Examining the Impact of Biomarker Analysis on Unveiling Neuroplasticity-driven Rehabilitation Outcomes in Adult Stroke Population: A Systematic Review
Background: Stroke remains one of the leading causes of long-term disability globally, It is still the second-leading cause of mortality globally and the third-leading cause of disability in the 21st century. It has a significant impact on both individuals and society. Annually, over 13.7 million cases are being recorded with over 80 million individuals currently living with the consequences of stroke (Feigin et al., 2022). The sequelae of stroke generally cause impairments beyond motor skills, encompassing cognitive deficits, depression and reduced quality of life (Hackett & Pickles, 2014; Towfighi et al., 2017).
Although rehabilitation is considered a cornerstone during stroke recovery, the current scope of rehabilitation practices is limited due to being unreliable and inefficient in harnessing neuroplasticity (Langhorne et al., 2011) which is defined as the ability of the brain to respond to intrinsic or extrinsic stimuli by reorganising its structure, (Draganski & May, 2008; Pascual-Leone et al., 2005) function and connections, making adaptive changes which can range from cellular and synaptic to more global network changes (Holtmaat & Svoboda, 2009; May, 2011). This ability to change and evolve in response to inflicted pathology by forming new neural connections, using alternate pathways by means of collaterals, is a slow but dynamic process that underpins functional recovery after a stroke (Ward & Cohen, 2004). However, the extent to which these neuroplastic adjustments occur can vary notably among patients which can pose challenges in predicting and evaluating motor recovery and optimizing treatment outcomes (Stinear, 2010).
With motor recovery being the primary goal of physical rehabilitation after stroke, the various outcome measure available to assess the recovery lacks an explanation of how these neuroplastic changes, as complex processes, are intertwined with motor learning and performance. The traditional view of motor performance, strength, coordination, and functional recovery provides limited insights into the underlying neural mechanisms driving these changes and whether these changes are a result of adaptive or maladaptive plasticity (Dancause & Nudo, 2011; Takeuchi & Izumi, 2012). 
Since plasticity is not targeted but occurs indiscriminately throughout the cortex, involving dynamic remapping of both local and long-distance connections of motor functions and areas of the brain responsible for those functions (Zeiler & Krakauer, 2013). Understanding how this phenomenon unfolds, which regions are activated, how connections strengthen or weaken, is crucial for optimizing treatment strategies.
In light of this, a measurable indicator of biological processes is required to monitor and assess these changes in the context of rehabilitation-induced neuroplastic changes (Simpkins et al., 2020). These indicators or biomarkers can make the objectivity and quantifiability of the brain's response to therapeutic interventions, offering insights into the underlying mechanisms of recovery (Peplow et al., 2020). 
By exploring these biomarkers, clinicians and researchers can potentially predict the efficacy and outcomes of rehabilitation which can help make tailored plans on an individual basis and monitor the effectiveness of the said interventions over time (Włodarczyk et al., 2022). Biomarkers such as electroencephalography (EEG) (Al-Qazzaz et al., 2014), functional magnetic resonance imaging (fMRI), and transcranial magnetic stimulation (TMS) have been explored as potential indicators of cortical reorganization and assessors of motor recovery (Burke, 2014; Cheng et al., 2023).
The intention of this systematic review is to present a thorough synthesis of the available research concerning how distinct approaches to rehabilitation influence changes in biomarkers studied, patient recovery and the underlying neuroplastic changes. We intend to determine the optimal approach for encouraging the potential role of biomarker analysis and neuroplastic changes to improve functional recovery by examining different therapeutic interventions, such as physical therapy, exercise-based interventions, non-invasive brain stimulation, and multimodal approaches. By clarifying the intricate relationship among neuroplasticity, biomarkers, and rehabilitation, this review seeks to improve clinical practice, direct future investigations, and eventually raise the standard of care for stroke survivors.
Methodology
Selection Criteria
This systematic review was conducted in accordance with a pre-specified protocol registered with PROSPERO (registration number CRD42024531151). Randomized controlled trials (RCTs) were considered eligible for inclusion with studies involving patients of any gender (mean age between 40-60 years) with a stroke diagnosis were included. A wide range of rehabilitation interventions was considered, including physical therapy, exercise-based interventions, non-invasive brain stimulation (e.g., transcranial magnetic stimulation [TMS], transcranial direct current stimulation [tDCS]), and multimodal interventions. Studies with a pre-defined control group that received either placebo or regular rehabilitation therapy as a standard of care and the experimental group with novel therapeutic techniques with similar baseline characteristics and no prior experience with those techniques. Outcome measures like standard clinical assessment scales eg. FMA (Fugl-Meyer Assessment), WMFT (Wolf Motor Function Test), Action Reach Arm Test (ARAT) etc. were included, and primary interest in how these measures were correlated with the biomarker response reflecting changes in the brain. Exclusion Criteria included: Non-RCTs, Mean age <40 and >60, Patients undergone surgical intervention, Stroke of unknown origin, surgical intervention, non-specific interventions, interventions without evaluation of biomarkers, studies with individuals with serious medical comorbidities or unstable medical conditions, prior involvement in clinical studies assessing stroke rehabilitation.
Search Strategy
A comprehensive search was conducted on the following electronic databases: PubMed, ScienceDirect, PEDro, and Google Scholar from year 2005 to 2023, with a combination of terms related to "Neuroplasticity", "Biomarkers", "Stroke", "Rehabilitation Interventions", "Exercise Therapy", "Systematic Review", "Randomized Controlled Trials", "Functional Recovery", "Neurorehabilitation Strategies", "Intervention Effects", "Clinical Outcomes" and related MeSH terms (see table 1 for search strategy). Filters like “RCT” or “Randomized Controlled Trials” and “English” Language were applied wherever possible. The detailed search strategy for each database is provided in the Appendix as Table 1.


Data Collection
The citations received from individual database searches were imported into a web-based platform Rayyan (Ouzzani et al., 2016). Two authors worked independently and screened all the titles and abstracts against the predefined inclusion and exclusion criteria to identify potentially relevant studies, any disagreement or conflict between the two authors was resolved by the third author. For each included study, a report was made in Excel. This included information on the study design, patient population, age, stroke type, intervention characteristics and effects, outcome measures, main findings and interpretation which is provided in the appendix as Table 2.
Quality Assessment and Risk of Bias
To assess the quality of methodology in the selected studies, Physiotherapy Evidence Database (PEDro) (de Morton, 2009) scale was employed. The assessment was conducted of the selected RCTs which was evaluated through the aforementioned 11 criteria. Each RCT underwent a comprehensive assessment, with the criterion rated as either “yes” or “no” to indicate adherence to established quality standards and risk of bias. Total scores were calculated out of 10 in which most studies showed a ≥7 score with only one study with a PEDro score of 5. Details of a complete breakdown of PEDro scoring for each study is given in the Appendix as Table 3. 

Results
Search Results
Our search identified all relevant records from the databases with keywords mentioned in the search strategy column. A total of 888 results were obtained across all 4 databases out of which 5 duplicate records were removed and 567 (primarily from Google Scholar) were removed based on their relevancy and study design. Out of 888, a total of 316 records were screened based on the title and abstract. Full texts of potentially eligible studies (N=60) were retrieved and assessed against the eligibility criteria. Disagreements between reviewers were resolved through discussion or consultation with a third reviewer. The study selection process is illustrated in a PRISMA (Page et al., 2021) flow diagram is given in Appendix.
Study Characteristics
The Included studies in this systematic review employed various study designs, predominantly RCTs, with sample size (n) ranging from 18 to 62 with a total of 257 participants across all trials. These RCTs had a diverse range of intervention groups, including both experimental and control groups. The interventions varied widely in terms of duration, intensity and type. The results were organized by study design, age, intervention type and outcome measures and a comprehensive summary is provided in the accompanying table 4. Due to the heterogeneity of interventions and outcome measures across studies, a qualitative synthesis on the following key domains.


Biomarker Analysis
EEG-based Biomarkers
Neural Oscillations 
Quantitative EEG measures reflect the spectral characteristics of brain activity that are used to assess neural responses to interventions. Out of 9 selected studies, EEG metrics as potential biomarkers were reported in 6. Among these 6 studies, Event-related desynchronization (ERD) & Event-Related Synchronisation (ERS) were studied by 2, and Brain Symmetry Index (BSI) were studied by 2. Coherence, along with ERD and ERS, was assessed in one study. Lastly, one study assessed the Power Ratio Index, with Resting-State EEG Activity and EEG Discriminant Rate also being investigated in a single study.
Event-related desynchronization (ERD) reflects changes (decreased synchronous activity) in the firing pattern of neurons as they engage in processing a task. Event-related synchronization (ERS) indicates a synchronous firing pattern of neurons, often after the task has been processed or completed. (ERD) indicates decreased beta-range power before movement, suggesting motor preparation. Event-Related Synchronisation (ERS) post-therapy reflects improved inter-regional communication. 
Alpha, Beta, and Theta Band Power are the power spectral densities in specific EEG frequency bands indicative of cortical excitability and neural activity changes. However, (Z. Wang et al., 2022) reported no significant changes in the alpha and delta band power after the tDCS intervention. Meanwhile, in the Theta band, power, specifically in the left central region, increased significantly, indicating increased cortical excitability. 
Resting State EEG Activity and EEG Discriminant Rate is EEG activity recorded during resting state, providing insights into baseline brain function and connectivity alterations related to stroke and rehabilitation. (H. Wang et al., 2019) Analysed alterations in resting state connectivity patterns associated with motor recovery and cognitive improvements post-rehabilitation. 
Coherence, a measure of the degree to which two EEG signals are synchronized, was assessed by (Altenmüller E, 2009) and was found to be increased significantly in the experimental group, indicating improved cross-regional communication. 
Lastly, the Relative Brain Symmetry Index (rBSI), a Quantitative measure assessing symmetry/asymmetry in brain activity, is predictive of motor function recovery after stroke. (Mane R, 2019) Identified rBSI as a good prognostic QEEG feature, showing a strong negative correlation with motor recovery post-BCI intervention.
Functional Magnetic Resonance Imaging (fMRI)
This non-invasive imaging technique is used to assess the changes in blood flow in the brain. This can correlate with brain activity and as a biomarker, can be used to observe changes in neural function. fMRI was used as a potential imaging biomarker in 2 studies.
In the context of connectomics, two metrics viz Functional Connectivity (FC) and Clustering coefficient (CC) were reported to have a significant increase. FC gives a view of the global network dynamics and interregional communication, whereas CC provides insights into local sub-network operations, indicating tightly-knit neural connections. Resting-state brain networks were also assessed using fMRI both before and after motor imagery training. The results of the (H. Wang et al., 2019) study showed that motor imagery training aided in motor recovery by enhancing the efficiency of local neural communication and reorganization.
fMRI was also employed to study temporal variability (referring to fluctuations or changes in brain regions’ activity over time, explaining how flexible the activity patterns in those regions are) in brain networks during robot hand training. (X. Wang et al., 2018) demonstrated differentiated neuroplasticity patterns based on the type of robot hand training. In the RobotEEG_AO group, within-network temporal variability increased in sensory-motor, attention, auditory, and default mode networks. This was linked to more lasting and more significant improvements, reflecting regional adaptability over time and hence supporting the notion of improved neuroplasticity and motor function compared to the Robotnon-EEG_Text group, which showed no discernible changes.
TMS metrics
Motor Evoked Potentials (MEPs) latencies were measured through TMS, assessing changes in corticospinal excitability (CSE) (Tarkka et al., 2011). The appearance of new MEPs in previously unresponsive muscles and reduced latencies suggests brain’s ability to activate motor pathways in the affected hemisphere, highlighting enhanced CSE in that region. The motor threshold was also measured but did not change significantly after intervention, suggesting that although MEP latencies were reduced, it did not lower the motor threshold (minimum intensity of TMS required to induce an MEP) in the affected side. Silent Period (sP) — temporary suppression of EMG signal from a muscle after a TMS pulse. The duration of this period is suggestive of cortical inhibition. Reduction in this metric after TMS or tDCS aids in balancing the excitatory and inhibitory processes in the cortex and improving motor function.
Interventions Employed & Their Effects on Biomarkers
Out of the 9 selected studies, tDCS was utilized in two, Robot-Assisted Training in three, Functional Electric Therapy in one, Music-Supported Therapy (MST) in one, and both Task-Oriented Training and Motor Imagery Training in one study each.
tDCS: A form of neuromodulation that delivers constant, low-intensity electric current to specific brain areas was used alongside cognitive tasks and EEG recordings by (Z. Wang et al., 2022). Similarly, (Mane R, 2019) applied tDCS along with Brain-computer interface-based intervention in conjunction with Motor Imagery.
· Effects on Biomarkers: The tDCS raised the theta band power of the left central area, which in turn facilitated improvements in the cognition tests such as the SDMT an TMT. These changes indicate the sign of improved cortical excitability and improved cognitive function attributed to tDCS.
Music-Supported Therapy (MST): Using a MIDI-piano and electronic drum pads while monitoring, EEG recordings were utilised to measure motor area activity, and MST, in addition to traditional treatment, was incorporated by (Altenmüller E, 2009)
· Effects on Biomarkers: Following treatment, MST significantly reduced beta-range power (ERD) prior to the beginning of movement and improved coherence in the motor cortex, suggesting increased motor region activity and inter-regional communication.

Robot-Assisted Training: Two forms of robot-retained hand training were compared, with and without EEG feedback and action observation (AO) therapy. (X. Wang et al., 2018) implemented this approach in hand gripping and releasing tasks guided by a video or on-screen text prompt. 
· Effects on Biomarkers: The RobotEEG_AO group showed significant improvements in motor function, as assessed by FMA-UE, and enhancements in both motor imagery and resting epoch identification. fMRI data also indicated increased within-network connectivity variability in key brain networks, suggesting that EEG-guided feedback during robot training enhances neuroplasticity and functional recovery.
Task-Oriented Training (ASAP): (Rungseethanakul et al., 2022) conducted an Accelerated Skill Acquisition Program session based on task-oriented principles, with TMS used to measure corticomotor excitability.
· Effects on Biomarkers: ASAP increased corticomotor excitability in the lesioned hemisphere, correlating with improved RTG performance. The changes in corticospinal excitability were sustained for at least 12 days post-intervention, indicating that even short sessions of task-oriented training can lead to significant neuroplastic changes and motor recovery.
Motor Imagery Training (MIT): MIT was combined with conventional rehabilitation therapy (CRT), with EEG and fMRI used to assess neural mechanisms. (H. Wang et al., 2019) compared this intervention with conventional rehabilitation therapy and reported the changes in fMRI.
· Effects on Biomarkers: MIT led to significant increases in upper limb motor function and local network efficiency within the ipsilesional hemisphere, as well as enhanced functional connectivity between motor-related regions. These changes suggest that MIT enhances neural integration and facilitates motor recovery by promoting neuroplasticity within the affected hemisphere.
Functional Electrical Therapy (FET): FET was compared to conventional physiotherapy in chronic stroke patients, with TMS used to measure corticospinal excitability (Tarkka et al., 2011). 
· Effects on Biomarkers: FET induced significant increases in corticospinal excitability and voluntary motor function, with notable improvements in MEPs and movement times on the WMFT. The CON group showed no significant changes, highlighting the superior efficacy of FET in promoting neuroplasticity and functional recovery.


Functional Outcomes Employed & Changes Noticed After Intervention
A total of six assessment tools were employed across 9 selected studies. The Fugl-Meyer Assessment (FMA) was used in five studies. Cognitive tests, including the Montreal Cognitive Assessment (MoCA), Symbol Digit Modalities Test (SDMT), Trail-Making Tests A & B (TMT-A & B), and the Digit Span Test, were utilized in one study. Motor function tests, such as the Action Research Arm Test (ARAT), Box and Block Test (BBT), and Nine Hole Peg Test (9HPT), were used in one study, along with the Reaction Time Game (RTG) and the Wolf Motor Function Test (WFMT), each employed in a single study.
Fugl-Meyer Assessment (FMA)
FMA scores were used to draw inferences regarding the functional outcomes before and after intervention. Notable changes were reported and correlated with EEG features in (Mane R, 2019) study, highlighting a significant negative correlation with resting and task state, suggesting their potential utility in assessing motor function recovery in stroke rehabilitation. In (Ray AM, 2019) study, The cFMA scores improved in correlation with modulation of alpha oscillations at p = 0.0068. (X. Wang et al., 2018) assessed at three time periods, before, after and 6 months post-intervention and significant improvements were reported at p = 0.033 and p = 0.014, respectively.
Cognitive Tests
Studies included Montreal Cognitive Assessment (MoCA), Symbol Digital Modalities Test (SDMT) , Trail-Making Test A & B (TMT-A & B), Digital Span Test. (Z. Wang et al., 2022) reported significant increase in theta band power which was positively correlated with improvements in SDMT scores at r = 0.435. These results suggest that there is potentially some benefit for cognitive improvement, most particularly for tasks requiring speed of processing and sustained attention.

Motor Function Tests
1. ARAT, BBT, 9HPT.
· in motor function as measured by ARAT and BBT, with some improvements noted in the 9HPT, albeit to a lesser extent (Altenmüller E, 2009).
2. RTG.
· Study observed several significant changes in RTG performance. TMT was reduced, DT was decreased, and RTApmax was increased (Rungseethanakul et al., 2022).
3. WFMT.
· This test was applied to evaluate UE motor function. It was performed before and after intervention, as well as after 6-month follow-up. Following FET intervention, the results were significant enough to support the potential benefit of intervention-induced motor improvement and MEP latencies and appearance of new MEPs (Tarkka et al., 2011).


DISCUSSION
This review explores the usability and application of electrophysiological measures as biomarkers to assess changes in the brain in response to different types of rehabilitation intervention strategies. qEEG features like Power Ratio Index (PRI) was identified by (Mane R, 2019) as a predictor of motor recovery in the tDCS-BCI group with a strong negative correlation between pre-intervention PRI and two-week motor gains, implying that a high PRI is indicative of poor expected recovery. Similarly, relative delta power and delta-alpha ratio were negatively correlated, indicating an inverse relationship with expected recovery. These findings were backed by statistically significant differences and aligned with previous literature (Hussain & Park, 2021).
Another Study with EEG measures, ERD/ERS and coherence were found helpful in determining outcome after treatment. ERD, which is proposedly linked to cortical activation and coherence, especially in the beta band as seen in the experimental group, was suggestive of improved neural reorganization and interregional communication but there are also some pitfalls in this study like the generalizability of findings, lack of comparisons with other available research and potential bias in evaluating motor function as the subjective nature of some assessments.
ERD and ERS as measured by (C, 2015) during motor imagery (MI) tasks. Variability in ERS and ERS changes was compared against ARAT scores but the authors did not go into extensive detail in explaining ERS and ERS. Instead, Relative brain symmetry index (rBSI) was reported to have a significant negative correlation with FMMA scores. It was also reported, in the context of brain symmetry, as captured by alpha and theta frequency bands and bilateral changes in hemispheric reorganization post-stroke that spectral power presented by rBSI scores, 0 as in perfect functional symmetry between the two hemispheres and -1 or 1 for maximum asymmetry, were suggestive of less motor improvement in patients with higher asymmetry on EEG (Graziadio et al., 2012; Tecchio et al., 2005; van Putten et al., 2004). It should also be noted that the control group did not receive any EEG analysis, and rBSI as a promising biomarker was left unstudied in that group. 
While electrophysiological measures have proven valuable in assessing neuroplasticity and treatment outcomes, predictive models and EEG-derived indices offer additional insights. One such index is alpha oscillatory activity, which has been linked to motor recovery. For instance, (Ray AM, 2019) found a significant correlation between the dynamics of ERD in the alpha frequency range and functional motor improvement. Strong ERD on the side of the lesion showed improvement when ERD increased during movements of the paretic arm over the intervention period Conversely, patients with weak initial ERD on the affected hemisphere improved when ERD decreased progressively. They highlighted that alpha oscillations might be more reliable indicators than beta oscillations or SMR for predicting motor recovery. While comparing it to other EEG features, Alpha ERD only emerged as a promising biomarker in its potential to predict motor improvement during intervention that involves active movements with proprioceptive feedback. However, the absence of a significant difference in alpha ERD between pre and post-assessment indicates that it might not be sensitive enough to capture intervention-driven changes over time. Physiologically, in the sensorimotor systems, the existence of alpha oscillations in cortical regions reflects the equilibrium of thalamic circuitry, particularly the recurrent inhibition of thalamocortical afferents by the reticular thalamus(Steriade et al., 1990). This equilibrium is lost in a stroke that affects the relay centre (thalamus), and the processing centre (cortex) (Carrera & Tononi, 2014; Hughes & Crunelli, 2005). Some interpretations were drawn stating that the interventions focused on the modulation of alpha ERD can promote the recovery of the excitatory-inhibitory balance among the neural assemblies. This may be done through neurofeedback training, where patients seek control over their alpha ERD, or through other methods that affect brain activity and the efficiency of brain-machine interface (BMI) therapy (Birbaumer & Cohen, 2007; Pichiorri et al., 2015).
Another metric of measurement, theta band power, as recorded in EEG during the application of tDCS combined with cognitive training, was found statistically significant in (Z. Wang et al., 2022) study and viewed as a valuable biomarker in predicting clinical outcomes in the regions affected by stroke, which was earlier backed by (Schleiger et al., 2017). Although, some assumptions were made in relation to how tDCS brought about changes in the brain, especially an increase in cortical excitability due to the application of anodal stimulation over pre-frontal regions, the study lacked a thorough statistical comparison between the two groups. Regardless of the limitations, EEG and its metrics were found useful in screening, predicting, and, to some extent, helping in comparing the effects of different treatment approaches (Nakano, 2020). 
To follow up on this, (X. Wang et al., 2018b), studied longitudinal training effects and associated neuroplastic changes by applying Robot hand training and AO among two groups with and without EEG guidance. The clinical outcome was measured as MCID scores, and the study found statistically significant differences in patients with EEG-guided training, supporting the concept of neurofeedback for better motor skill acquisition. EEG discriminant rate, measured as the ability to discriminate between motor imagery and resting state, was described as a potential biomarker to assess and compare the results among two groups with higher rates correlating with better motor imagery performance and vice-versa and was used as a real-time EEG-Based neurofeedback option of treatment as well. Similarly, the study also went in depth with assessing fMRI results in conjunction with EEG signals. The results highlighted a significant increase in temporal variability in the four subnetworks of the brain, including, sensory-motor areas, attention network, auditory network, and default-mode network. While EEG signals could only assess ipsilesional neuroplasticity, fMRI data reported over a broader area and activation of remote regions of the brain, supporting the previous belief of neuroplasticity occurring indiscriminately throughout the cortex (Zeiler & Krakauer, 2013). The variability changes seen in other regions provided insight into the mirror neuron system. Using both EEG-Signals to accurately harness the potential in the ipsilesional motor area to activate the robotic hand and the significant variability increase revealed in different parts of the brain in response to that intervention to view and explain the said neuroplastic changes, the study successfully demonstrated how EEG and fMRI can be used as biomarkers in rehabilitation. 

Another work intended to employ fMRI to unveil the alterations of Functional Connectivity patterns of the bilateral primary motor cortex (M1) as the stroke rehabilitation biomarkers. In (H. Wang et al., 2019) study, increased interhemispheric FC was interpreted as compensatory adaptations from the contralesional hemisphere recruited in place of damaged crossed corticospinal tracts originating from the affected regions. And decreased intrahemispheric FC after treatment was observed in both groups, which was indicative of neural adaptions post-stroke (Alawieh et al., 2017; Bradnam et al., 2013; Dodd et al., 2017). In addition to this, the clustering coefficient (CC), which reflects local information processing capacity, increased significantly in the experimental group (MIT) and not in the control group (CRT). A positive correlation was observed with FM-UL scores. In the evaluation of stroke, CC was observed with brain network topology and randomness that arises after it. An increased value in CC suggests that the local brain areas are highly connected and, accordingly, equipped for optimal local information processing, while a decrease in the CC implies that the local connectivity is low and the network is not organized (Bullmore & Sporns, 2009; Grefkes & Fink, 2014; He et al., 2007; Watts & Strogatz, 1998). Therefore, raising CC in MIT directly seems to explain the reduction in all such randomness that leads to effective local integration and reorganization. In sum, fMRI-based FC and clustering coefficient were just as informative as a marker of the efficacy of stroke rehabilitation interventions like MIT.
(Rungseethanakul et al., 2022) were concerned with different biomarkers and their use, such as corticospinal excitability (CE) and motor evoked potentials (MEP) to investigate the alterations of the connectivity and motor function recovery in post-stroke rehabilitation. These biomarkers were useful for determining the physiological changes related to reach-to-grasp (RTG) and the post-training impact. Most data on corticospinal excitability (CE) were based on motor-evoked potentials (MEP) recorded in the lesioned hemisphere; special attention was paid to the extensor digitorum communis and triceps brachii muscles. MEPs were utilized to assess the alterations in CE following the intervention. The study established a marked pre- to post-training CE and confirmed the increased neural interaction of the triceps brachii and extensor digitorum communis muscles. The improvement of CE before and after the training, which was obtained using the ASAP procedure, offered a direct estimate of the effects of the intervention on cortical networks and skeletal muscles.
Also, the study uncovered further evidence of a marginal reduction in CE of the wrist flexor muscles, indicating that lower activity of the antagonist muscle could allow for improved performance of the wrist extensor muscles during the grasping tasks. This partially supports the notion that learning, in terms of enhancement of motor skills, is dependent on higher activation of agonist muscles coupled with reduced activation of antagonists. The fact that CE remains elevated for 12 days after the intervention means that even short-duration training can bring about long-term changes in the neuronal connections. This extended potentiation of CE implies a long-term potentiation (LTP) )-like process through which the motor function is enhanced for a long time (Ziemann et al., 1998). In summary, biomarkers such as CE and MEP were beneficial in investigating the pathological neural alterations reflected in post-stroke rehabilitation.
Corticospinal Excitability as studied by (Tarkka et al., 2011), The study examines the effects of voluntary training of the paretic hand and wrist with Functional Electric Therapy (FET) on corticospinal excitability and neuroplasticity. Measured biomarkers like Motor evoke potentials (MEPs) and Silent Period (SP) durations. A decrease in MEP latencies, indicative of enhanced CE observed following FET as measured by Transcranial Magnetic Stimulation (TMS), suggesting improvement in synaptic input and promoting use-dependent plasticity driven by such interventions (Cuesta-Gómez et al., 2017). The appearance of new MEPs in some subjects further supported this concept. Although SP durations did not change, suggesting that FET potentiates only the excitatory connections and has no impact on inhibitory cortical circuits (Meier, 2022). These results support the notion of selective stimulation to provoke functional and morphological changes in the nervous system.


Limitations
Despite the promising advancements showcased in this systematic review, several limitations should be acknowledged. Firstly, the studies included in this review exhibited significant heterogeneity in terms of sample size, outcome measures, type of biomarkers used, and rehabilitation interventions applied. This heterogeneity makes it challenging to directly compare findings and draw definitive conclusions about the impact of specific biomarkers on rehabilitation outcomes.  Secondly, the majority of studies focused on motor recovery as the primary outcome, neglecting other crucial domains of stroke recovery, such as cognitive, language, and emotional functioning. Future research should investigate the role of biomarkers in predicting and monitoring recovery across a broader range of functional domains.  Thirdly, the long-term effects of biomarker-guided rehabilitation remain largely unexplored. Studies often assessed outcomes at relatively short intervals after intervention, leaving questions about the sustainability of observed changes and the long-term impact of biomarkers on functional independence unanswered.

Conclusions
This systematic review underscores how biomarker analysis plays a critical role in understanding the complex link between neuroplasticity and rehabilitation in adult stroke patients. The biomarkers ranging from EEG and fMRI to TMS and clinical measures allow for a more comprehensive approach to examine the processes of dynamic changes in the brain and its functions during the recovery period. PRI, ERD/ERS, coherence, and alpha oscillations have been identified as potential indicators of motor recovery and neural plasticity, which are indicative of changes in cortical functioning and inter-hemispheric interactions. By analyzing fMRI scans, alterations in the functional connectivity and clustering coefficient were identified, which explained the compensatory mechanisms and effectiveness of interventions such as MIT to explain the brain’s plasticity in response to injury and training. From the TMS-derived measures like CE and MEP, it has been possible to understand the phenomena such as modulation of corticospinal excitability and the long-term potentiation of connections, which can be targeted with interventional therapies to improve neuroplasticity and motor function. The motor scores and functional assessments are clinical measurements that are directly related to the biomarkers and help connect biomarkers to real-life clinical relevance, which in turn strengthens the importance of biomarker research. The inclusion of this biomarker analysis in the rehabilitation process allows clinicians to personalize treatment plans and enhance functional recovery. In this context, the further development of the presented research in the field of biomarkers will open new opportunities for tailoring rehabilitation programs and enhance the potential of neuroplasticity in stroke recovery, thereby offering a better future for stroke survivors.
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