (MTT), and time-to-peak
(TTP). Improvemets in CBV and
normalization of MTT are commonly
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viewed as indirect markers of micro-
vascular recovery'®**,

2. Arterial Spin Labeling (ASL): A non-contrast
MRI technique which magnetically labels
arterial blood water so that CBF can be
measured. ASL is especially adapted to
repeated and longitudinal measuremens
and is appropiate in research contexts,
pediatric populations, and chronic stroke
patients***,

3. CT Perfusion (CTP): CTP is commonly used
in acute stroke, and it can quickly
estimate perfusiom mismatch and define
infarct core and penumbra. Serial CTP
scans can detect the changing perfusion
patterns compatible with vascular
remodeling, even though angiogenesis is
not directly quantified®®.

4. Transcranial Doppler Ultrasound (TCD):
Limited to the measurments of large basal
artery flow velocities, TCD is capable of
measuring hyperemia or hemodynamic
changes after revascularization, which may
correlate with downstream microvascular
adaptation™?.

5. Susceptibility-Weighted Imaging (SWI):
This imaging modality can be used to
visualize angiogenic areas by increased
venous prominence or microvascular
proliferation. Yet, its specificity for
angiogenesis detection is a topic of
further research.

Clinical Significance and Limitations
Angiogenesis is a clinically relevant
prognostic determiant in the context of
stroke. It holds significant prognostic value. It
has been demonstred that early restoration
of cerebral perfusion is associated with better
functional outcomes within 3 and 6 months of
follow-up™**,

Still, direct measurement of angiogenesis is
controversial, since current imaging biomar-
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kers can only give indirect data. These imaging
findings are usually complicated by disruption
of the blood-brain barrier (BBB), cerebral
edema, or pre-existing vascular damage due
to prior traumatic brain injury (TBI), which can
resemble angiogenic effects™**",

In addition, angiogenesis has a characteristic
temporal course, appearing days to weeks
following stroke, thus requiring imaging
protocols tailored to this time window. It is
expected that future progress will be made
using integrated techniques involving a
combination of structural, perfusion-based,
and molecular imaging techniques to further
characterize the extent and functional
rsignificance of post-stroke angiogenic activity

[32,33]

Post-Stroke Angiogenesis: Mechanisms
and Imaging Correlates

In the case of ischemic stroke, angiogenesis
has a key role in cerebral perfusion restoration
after ischemic stroke. It is the formation of new
capillaries out of the existing blood vessels
that helps in metabolic recovery of the regions
of penumbral tissue, which are hypoperfused
but may be saved”*. Hypoxia-inducible factors
(HIFs), activate the expression of vascular
endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and other pro-
angiogenic cytokines™**. The results of these
paths activation are the proliferation of
endothelial cells, basement membrane

degradation, sprouting of capillaries, and
groth of new functional microvasculature®”.

In acute and subacute stages of stroke,
angiogenesis can stabilize penumbra and
enhance perfusion, leading to improved
outcomes®™. Characteristics of angiogenis
differs among patients, and can be influenced
by their age, comorbidities, or pre-existing

brain injury ®,

Neuroplasticity and Functional

Reorganization after Stroke

The capacity of the brain to rearrange its

structure, function, and neural connections

following injury it is defined as neuroplasiticty.

This compensatory mechanism is central to

the recovery of sensorimotor, cognitive, and

language functions, especially in case of early
initiation of rehabilitation post-stroke "“***,

Mechanisms of Post-Stroke

Neuroplasticity

Neuroplasticity involves changes on many

levels of the nervous system, including:

e Synaptic plasticity: Long-term potentiation
(LTP) and long-term depression (LTD)
improve synaptic transmission by
reactivation of previously existing but
underused pathways.

e Axonal sprouting: Existing neurons can
send out new axonal projections into
areas deprived of input particularly in the
perilesional cortex™.
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e Cortical remapping: Functional compensa-
tion may be achieved by adjacent or
contralateral brain areas taking over the
task previously processed in the damaged
area.

e Recruitment of latent networks: Latent
circuits with little or no activity can be
recruited to contribute to behavioral and
cognitive recovery™’”,

These neuroplastic responses are most
noticeable in the subacute period, which
occurs days to weeks after the stroke onset,
when the brain is more responsive to the
rehabilitation attempts and the ability to
reorganize is increased"®.

Neuroimaging Assessment of

Neuroplasticity

Neuroimaging techniques provide direct and

indirect indicators on neural reorganization

after stroke:

1. Diffusion Tensor Imaging (DTI): It is used to
measure the white matter microstructure,
especially through important tracts like the
corticospinal tract (CST) and corpus
callosum. Reduction in fractional
anisotropy (FA) reflect damage to axonal
integrity, whereas longitudinal increases in
FA suggest remyelination or axonal
realignment >,

2. Functional MRI (fMRIl): The fMRI detects
blood-oxygen-level-dependent (BOLD)
changes in functional activation. Early
changes of ipsilesional to contralesional
hemisphere activation in the motor
domain are a frequent finding, whereas the
normalization can often follow the
successful motor recovery course™*”,

3. Resting-State fMRI (rs-fMRI): It is a
procedure that evaluates natural variability
of the BOLD signals to identify functional
connectivity. It is suggested that increased
interemispheric syncrony has correlated
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postively with better motor and cognitive
performance outcomes™.

4. Electroencephalography (EEG) and
Magnetoencephalography (MEG): Both of
these methods have high temporal
resolutions of dynamic neural activity. They
are particularly useful in studies targeted
on motor learning and neuroplastic

adaptation in stroke rehabilitation™”.

Influencing Factors

The efficacy of neuroplastic responses

following stroke depends on a number of

related factors, including:

e The location and size of the lesion, which
determine the degree of loss of function
disruption and the presende of adjacent
viable tissue;

e Time since the onset of stroke, because
the capacity to reorganize is highest
during the early subacute phase;

e The patient age and comorbidities, which
can affect the neural stability and the
chance of recovery;

e Exposure to early, intensive, and task-
specific rehabilitation, as they are
facilitating adaptive plasticity;

e Prior brain injury, such as traumatic brain
injury (TBI), may result in fewer intact
compensatory networks or leading to
maladaptive plasticity patterns such as
cortical hyperexcitability, abnormal

[55-57]

connectivity, or spasticity

Clinical Implications

Neuroimaging can be useful during stroke

rehabilitation in the following ways:

e Individualized approach of planning
rehabilitation, based on the profile of the
neural reorganization;

e Tracking of progress of therapy over time
using objective imaging parameters;

e Grading of recovery potential, which is
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helpful in prognosis and care planning;

e FEvaluation of new interventions, including
non-invasive brain stimulation, robot-
assisted therapy, and neuro-rehabilitation

[58,59]

with virtual reality ™"

Neuroimaging biomarkers of plasticity are an
interesting area of potential future
application in clinical stroke care, which could
enable more precise and individualized

neurorehabilitation approaches™.

Influence of Prior Traumatic Brain
Injury on Stroke Recovery

Previous traumatic brain injury (TBI) may have
a significantly impact on the recovery process
after ischemic stroke. Despite being usually
considered separate clinical entities, TBI and
stroke have some common pathophysiological
mechanisms, such as chronic neuroin-
flammation, axonal degeneration, and
microvascular dysfunction, that can impair
regeneration*,

These changes have the potential to negati-
vely affect angiogenesis and neuroplasticity in
those with prior TBI, possibly leading to slower
recovery or poor functional outcomes after
stroke'**,

Vascular and Structural Impairment

Chronic neuropathological changes, including
diffuse axonal injury (DAIl), cerebral
microbleeds, and disruption of the blood-brain

barrier (BBB) are common in traumatic brain
injury (TBIl). These changes may affect
cerebrovascular respomsiveness and reduce
the brain abilty to respond to a second
ischemic event witn an effective angiogenic
response™®®’. Moreover, perivascular fibrosis
and gliosis may alter the local microenviron-
ment which is essential for neovascularization

8 In neuroimaging studies, it has been

consistently found that a history of TBI is

associated with:

e Decreased perfusion reserve, show by
arterial spin labeling (ASL) or CT perfusion
scans'®”;

e Persistent injury of the white matter, as
measured by reduced fractional
anisotropy (FA) on diffusion tensor
imaging (DTI)"%;

e Cortical thinning and regional atrophy,
which may impair neuroplastic potential
and decrease the ability for functional
remapping"’.

All these factors add up to higher risks of

infarct expansion, impaired recovery patterns,

and severe long-term disability after ischemic

[72]

stroke'’”.

Functional Reorganization Limitations

TBI can impair brain ability to recruit
compensatory networks or adjacent cortical
areas, reducing the effectiveness of post-
stroke rehabilitation. Studies using functional
MRI studies have indicated that patients with
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TBI and stroke tend to have less functional
brain activation when performing a motor or
cognition task'?".

In addition, chronic TBI can lead to maladaptive
forms of plasticity, including excessive
contralesional activation that compromises
interhemispheric balance, or the persistence of
non-functional circuits, which may interfere
with recovery. These unusual reorganization
patterns may reduce the overall success of
neurorehabilitative inter-ventions unless
addressed in a mechanism-specific,
individualized manner "+’

Neuroimaging for Risk Stratification

Neuroimaging is essential in determining

stroke patients who are at a high risk of poor

outcomes”®.

Multimodal imaging has a number of

advantages in this context, such as:

1. Distinguish acute ischemic damage from
chronic TBl-related lesions””;

2. Determine the integrity of post-structural
connection via white matter”®;

3. Measure the hemodynamic reserve and
identify perfusion mismatches, which can
play arole in therapeutic windows"?;

4. Guide the design of individualized
rehabilitation plans, including non-
invasive brain stimulation and specific

[80]

motor or cognitive therapies™ .

Identification of TBIl-related waknesses
enables clinicians to treat patients with more
specific interventions, presenting the
possibility of enhancing recovery despite

biological limitations'".

Neuroimaging Modalities in the
Evaluation of Regenerative Processes
The assessment of post-stroke recovery has
changes significantly with the introduction of
multimodal neuroimaging techniques. These
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methods enable clinicians and researchers to
go beyond the identification of structural
damage and provide information about
dynamic regenerative processes, like
angiogenesis and neuroplasticity™®’. The
different imaging modalities have specific
benefits, providing a different way of looking
at the different aspects of cerebral recovery.

1. Perfusion-Weighted Imaging (PWI)
and Arterial Spin Labeling (ASL)
Perfusion-weighted imaging (PWI), commonly
uses gadolinium-based contrast agents, to
produce quantitative maps of cerebral blood
flow (CBF), cerebral blood volume (CBV), and
mean transit time (MTT). These parameters
give indirect but informative data on the
processes of angiogenesis and reperfusion.
During the subacute phase after stroke,
increasing CBF and normalization of MTT can
be used as an imaging manifestation of
successful microvascular remodeling™**,
Arterial spin labeling (ASL) is a non-invasive
alternative to the use of contrast agents , and
specifically labels the blood as it flows into the
brain. ASL is especially well adapted to
longitudinal measurements, especially in
pediatrics or renal impairment. It is able to
identify gradual reperfusion patterns, which
can be an
adaptation or continued neovascularization

indication of slow vascular
[86].

2. Diffusion Tensor Imaging (DTI)
Diffusion tensor imaging (DTI) assesses
diffusion of water molecules along axonal
tracts, and offers important information
about the structural integrity of white matter
tracts. The main parameters that can indicate
microstructural damage and recovery with
time include fractional anisotropy (FA) and
mean diffusivity (MD).

When applied to stroke rehabilitation, DTl has
been applied to track:
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e Degeneration or maintenance of the
corticospinal tract, which is highly
correlated to motor recovery;

e Integrity of the corpus callosum, which is
relevant for bimanual coordination and
interhemispheric communication;

e Dynamics of interhemispheric reorga-
nization, especially the aspects of
compensatory plasticity™®*.

Longitudinal improvements in FA are usually

taken as signs of neuroplastic repair and

structural reorganization™.

3. Functional MRI (fMRI)
The functional MRI (fMRI) is a task-based
technique that quantifies changes in blood
oxygenation level-dependent (BOLD) signals,
as an indirect measure of neuronal activity. It
has been routinely applied to study motor,
language, and cognitive networks in cases of
stroke. There is a typical pattern of recovery-
related activation:

e Early contralesional compensation,
whereby the unaffected brain areas
temporarily take over the functions lost;

e Slow recovery in perilesional cortical
regions, especially through specific
training;

e Restoration of lateralized function,
especially in patients who have a favorable
outcome™**,

Resting-state fMRI (rs-fMRI), however,

measures spontaneous low-frequency

fluctuations in the BOLD signal to measure
functional connectivity between brain
networks. The impaired connectivity,
particularly between homologous motor
cortices, has been correlated with a poorer
functional recovery. In contrast, a more
balanced interhemisphericpattern has been
shown to be a neuroimaging marker of
successful post-stroke rehabilitation®***,

4. Transcranial Doppler Ultrasound (TCD)
Transcranial Doppler (TCD) ultrasound
provides real-time measurment of cerebral
blood flow velocities, giving a dynamic
analysis of macrovascular status. It is useful
in the post-stroke setting as a monitoring
tool:

e Recanalization afterthrombolysis;

e The dynamics of collateral flow, particularly
with proximal arterial occlusion;

e Hemodynamic reserve, which is important
in patients with chronic TBI or prior
cerebrovascular disease™".

In neuroregeneration, sustained high mean

flow velocities during the recovery period can

be a sign of angiogenic remodelling and

increased vascular sensitivity **.

5. Multimodal Integration and
Emerging Tools

The integrated use of structural imaging (e.g.,
DTI), functional mapping (e.g., fMRI), and
perfusion-based techniques (e.g., PWI, ASL)
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give a wider perspective on the reparative
potential of the brain after stroke. Such
multimodal strategies provide a better analysis
of both neurovascular and neuroplastic
mechanism"”,

New technologies including machine learning,
graph theoretical analysis, and connectomics
are driving neuroimaging toward predictive
neuroscience, where the ability to predict
specific recovery pathways in individuals is
increasingly accurate. In parallel, hybrid
imaging modalities (such as PET-MRI) and
molecular imaging techniques targeting
specific biomarkers (e.g., VEGF-related
angiogenesis) are being explored to directly
visualize and quantify biological substrates of

regeneration®®*”,

Discussion

Recovery after stroke is multidimensional and
depends on the capacity of the brain to regain
perfusion and reorganize neural networks "**,
This narrative review has highlighted how
angiogenesis and neuroplasticity play key
roles in post-stroke regeneration, and how
modern neuroimaging techniques can be
used to assess these processes across both
clinicalally and in research studies™®".

The literature shows a common theme
between angiogenesis and neuroplasticity.
Vascular remodeling offers the metabolic
support required for the reactivation of neural
tissue, whereas neuronal activity promotes
pro-angiogenic signaling, a reciprocal
relationship commonly described as neuro-
vascular unit®®. To capture this dynamic
relationship, imaging modalities viewing both
structural and functional changes over time
are needed"”.

Diffusion tensor imaging (DTI) and functional
MRI (fMRI) provide important information
regardig neuroplastic functions like cortico-
spinal tract integrity and reorganization of
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large-scale network.

Simultaneously, perfusion-weighted imaging

(PWI) and arterial spin labeling (ASL) can be

used to longitudinally assess perfusion

changes, serving as indirect markers of
angiogenesis and microvascular repair %%,

Combined uses of these imaging strategies

facilitate a more thorugh knowledge of

regenerative capacity of the brain after
stroke.

This review has also indicated the modifying

role of prior traumatic brain injury (TBI), as

this aspect has often been overlooked by
most stroke researchers. A history of TBI may
bringin:

e Microvascular instability, that can inhibit
angiogenic responses;

e White matter disruption, restricting
access to intact pathways to support
plasticity;

e Chronic neuroinflammation, which may
inhibit adaptive remodeling or induce

[107-108]

maladaptive remodeling .

It is important to consider these additional
variables when developing rehabilitation
approaches and ensuring the best outcomes
in stroke patients who have a history of TBI.

1. Interdependence of Angiogenesis
and Neuroplasticity

There is growing awareness that angiogenesis
and neuroplasticity are not independent
processes, but rather they are interdependent
elements of a coordinated neurovascular
recovery network.

As new microvessels are created, they
provide the required metabolic support that
is needed to undergo synaptic remodeling
and axonal growth, whereas active neuronal
networks release trophic factors which
support vascular proliferation™®**°, Any
disruption in one area can severely affect the
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other making the need of an integrated
evaluation necessary.

This mutual relationship is a strong argument
in favor of multimodal imaging approaches
that can trace both vascular and neural

[111]

planes of post-stroke regeneration

2. Neuroimaging: From Observation to

Prediction

Modern neuroimaging has become far more

than a descriptive tool. Perfusion-weighted

imaging (PWI), arterial spin labeling (ASL),
diffusion tensor imaging (DTI), and functional

MRI (fMRI) are methods that can visualize

anatomical and physiological changes as well

as predictive models of recovery. The new
evidence shows that functional outcomes are
linked to specificimaging patterns:

e |Increased fractional anisotropy (FA) of the
corticospinal tract on DTI has been linked
with better motor recovery™**;

e Recovery of interhemispheric connectivity
on resting-state fMRI indicates positive
cognitive outcomes™?,

e Improvement of perfusion normalization
on ASL has been associated with
improved language perfomance™*".

All these findings confirm the importance of
neuroimaging as a biomarker-based tool that
informs the intensity, type, and timing of
neurorehabilitation interventions, and leads
to the development of more individualized
and effective recovery strategies™.

3. Prior TBI: A Modifier Often Ignored
Traumatic brain injury (TBI) has a high
prevalance, but it is underrepresented in
stroke- based neuroimaging studies. The
chronic sequelae of TBI, including micro-
vascular rarefaction, diffuse axonal injury, and
prolonged neuroinflammatory responses, may
substantially modify the neural and vascular
substrate on which the processes of stroke
recovery rely"™?,

To a neuroimaging perspective, previous TBI

raises multiple diagnostic and interpretive

issues:

e Chronic lesions can interfere with or
reproduce acute ischemia™”;

e Disorganization of white matter may
affect the reliability of prognostication
through tractography™**;

e Changes in hemodynamics can
complicate perfusion parameters to

measure vascular recovery™?,

Moreover, maladaptive neuroplastic
responses, are observed in some stroke
patients with prior TBI, such as persistent
contralesional overactivation, impaired
hemispheric lateralization, or network
disconnection™*".

They can be linked to lack of responsiveness
to conventional neuro-rehabilitation. Early
identification of such characteristics with the
help of imaging can inform more intensive

and tailored interventions, including
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neuromodulatory therapies, or lead to
reconsideration of strategies unlikely to be
valuable™*",

4. Toward Precision Rehabilitation: The

Role of Imaging

Recent trends of precision rehabilitation

higlight the need of individualized, evidence-

based, and dynamically adaptive therapy.

Neuroimaging biomarkers form the key

component of this paradigm shift, which can

provide information to be used to plan
individualized interventions. Forinstance:

e Patients with preserved corticospinal tract
(CST) integrity have better chances of
benefiting from task-specific motor
training"**;

e Impaired connectivity in the default mode
network can be an indicator of the need of
specific cognitive rehabilitation;

e Areas with impaired perfusion may be a
priority to vascular support therapies or
neuroprotective interventions "*,

Even with its potenial, the use of imaging-
derived measures in the standard clinical
practice face numerous challenges, such as
high costs, inconsitent access to advanced
imaging options, absence of standard
operating procedures, and specialized
interpretative skills. However, the advan-
cement in automated image processing, Al-
based segmentation, and cloud-enabled
analytics are inreasingly overcoming these
obstacles'?". Future research directions
should focus on:

1. Standardizing neuroimaging biomarkers
in stroke subtypes and populations;

2. Defining longitudinal imaging patterns in
patients with both TBI and stroke history;

3. Formulating adaptive rehabilitation
protocols, with real-time imaging
feedback and personalized response
profiles™***",
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Conclusions

Recovery of cerebral activity after ischemic
stroke is largely facilitated by the interde-
pendence between angiogenesis and
neuroplasticity'?®’. These regenerative
processes are needed to restore cerebral
perfusion and rebuild functional neural circuits.
Recent developments in neuroimaging
technologies currently allow visualizing, as
well as quantifying these processes in vivo,
which will provide clinicians with the necessary
tools to prognosticate, monitor the therapy,
and develop personalized rehabilitation
programs " Previous history of traumatic
brain injury (TBI) is a powerful, though
frequently under-estimated, modifier of stroke
recovery.

Microvascular dysfunction, destruction of
white matter integrity, and impaired plasticity
related to TBI can diminsh regenerative
responses and limit functional outcomes.
Multimodal neuroimaging is essential in
identifying these vulnerabilities and risk-based
therapeutic intervention™". The integration of
guantitative imaging biomarkers into regular
stroke care in the future may enable the
development of precise rehabilitation and the
ability to inividually adjust treatment plans
based on patient response. Moreover, patients
with TBI history must be inluded in
neuroimaging-based stroke studies to ensure
that new protocols developed are both factual
and reflective of the clinical populations that
are seen in practice™.

In conclusion, advanced use of neuroimaging in
angiogenesis and neuroplasticity is a promising
direction of more personal, effective, and
adaptive post-stroke intervention™**.

References
1. ChoiEK,Jung YH, Lee JH, et al. Elevated risk of stroke
in young adults after traumatic brain injury: A nationwide
cohort study of 1 million people. | Stroke. 2024;26
(1):131-140.



24

2. Hsia AW, Mlynash M, Christensen S, et al. Rapid ADC
evolution after early reperfusion: A subset of “rapidly
reversible” diffusion lesion. AINR Am | Neuroradiol.
2019;40(1):51-57.

3. Soares BP, Tong E, Hom J, et al. Reperfusion and
salvage of the ischemic penumbra: A prospective
comparison of CT and MRI. Am J Neuroradiol.
2009;30(4):684-690.

4. Burgin WS, Malkoff MD, Felberg RA, et al.
Transcranial Doppler ultrasound criteria for
recanalization after thrombolysis for middle cerebral
artery stroke. Stroke. 2000,31(5):1128-1132.

5. Yang Q, Tress BM, Barber PA, et al. Serial study of
apparent diffusion coefficient and anisotropy in patients
with acute stroke. Stroke. 1999,;30(11):2382-2390.

6. Chen YH, Kang JH, Lin HC. Patients with traumatic
brain injury: Population- based study suggests increased
risk of stroke. Stroke. 2011;42(10):2733-2739.

7. Kowalski RG, Haarbauer-Krupa J, Bell JM, et al. Acute
ischemic stroke after moderate to severe traumatic brain
injury: A population-based study. Arch Phys Med Rehabil.
2017,98(2):236-243.

8. Soares BP, Tong E, Mohamed FB, et al. MR and CT
monitoring of recanalization, reperfusion, and penumbra
salvage. Neuroimaging Clin NAm. 2008;18(3):331- 349.
9. Katz-Dwyer J, Taylor C, Lew HL. Stroke: Another
delayed hazard of traumatic brain injury—even in young
adults. ] Head Trauma Rehabil. 2024,;39(2):89-92.

10. Posner /B, Plum F. Newer techniques of cerebral blood
flow measurement. Arch Neurol. 1972;26(6):393-402.

11. Dahl A, Russell D, Nyberg-Hansen R, et al. A
comparison of regional cerebral blood flow and middle
cerebral artery blood flow velocities. Stroke.
1992;23(1):15-19.

12. Adib-Samii P, Briley D, Martin R/, et al. Imaging in
ischemic stroke. Pract Neurol. 2016,;16(6):447-454.

13. Li F Wang Y, Luo Y, et al. A systematic review of
angiogenesis and neuroplasticity in stroke. Front Neurol.
2021;12:582605.

14. Schneider AL, Gottesman RF, Mosley T, et al.
Traumatic brain injury and long- term risk of stroke among

U.S. military veterans. Neurology. 2023;101(18):e1793-
e1803.

15. Heye AK, Culling RD, Valdés Herndndez MC, et al.
Assessment of blood-brain barrier disruption using DCE-
MRI in a post-stroke model. Neurosci Biobehav Rev.
2023;146:105071.

16. Burgin WS, Malkoff MD, Felberg RA, et al. Criteria for
MCA recanalization on TCD. Stroke. 2000;31(5):
1128-1132.

17. Hoyer C, Ebert A, Hanke R, et al. fMRI and TMS for
predicting stroke recovery. Brain Res Bull. 2023;198:
104-113.

18. Sozda CN, Brus-Ramer M, Shereen AD, et al.
Multimodal imaging in stroke: Clinical and research
applications. | Cereb Blood Flow Metab. 2021;41(6):1241-
1260.

19. Yang S, Zhang L, Jia M, et al. Diffusion MRI in stroke:
Microstructural integrity and outcome prediction. Front
Physiol. 2023;14:1134588.

20. Hiraga A, Fujihara K. Imaging biomarkers of stroke
recovery. Neurol Int. 2024,;16(1):6-13.

21. Burgin WS, Malkoff MD, Felberg RA, et al. TCD
ultrasound for thrombolysis monitoring. Stroke.
2000;31(5):1128-1132.

22. Chavko M, Adeeb N, Ni WW, et al. Imaging middle
cerebral artery blood flow: Importance of measuring
vessel diameter. Physiol Rep. 2020;8(4):e14395.

23. Yang S, Wang D, Zhang L, et al. Reperfusion
dynamics viaASL imaging. SciRep.2021;11:5634.

24. Zhou Y, Zhu Y, Li L, et al. Non-invasive imaging of
VEGF-mediated angiogenesis. Brain Behav. 2022;12:
e2512.

25. ArakiT, Yamada K, Yamashita F, et al. Diffusion tensor
imaging in stroke patients: A review. NMR Biomed.
2018;31(9):e3936.

26. Kang DW, Latour LL, Chalela JA, et al. Early diffusion-
weighted imaging lesions and reversible ischemia.
Stroke. 2006,;37(9):2310-2313.

27. Cianga C, Stanila C. Stroke-related imaging
assessment protocols. Wiener Neurol Mag.
2021;21(Suppl 1):48-56.



e UL

General Reviews

28. Sanz-Cortés M, Yeom KW, Wapner R/, et al. Arterial
spin labeling in pediatric neuroimaging. AINR Am |
Neuroradiol. 2015;36(10):2020-2027.

29. Thiel A, Vahdat S. Functional MRl markers of neuro-
plasticity after stroke. Neurolmage. 2015;131:14-24.

30. Rehme AK, Grefkes C. Cerebral network
reorganization after stroke. Neuroscientist. 2013;19
5):509-518.

31. Soares BP, Tong E, Rordorf G, et al. Imaging
penumbra salvage using perfusion MRI. AINR Am |
Neuroradiol. 2011;32(8):1452-1461.

32. BlasiV, Lebedev AV, Vella G, et al. ASL perfusion as a
surrogate for angiogenic response. | Neuroimaging.
2023;33(3):432-440.

33. Weiller C, Chollet F, Friston KJ, et al. Functional
reorganization after stroke: fMRI evidence. Ann Neurol.
1993;33(2):181-189.

34. Grefkes C, Ward NS. Cortical reorganization after
stroke—mechanisms and implications. Brain.
2014;137(5):1224-1236.

35. Rosso C, Valabregue R, Attal Y, et al. fMRI and EEG in
post-stroke motor recovery. Brain Topogr.
2014;27(4):493-507.

36. Zappasodi F, Tecchio F, Marzetti L, et al. Cortical
reorganization in early stroke recovery. Brain.
2012;135(Pt4):1284-1296.

37. Wang L, Yu C, Chen H, et al. Dynamic functional
reorganization in motor recovery. Neurolmage.
2010;49(3):2526-2532.

38. Swayne OB, Rothwell JC, Ward NS, et al. Stages of
motor recovery post- stroke. Brain. 2008;131(3):
602-616.

39. Park CH, Chang WH, Ohn SH, et al. Longitudinal
changes in resting-state connectivity. Stroke.
2011,42(3):802-808.

40. Ward NS. Functional reorganization after stroke:
fMRI insights. Curr Opin Neurol. 2017;30(4):382-388.

41. Nudo RJ. Recovery after damage to motor cortex:
Neuroplasticity mechanisms. | Rehabil Res Dev.
2003;40(4):33-40.

42. Li X, Morgan PS, Ashburner |, et al. DTl and outcome
prediction in stroke. | Neurol Neurosurg Psychiatry.
2007;78(7):714-719.

43. Puig J, Blasco G, Schlaug G, et al. Diffusion tensor
imaging as a biomarker for motor recovery. Neurology.
2017,;88(21):2051-2058.

44. Grefkes C, Nowak DA, Eickhoff SB, et al.
Interhemispheric connectivity predicts outcome. Stroke.
2008,;39(1):243-250.

45. Yin D, Song F, Xu D, et al. Patterns of functional connec-
tivity in stroke recovery. PLoS One. 2012;7(8): e43114.

46. Ward NS, Cohen LG. Mechanisms underlying recovery
of motor function. Lancet Neurol. 2004;3(9): 503-512.

Internal Medicine 2025 vol. XXIl No. 2 - www.srmi.ro 25

47. Lotze M, Markert J, Sauseng P, et al. fMRI-guided
rehabilitation: Case study. Front Neurol. 2019;10:21.

48. Nicolo P, Guggisberg AG. EEG-based neuroplasticity
measures post-stroke. Clin Neurophysiol. 2020;131
(1):70-83.

49. Guggisberg AG, Koch P/, Hummel FC, et al. Brain
networks and neurorehabilitation. Restor Neurol
Neurosci.2019;37(1):1-12.

50. Grefkes C, Fink GR. Disruption of interhemispheric
balance post-stroke. Brain Struct Funct. 2011;216(2):
149-160.

51. Kim BJ, Han MK, Park TH, et al. Functional MRI in
patients with dual pathology: stroke and TBI. | Neurol Sci.
2021,;426:117486.

52. Caplan LR, Biller J, Leary MC. Challenges in
interpreting neuroimaging in patients with multiple brain
injuries. Int) Stroke. 2016;11(6):609-618.

53. Monti MM, Schnakers C, Korb AS, et al.
Neuroplasticity in disorders of consciousness. Lancet
Neurol. 2015;14(6):564-576.

54. Mutch CA, Talbott JF, Gean A. Imaging evaluation of
traumatic brain injury. Neurosurg Clin N Am.
2016,27(4):409-439.

55. Niogi SN, Mukherjee P. Diffusion tensor imaging of
mild traumatic brain injury. | Head Trauma Rehabil.
2010;25(4):241-255.

56. FaulM, Xu L, Wald MM, et al. Traumatic brain injury in
the United States: emergency visits, hospitalizations,
and deaths. CDC, National Center for Injury Prevention
and Control. 2010.

57. Bazarian JJ, Zhu T, Blyth B, et al. Subject-specific
changes in brain white matter on diffusion tensor
imaging after sports-related concussion. Magn Reson
Imaging.2012;30(2):171-180.

58. Johnson VE, Stewart W, Smith DH. Axonal pathology
in traumatic brain injury. Exp Neurol. 2013;246:35-43.
59. Sharp DJ, Scott G, Leech R. Network dysfunction
after traumatic brain injury. Nat Rev Neurol.
2014;10(3):156-166.

60. Menon DK, Schwab K, Wright DW, et al. Position
statement: definition of TBI. Arch Phys Med Rehabil.
2010,;91(11):1637-1640.

61. Warner MA, Youn TS, Davis T, et al. Regionally
selective atrophy after TBIl: a longitudinal study.
Neurology. 2010,74(10):792-798.

62. Bigler ED. Anterior and middle cranial fossa in
traumatic brain injury: imaging. NeuroRehabilitation.
2010;26(1):37-52.

63. Zhou Y, Milham MP, Lui YW, et al. Default-mode
network disruption in mild TBI. Radiology. 2012;265
(3):882-892.

64. Shenton ME, Hamoda HM, Schneiderman JS, et al. A
review of diffusion tensor imaging studies in mild TBI. J



26

Head Trauma Rehabil. 2012;27(3):E1-E18.

65. Le Bihan D. Looking into the functional architecture
of the brain with diffusion MRI. Nat Rev Neurosci.
2003;4(6):469-480.

66. Kuceyeski A, Maruta J, Relkin N, et al. The Network
Modification (NeMo) Tool: predicting brain connectivity
disruptions after stroke. Neuroimage Clin. 2013,3:73-82.
67. Honey CJ, Thivierge JP, Sporns O. Can structure
predict function in the human brain? Neuroimage.
2010;52(3):766-776.

68. Carrera E, Tononi G. Diaschisis: past, present, future.
Brain. 2014;137(Pt9):2408-2422.

69. Baldassarre A, Ramsey L, Siegel JS, et al. Large-scale
changes in network interactions as a physiological signa-
ture of spatial neglect. Brain. 2016;139(Pt 2):325-341.

70. Jang SH, Kwon HG. Neuroplasticity of the
corticospinal tract after stroke: a review. Neural Regen
Res. 2013;8(20):1946-1950.

71. van Meer MP, van der Marel K, Wang K, et al.
Recovery of sensorimotor function after stroke depends
on interhemispheric connectivity. | Neurosci.
2010;30(11):3964-3972.

72. Wang L, Yu C, Chen H, et al. Dynamic reorganization
of motor networks after stroke. Brain. 2010;133(Pt
4):1224-1238.

73. Damoiseaux JS, Rombouts SA, Barkhof F, et al.
Consistent resting-state networks across healthy
subjects. Proc Natl Acad Sci USA. 2006,;103(37): 13848-
13853.

74. Brodtmann A, Werden E, Pardoe H, et al. Charting
cognitive and neuroanatomical recovery in stroke. Ann
Neurol. 2020;87(5):651-661.

75. Stinear CM, Barber PA, Petoe M, et al. The PREP
algorithm predicts potential for upper limb recovery.
Brain. 2012;135(Pt8):2527-2535.

76. Ward NS, Brander F, Kelly K. Intensive upper limb
neurorehabilitation after stroke: From neuroscience to
clinical practice. Curr Opin Neurol. 2020,;33(6):675- 683.
77. Lindenberg R, Renga V, Zhu LL, et al. Structural
integrity of corticospinal motor fibers predicts motor
impairment in chronic stroke. Neurology. 2010;74

(4):280-287.

78. Schulz R, Park CH, Boudrias MH, et al. Assessing the
integrity of corticospinal pathways from primary and
secondary cortical motor areas after stroke. Stroke.
2012;43(8):2248-2251.

79. Guggisberg AG, Nicolo P, Cohen LG, et al. Predicting
upper limb recovery after stroke: The role of structural
and functional connectivity. Brain. 2017;140(11):
3070-3081.

80. Ward NS. Using MRI biomarkers to predict motor reco-
very after stroke. Curr Opin Neurol. 2015,28 (6):582-589.
81. Jang SH. The role of the corticospinal tract in motor
recovery in patients with stroke: A review. Neuro-
Rehabilitation. 2009;24(3):285-290.

82. Heiss WD, Kidwell CS. Imaging for prediction of
functional outcome and assessment of recovery. Stroke.
2014;45(4):1195-1201.

83. Lin DJ, Cloutier AM, Erler KS, et al. Corticospinal tract
integrity and motor function in chronic stroke. Ann
Neurol. 2018;84(6):877-888.

84. Hillis AE, Barker PB, Beauchamp NJ, et al. Restoring
cerebral perfusion improves language processing in
patients with chronic stroke. Brain. 2001;124(Pt5):
1040-050.

85. Grefkes C, Eickhoff SB, Nowak DA, et al. Connectivity
analysis in stroke: Reorganization of the motor system.
Neurology. 2008;71(6):418-426.

86. Puig J, Pedraza S, Blasco G, et al. Acute damage to
the posterior limb of the internal capsule on diffusion
tensor tractography predicts motor outcome after a
stroke. AmJ Neuroradiol. 2011,32(5):857-863.

87. van Meer MP, van der Marel K, Wang K, et al.
Recovery of sensorimotor function after experimental
stroke correlates with restoration of resting-state
interhemispheric functional connectivity. | Neurosci.
2010;30(11):3964-3972.

88. Binkofski F, Seitz R/, Arnold S, et al. Thalamic
metabolism and corticocortical disconnection in the
epileptic baboon model: A PET study. Brain. 1996,;119(Pt
6):1877-1890.

89. Kalinosky BT, Schindler-lvens SM, Westlake KP.



e UL

General Reviews

Reducing interhemispheric inhibition in chronic stroke
through combined interventions. Neural Plast.
2017;2017:6874954.

90. Cramer SC. Functional MRI in stroke recovery.
Stroke. 2004,;35(11 Suppl 1):2695-2698.

91. Wittenberg GF, Schaechter |D. The neural basis of
recovery after stroke. Curr Opin Neurol. 2009;22
(6):654-658.

92. SaurD, Lange R, Baumgaertner A, et al. Dynamics of
language reorganization after stroke. Brain. 2006,;129(Pt
6):1371-1384.

93. van Oers CA, Vink M, van Zandvoort MJ, et al.
Contribution of the contralesional motor cortex to recovery
after stroke. Neuroimage. 2008;40(3): 1561-1569.

94. Favre I, Ballester BR, Deutsch JE. Technology-
supported interventions for upper limb rehabilitation after
stroke: A review. | Neuroeng Rehabil. 2020;17(1):120.

95. Mahajan A, Tsao JW. Neuroplasticity in post-stroke
rehabilitation: From bench to bedside. Transl Stroke Res.
2020;11(6):937-951.

96. Grefkes C, Ward NS. Cortical reorganization in acute
and chronic stroke. Lancet Neurol. 2014;13(9):876-885.
97. Edwards D, Cortes M, Thickbroom GW, et al. Using
neuroimaging to individualize TMS therapy for stroke
rehabilitation: A position paper. Neuroimage Clin.
2017;15:535-547.

98. Jadavji NM, Emmerson JT, Willmore WG, et al.
Multimodal imaging and predictive modeling in stroke.
Neuroimage Clin. 2019,;21:101602.

99. Lin DJ, Nedelec T, Musen M, et al. Brain connectomics
and stroke recovery: Predicting outcomes with advanced
analytics. Ann Neurol. 2020,88(4):651-664.

100. Feigin VL, Norrving B, Mensah GA. Global burden of
stroke. CircRes. 2017;120(3):439-448.

101. Hacke W, Donnan G, Fieschi C, et al. Association of
outcome with early stroke treatment: Pooled analysis of
ATLANTIS, ECASS, and NINDS rt-PA stroke trials. Lancet.
2004,;363(9411):768-774.

102. Hill MD, Hachinski V. Stroke treatment: Time is
brain. Stroke. 1999;30(1):17-20.

103. Grefkes C, Ward NS. Mechanisms of recovery after
stroke. Nat Rev Neurol. 2012;8(8):393-403.

104. Ward NS, Cohen LG. Mechanisms underlying
recovery of motor function after stroke. Arch Neurol.
2004,;61(12):1844-1848.

105. Kwakkel G, Kollen BJ, van der Grond J, et al.
Predicting activities after stroke: What is clinically
relevant? IntJ Stroke. 2011,;6(4):325-332.

106. Cramer SC, Sur M, Dobkin BH, et al. Harnessing
neuroplasticity for clinical applications. Brain.
2011,;134(Pt6):1591-1609.

107. De Vries LS, Groenendaal F. Patterns of neonatal
hypoxic-ischemic brain injury. Neuroradiology. 2010;52

Internal Medicine 2025 vol. XXIl No. 2 - www.srmi.ro 27

(6):555-566.

108. van Meer MP, van der Marel K, Wang K, et al.
Longitudinal tracking of brain reorganization after stroke:
Resting-state fMRI correlates of motor recovery. Neuro-
rehabil Neural Repair. 2012;26(7):776-786.

109. Sleigh, Harvey M, Voss L, et al. Cortical vasodilation
and its link to neuronal activation in neuroimaging. |
NeurosciMethods. 2014;236:110-118.

110. Marchal G, Beaudouin V, Rioux P, et al. Prolonged
misery perfusion in a case of stroke with penumbral
tissue rescue. Stroke. 1996,27(10):1825-1831.

111. Baron JC. Mapping the ischemic penumbra with PET.
Acta Neurol Scand Suppl. 1996,;166:11-18.

112. Puig J, Blasco G, Schlaug G, et al. Diffusion tensor
imaging as a prognostic biomarker in stroke. Neurology.
2017,88(21):2051-2058.

113. Wang L, Yu C, Chen H, et al. Dynamic functional
reorganization and recovery in post-stroke motor
networks. Neuroimage. 2010,;49(3):2526-2532.

114. Crofts |, Higham DJ, Bosnell R, et al. Network analysis
detects changes in the contralesional hemisphere
following stroke. Neuroimage. 2011,54(1):161-169.

115. Baldassarre A, Ramsey L, Hacker CL, et al. Functional
connectivity in stroke: Predicting deficits and recovery.
Hum Brain Mapp. 2016,37(2):554-568.

116. Rosenthal G, Beaumont A, van der Kouwe A, et al.
Longitudinal white matter alterations in TBI. Brain Inj.
2022;36(1):76-85.

117. Bigler ED. Traumatic brain injury, neuroimaging, and
neurodegeneration. Front Hum Neurosci. 2013,;7:395.
118. Seifert TD, Evans RW. Traumatic brain injury and its
evolving diagnostic challenges. Neurol Clin. 2016,;34(3):
617-639.

119. Le TH, Gean AD. Neuroimaging of TBI. Neurothera-
peutics. 2009;6(1):5-17.

120. Palacios EM, Sala-Llonch R, Junque C, et al. Long-
term declarative memory deficits in diffuse TBI:
Correlation with DTI. | Neurol Neurosurg Psychiatry.
2013,84(7):700-708.

121. Smith DH, Johnson VE, Stewart W. Chronic
neuropathologies of single and repetitive TBIl. JAMA
Neurol. 2013;70(5):556-565.

122. Dancause N, Nudo RJ. Shaping plasticity to
enhance recovery after injury. Prog Brain Res. 2011;
192:273-295.

123. Stinear CM, Lang CE, Zeiler S, et al. Advances and
challenges in stroke rehabilitation. Lancet Neurol.
2020;19(4):348-360.

124. Wittenberg GF, Rogers W, Macko RF. TMS as a
biomarker for recovery potential. Neurorehabil Neural
Repair. 2012;26(3):266-276.

125. Grefkes C, Nowak DA, Gauthier L, et al. The role of
functional imaging in stroke rehabilitation. Neuroimage



28

Clin. 2015,8:1-10.

126. Corbetta M, Ramsey L, Callejas A, et al. Common
behavioral clusters and subcortical anatomy in stroke.
Neuron. 2015,;85(5):927-941.

127. McArthur DL, Alger JR, Etchepare M, et al. Brain
tissue perfusion in TBl: Comparison of imaging
techniques. | Neurotrauma. 2004,21(11):1351-1363.
128. Cramer SC. Repairing the human brain after stroke.
Ann Neurol. 2008;63(5):549- 560.

129. Ward NS. Functional imaging insights into stroke
recovery. Clin Neurol Neurosurg. 2009;111(7):665-673.

130. Hara Y. Neurorehabilitation after stroke. Brain
Nerve. 2015;67(12):1427-1436.

131. Li S, Carmichael ST. Growth-associated gene
expression after stroke: Indications for neurogenesis and
angiogenesis. Ann Neurol. 2006,59(5):708-719.

132. Saxena S, Kruyt ND, Donkor ES, et al. Stroke
research and capacity building in low-income countries.
Stroke. 2020;51(7):1951-1953.

133. Nudo R/, Plautz EJ, Frost SB. Role of adaptive
plasticity in recovery of function after stroke. Brain Res
Rev. 2001;36(2-3):202-208.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


