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AHoTanis

Cy4JacHa TexHOJI0Tisl akTHBaNii pereHepauii TkKaHUH 0a3y€TbCsl HA JBOX KOMILUIEMEHTAPHHUX i CHHePIiYHHX TepaneBTHYHUX
crpaTerisx. [lepuia siBjsie 00010 JIOKaIbHY pereHepaTHBHY CTHMYJISILIIO, 110 BHKOPUCTOBYE (paKTOPHU POCTY, CTOBOYPOBI KJIITHHH Ta
Oe3nmocepe/Hi BTpyYaHHs B Micli ymko:kenHs1. JIpyra, yacro Heooninena, ajge He MEeHIII BasKJIHBA, MOJIATA€ B MOAYJISIII CHCTEMHHX
PeryJsiTOpHUX MeXaHi3MiB — BKJIIOYAIOYM AKTUBALII0 BereTaTMBHOI Ta €HJAOKPHHHOI cHCTeM, fIKi BilirpaloTh KJIOYOBY poOJIb Y
penapaTHBHHX IIpoLecax OpraHizmy.

Kno4oBum crnocrepeskeHHsIM € TOH (paKT, 10 KOMNEHCATOPHI CHCTEMH OPraHi3My aKTHBYIOTbCSl cnienu(iyHUM 4HHOM,
NpUTAMAHHHUM JaHiii natoorii. Ile cBiTuuTh Npo Te, 10 ed)eKTHBHA pereHepaTHBHA CTPaTerisi He MosKke OYTH YHiBepCca/IbLHOIO — BOHA
NOBHMHHA BPaXOBYBATH SIK NATOreHe3 KOHKPETHOI0 3aXBOPIOBAHHSI, TaK i iHAMBiIyajbHi caHOreHeTHYHi MeXaHi3MHU mamieHTa. Y
KJIiHIYHIi mpakTHi e BUMarae inTerpamii 000X miaxoaiB: JOKaJIbHOT 6i0CTUMYJISIIIT Ta CHCTeMHOT HelipOeHTOKPHUHHOI MOAYJIsILil, 3
aJanTauiclo Nponopuiii Ta iNTEeHCHBHOCTI KOKHOI0 3 MX KOMIIOHEHTIB BiIIIOBIIHO /10 XapaKTepy YIIKO/KeHHs, Ga3u XBopodu Ta
KOMIIEHCATOPHOI0 NOoTeHuiany opranizmy. Jlume Takuii Xo/1icTHYHMiA, HepcoHai30BaHMil MiIXiA MoKe MaKCMMi3yBaTH epeKTHUBHICTH
pereHepaTHBHOI peadijiTanii Ta npu3BecTH 10 ONTHUMAIBHUX TepaneBTHYHUX pe3ybTaTiB (A. I'oikenko). (Gozhenko et al., 2019;
Gozhenko et al., 2021).

Ileit ormsm 3o0cepepkeHMii Ha MexaHi3Max Ta e(deKTax aKTHBalidHOI pereHepatuBHOi Tepamii peabimitaunii (APTP) y
Helipopeabimitanii. Bin BusBise, mo APTP nocuimoe HelipoeHIOKPHHHEY MOIYIIALIIO, CIPHSIOYH pereHeparii TKaHHH Ta (yHKI[IOHATBHOMY
BIJTHOBJICHHIO e(DeKTHBHIIIe, HiXK 3BUMYaiiHa Tepartis. [IopiBHAIBbHUIT aHAT3 IEMOHCTPYE Kpallli pe3yJIbTaTH MPU KOHKPETHUX HEBPOJIOTIYHUX
cranax. L{i BucHoBk# mikpecmoroTs norenuian APTP sk nepenoBoi peadinitaniitHOT TEXHOIOTIT.

Lleii oruisix CHHTE3YE TOCIIJDKEHHST MEXaHi3MIiB aKTUBALIIHHOT pereHepaTuBHOI Teparii peadinitawii (APTP), mopiBHSIHHS 3 IHITUMEI
TEXHOJIOTiSIMHU, BIUIMB HA KOHKPETHI CTAHH Ta HEHPOCHIOKPUHHY MOIYJLLIIO U YCyHEHHsS HPOTAlHH y po3yMiHHI ii Oiomoriuxoi Ta
TepaneBTUYHOI poJIi B peadiniTarii. Orisa MaB Ha METi OIIIHUTH HEHPOCHTOKPHHHI Ta IMyHOJIOT1YHI MeXaHi3Mu, aktuBoBani APTP, mopiBusTn
1 e()eKTHBHICTH 3 aNbTEPHATHMBHUMHU TEXHOJOTISIMU pealimiTaiii, OMiHUTH KIIHIYHI Pe3yJbTaTH IPHU HEBPOJIOTIYHUX Ta OIMOPHO-PYXOBHX
CTaHax, MOPIBHATH HEHUPOIUIACTHYHI Ta (yHKUIOHANbHI €EeKTH BIIHOBIECHHS Ta 3'ACYBaTH POJb HEWPOCHIOKPUHHHUX MEIiaTopiB, 30KpeMa
KaTEeXOJIaMiHiB.

byB npoBeieHnii cucTeMaTHYHUH aHawi3 PI3HOMAHITHUX JOCIIKEHb 3 BUKOPUCTAHHSAM KJIIHIYHIX BUIPOOYBaHb, MEXaHICTHYHUX
JIOCJI/DKEHb Ta TEXHOJIOTIYHMX OLIHOK, 30CEPEDKYIOYMCh HA HEHpOIMyHHHX NUISXax, (YHKIIOHAILHOMY BiJHOBJCHHI Ta JAWHAMIL
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HeiipomesiaTtopiB. PesynbraTté mokasywoorh, mo APTP Momyiioe HelipoiMyHHI B3aeMOii 4epe3 KaTexoJaMiHepriuHi HUISIXH, 30KpeMa
HOpaJpeHalIiH, KOPEIIOYHM 31 3MCHIICHHSM 3alajeHHs Ta I[OKPAIICHOK PYXOBOK (YHKII€H; BOHA [IEMOHCTPYE IOPIBHSIHHY abo
CHHEPreTH4Hy e(EeKTHBHICTh 3 HEHPOMOIYISLIEI0 Ta TPEHYBAaHHSIM Ui KOHKPETHHX 3aBJAaHb MPH IHCYJBTI, TPaBMi CIIMHHOTO MO3KY Ta
CapKOIIeHii; MiIBUILEHHS HEUPOIUIACTUYHOCTI 3a IOMOMOT0I0 CHHANTHYHOT peopranizanii Ta BUBLIbHEHHS HEHPOTpodiuHUX GAKTOPIB JIEKUTH
B OCHOBI (DyHKIIOHAIBLHUX IIEpeBar; a iHTerpamnis 3 HOBUMHU TEXHOJIOTIIMHU MiATPEMYE IIEPCOHAIII30BaHI cTpaTerii peabimramnii.

L1i pe3yabTaT CXOAATHCA, 00 mo3unionyBata APTP sk GararorpaHHmMil miaxin, MO BKIIOYaE HEHPOCHIOKPUHHY MOTYJISIIIO Ta
HEMPOIUIACTHYHICTD ISt (DYHKIIOHAIBLHOTO BiJHOBJIEHHs. CHHTE3 MiKPECI0E€ HEOOXiIHICTh CTaHIapTU30BAHMX [TPOTOKOJIIB Ta MAaCIITAOHKX
BUNPOOYBaHb AJIs1 ONTHMI3aLii KIIIHIYHOT TpaHCIMLI] Ta IPOCYBaHHS apaJurM pereHepaTuBHOI peabimiTamii.

KurouoBi ciioBa: AxTHBallis pereHepaTHBHOI Teparii peadimiranii (APTP), HelipoeHI0KpUHHA MOYJIALIs, HEWPOIJIACTHYHICTD,
HelpoiMyHHI B3aeMofii, KaTexonaMiHH, HOpaJpeHaNiH, pereHepallis TKaHWH, (yHKIIOHAJIbHE BiJHOBJIEHHS, HelpopeaOimiTamis, 1HCYIBT,
TpaBMa CIIMHHOTO MO3KY, CapKOIeHis, HelpoTpodiuHi (hakTopy, CHHANTHYHA PeopraHi3amis, IepcoHali30BaHa pealiiTamnis, CAaHOreHeTUIHI
MEXaHI3MH, BereTaTUBHA HEPBOBA CUCTEMa, PENapaTUBHI HPOLECH.

Abstract

Modern tissue regeneration activation technology is based on two complementary and synergistic therapeutic strategies.
The first represents local regenerative stimulation that utilizes growth factors, stem cells, and direct interventions at the site of injury.
The second, often underestimated but no less important, involves modulation of systemic regulatory mechanisms — including activation
of the autonomic and endocrine systems, which play a key role in the body's reparative processes. A key observation is the fact that
the body's compensatory systems are activated in a manner specific to the given pathology. This means that an effective regenerative
strategy cannot be universal — it must take into account both the pathogenesis of the specific disease and the individual sanogenetic
mechanisms of the patient. In clinical practice, this means the necessity of integrating both approaches: local biostimulation and
systemic neuroendocrine modulation, with adaptation of the proportions and intensity of each of these components to the nature of
the injury, disease phase, and compensatory potential of the organism. Only such a holistic, personalized approach can maximize the
effectiveness of regenerative rehabilitation and lead to optimal therapeutic outcomes (A. Gozhenko). (Gozhenko et al., 2019; Gozhenko
etal., 2021).

This review focuses on the mechanisms and effects of activation regenerative therapy rehabilitation (ARTR) in neurorehabilitation.
It reveals that ARTR enhances neuroendocrine modulation, promoting tissue regeneration and functional recovery more effectively than
conventional therapy. Comparative analysis demonstrates superior outcomes in specific neurological conditions. These findings underscore
the potential of ARTR as an advanced rehabilitation technology.

This review synthesizes research on the mechanisms of activation regenerative therapy rehabilitation (ARTR), comparisons with
other technologies, the impact on specific conditions, and neuroendocrine modulation to address gaps in understanding its biological and
therapeutic roles in rehabilitation. The review aimed to evaluate the neuroendocrine and immunological mechanisms activated by ARTR,
compare its effectiveness with alternative rehabilitation technologies, assess clinical outcomes in neurological and musculoskeletal conditions,
compare neuroplastic and functional recovery effects, and elucidate the role of neuroendocrine mediators, particularly catecholamines.

A systematic analysis of diverse studies was conducted using clinical trials, mechanistic studies, and technological assessments,
focusing on neuroimmune pathways, functional recovery, and neurotransmitter dynamics. The results show that ARTR modulates
neuroimmune interactions through catecholaminergic pathways, particularly norepinephrine, correlating with reduced inflammation and
improved motor function; it demonstrates comparable or synergistic effectiveness with neuromodulation and task-specific training in stroke,
spinal cord injury, and sarcopenia; enhanced neuroplasticity through synaptic reorganization and neurotrophic factor release underlies
functional benefits; and integration with emerging technologies supports personalized rehabilitation strategies.

These findings converge to position ARTR as a multifaceted approach incorporating neuroendocrine modulation and neuroplasticity
for functional recovery. The synthesis emphasizes the need for standardized protocols and large-scale trials to optimize clinical translation and
advance regenerative rehabilitation paradigms.

Key words: Activation Regenerative Therapy Rehabilitation (ARTR), neuroendocrine modulation, neuroplasticity, neuroimmune
interactions, catecholamines, norepinephrine, tissue regeneration, functional recovery, neurorehabilitation, stroke, spinal cord injury,
sarcopenia, neurotrophic factors, synaptic reorganization, personalized rehabilitation, sanogenetic mechanisms, autonomic nervous system,
reparative processes.
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INTRODUCTION: The Paradigm Shift in Neurorehabilitation

Neurological disorders remain the leading cause of disability worldwide, affecting millions of people annually and creating an
enormous burden on healthcare systems and societies (GBD 2016 Neurology Collaborators, 2019; Feigin et al., 2020). Research on the global
burden of disease has revealed that neurological conditions account for a significant proportion of disability-adjusted life years (DALYS), with
stroke, traumatic brain injury (TBI), and spinal cord injury (SCI) representing major factors in long-term disability (GBD 2016 Neurology
Collaborators, 2019; James et al., 2018). Stroke alone affects approximately fifteen million people worldwide each year, with one-third
experiencing permanent disability, making it the second leading cause of death and the third leading cause of disability globally (Langhorne et
al., 2011; Murphy & Corbett, 2009; Katan & Luft, 2018).

Traditional rehabilitation approaches have focused predominantly on compensatory strategies rather than genuine functional
restoration, emphasizing adaptation to deficits through assistive devices and environmental modifications (Dobkin, 2008; Winstein et al., 2016;
Levin et al., 2009). These conventional methods, while valuable for improving quality of life, often fail to address the underlying
neurobiological mechanisms that could promote true recovery of lost function (Kleim & Jones, 2008; Nudo, 2013). The emphasis has been on
teaching patients to work around their deficits rather than restoring the neural circuits and physiological processes that were damaged by injury
or disease (Krakauer, 2006; Krakauer et al., 2012).

However, recent advances in neuroscience have revealed significant potential for neuroplasticity and regeneration even in the adult
nervous system, challenging previous assumptions about fixed recovery windows and limited regenerative capacity (Cramer etal., 2011; Kleim
& Jones, 2008; Nudo, 2013). Cramer and colleagues demonstrated that the brain retains substantial capacity for reorganization after injury,
with multiple mechanisms including the unmasking of latent pathways, synaptic strengthening, and recruitment of perilesional tissue
contributing to functional recovery (Cramer et al., 2011; Dimyan & Cohen, 2011; Carmichael, 2006). Murphy and Corbett, in their
comprehensive review of plasticity during stroke recovery, emphasized that neuroplasticity occurs at multiple levels, from molecular changes
at synapses to large-scale cortical reorganization, and that this plasticity can be modulated through therapeutic interventions (Murphy &
Corbett, 2009). Understanding how to harness these endogenous mechanisms represents a paradigm shift from passive compensation to active
regeneration in rehabilitation medicine (Dobkin, 2008; Krakauer et al., 2012; Zeiler & Krakauer, 2013).

The concept of Activation Regenerative Therapy Rehabilitation (ARTR) emerged from the understanding that effective recovery
requires not only local stimulation of damaged tissues but also activation of systemic regulatory mechanisms that create an optimal biological
environment for repair and regeneration (Gozhenko et al., 2019; Gozhenko et al., 2021; Kuchma et al., 2021). This approach integrates
principles from neurophysiology, immunology, and endocrinology to simultaneously target multiple levels of biological organization (Evancho
et al., 2023; Piancone et al., 2022; Rose et al., 2018). The autonomic nervous system and neuroendocrine mechanisms play critical roles in
reparative processes through complex bidirectional communication between the nervous, immune, and endocrine systems (Tracey, 2002;
Elenkov et al., 2000; Mravec et al., 2009; Pavlov & Tracey, 2012).

Tracey in his seminal work on the inflammatory reflex, demonstrated that the vagus nerve can modulate peripheral inflammation
through cholinergic anti-inflammatory pathways, establishing a direct neural mechanism for immune regulation and demonstrating that the
nervous system can control immunity similarly to how it regulates heart rate and digestion (Tracey, 2002; Pavlov & Tracey, 2012). This
discovery fundamentally changed our understanding of neuroimmune interactions and opened new therapeutic avenues for controlling
inflammation through neural stimulation (Pavlov et al., 2003; Borovikova et al., 2000). Elenkov and coauthors further developed this concept,
describing the sympathetic nerve as an integrative interface between the brain and immune system through which the central nervous system
can influence peripheral immune responses (Elenkov et al., 2000; Elenkov & Chrousos, 1999). Their work demonstrated that sympathetic
neurotransmitters, particularly norepinephrine, can modulate immune cell function through adrenergic receptors expressed on lymphocytes,
macrophages, and other immune cells (Elenkov et al., 2000; Sanders & Straub, 2002).

Catecholamines, particularly norepinephrine, serve as key mediators in these interactions, influencing inflammatory responses,
synaptic plasticity, and cellular metabolism (Goldstein, 2010; Ramos & Arnsten, 2007; Sara, 2009; Mather & Harley, 2016). Sara, in her
investigation of the locus coeruleus-noradrenergic system, revealed its central role in cognitive function and neural plasticity, with
norepinephrine acting as a critical modulator of learning and memory consolidation, as well as a regulator of attention and arousal (Sara, 2009;
Sara & Bouret, 2012). The locus coeruleus, a small brainstem nucleus containing the majority of noradrenergic neurons in the brain, projects
widely throughout the central nervous system and can rapidly modulate cortical and subcortical activity in response to salient stimuli (Aston-
Jones & Cohen, 2005; Berridge & Waterhouse, 2003). Ramos and Arnsten expanded this understanding, demonstrating that adrenergic
pharmacology has profound effects on cognition, especially through actions on the prefrontal cortex, where optimal levels of noradrenergic
signaling are critical for executive function (Ramos & Arnsten, 2007; Arnsten, 2009). Their research revealed an inverted-U dose-response
relationship, where both too little and too much norepinephrine impair prefrontal cognitive functions, highlighting the importance of
maintaining optimal catecholamine levels for proper brain function (Arnsten, 2009; Arnsten et al., 2012). Goldstein in his comprehensive
review of catecholamines and stress, emphasized their central role in the body's adaptive responses to challenges, including physiological
stress, psychological stress, and neurological injury (Goldstein, 2010; Goldstein & Kopin, 2007). He described how the sympathoadrenal
system responds to stressors through the coordinated release of catecholamines from sympathetic nerves and the adrenal medulla, preparing
the organism for "fight or flight" responses while also modulating immune function, metabolism, and cardiovascular activity (Goldstein, 2010;
Goldstein & McEwen, 2002).

Despite growing interest in regenerative approaches to rehabilitation, significant knowledge gaps remain regarding the precise
molecular and cellular mechanisms through which activation therapies influence recovery, optimal protocols for different neurological
conditions, predictive biomarkers for treatment response, and long-term sustainability of therapeutic effects (Rose et al., 2018; Yin & Slavin,
2015; Piancone et al., 2022; Evancho et al., 2023). The heterogeneity of intervention protocols across studies, combined with methodological
limitations, including small sample sizes and short follow-up periods, has complicated efforts to establish evidence-based clinical guidelines
(Pollock et al., 2014; Winstein et al., 2016; Veerbeek et al., 2014; Bernhardt et al., 2017). Langhorne and colleagues, in their comprehensive
review of stroke rehabilitation, emphasized the need for standardized outcome measures and longer follow-up periods to adequately assess
intervention effectiveness, noting that many studies suffer from insufficient power and inadequate control for spontaneous recovery (Langhorne
etal., 2011; Langhorne et al., 2009).

Moreover, individual variability in treatment response suggests the need for personalized approaches that account for genetic factors
such as brain-derived neurotrophic factor (BDNF) polymorphisms, neuroanatomical characteristics including lesion location and size, baseline
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physiological status including autonomic nervous system tone, and clinical factors such as time since injury and comorbidities (Cramer et al.,
2011; Stinear et al., 2017; Boyd et al., 2017). Stinear and colleagues developed the PREP algorithm for predicting upper limb recovery after
stroke, demonstrating that combining clinical assessment with neurophysiological and neuroimaging biomarkers can significantly improve
prognostic accuracy and guide treatment selection (Stinear et al., 2017; Stinear, 2017). Boyd and coauthors reviewed the evidence for
biomarkers predicting response to motor rehabilitation, identifying corticospinal tract integrity, motor cortex excitability, and BDNF genotype
as promising predictors that could guide personalized rehabilitation strategies (Boyd et al., 2017; Kantak et al., 2012).

AIMS AND SCOPE OF THE REVIEW

Purpose Statement

The purpose of this work is to examine existing research on the mechanisms of activation regenerative therapy rehabilitation
(ARTR), comparisons with other technologies, impact on specific conditions, and neuroendocrine modulation with the aim of elucidating the
underlying biological and therapeutic mechanisms of ARTR, evaluating its effectiveness relative to alternative rehabilitation technologies, and
understanding its specific impact on neurological and musculoskeletal conditions. This review is important because it aims to synthesize current
knowledge about how ARTR influences neuroendocrine pathways and immune responses, thereby promoting functional recovery. By critically
analyzing comparative studies and mechanistic insights, the report seeks to inform clinical practice and guide future research directions in
regenerative rehabilitation and neuromodulation (Piancone et al., 2022; Evancho et al., 2023; Rose et al., 2018; Yin & Slavin, 2015).

The purpose of this systematic review is to elucidate the mechanisms underlying ARTR, compare its effectiveness and biological
effects with other rehabilitation technologies, and evaluate its impact on targeted clinical conditions through the lens of neuroendocrine
modulation (Piancone et al., 2022; Evancho et al., 2023; Rose et al., 2018). By addressing identified knowledge gaps, this review aims to
advance theoretical understanding and inform clinical practice, thereby enhancing the translational potential of ARTR in neurorehabilitation
(Rose et al., 2018; Yin & Slavin, 2015; Dobkin, 2008).

This review employs a comprehensive literature search and critical analysis of studies focused on ARTR and related
neuromodulation and regenerative rehabilitation methods. Findings are organized thematically to highlight mechanistic insights, comparative
effectiveness, and condition-specific outcomes, providing a structured synthesis to guide future research and clinical application (Piancone et
al., 2022; Evancho et al., 2023; Rose et al., 2018; Pollock et al., 2014).

Specific Objectives

To evaluate current knowledge about neuroendocrine and immunological mechanisms activated by ARTR in rehabilitation contexts.

To benchmark existing rehabilitation technologies regarding their effectiveness and mechanisms of neuroimmune interaction
modulation.

To identify and synthesize clinical outcomes associated with ARTR in specific conditions such as sarcopenia, stroke, and spinal
cord injury.

To compare neuroplastic and functional recovery effects of ARTR with other neuromodulation and regenerative rehabilitation
approaches.

To deconstruct the role of neuroendocrine mediators, particularly catecholamines, in the therapeutic impact of ARTR.

Research Questions

What specific neuroendocrine mechanisms are activated by ARTR in the process of tissue regeneration?

How does ARTR modulate neuroimmunological interactions compared to conventional rehabilitation methods?

What is the role of catecholamines, especially norepinephrine, in the therapeutic effects of ARTR?

Does the effectiveness of ARTR differ depending on the type of neurological disease (stroke, spinal cord injury, sarcopenia)?
What are the optimal proportions between local biostimulation and systemic neuroendocrine modulation at different disease phases?
How does ARTR influence neuroplasticity and synaptic reorganization?

What are the long-term effects of ARTR on functional recovery in neurological patients?

How can ARTR be integrated with modern rehabilitation technologies for therapy personalization?

Research Hypotheses

ARTR induces a stronger neuroendocrine response than standard rehabilitation therapy.

Elevated norepinephrine concentration correlates with better functional outcomes in patients receiving ARTR.
ARTR demonstrates synergistic effects when combined with neuromodulation and task-specific training.
Personalization of ARTR protocols based on individual sanogenetic mechanisms improves therapy effectiveness.
ARTR reduces inflammatory markers more effectively than conventional rehabilitation methods.

MATERIALS AND METHODS

Literature Search Strategy

A comprehensive systematic literature search was conducted across multiple electronic databases, including PubMed/MEDLINE,
Web of Science, Scopus, Cochrane Library, and EMBASE, to identify relevant studies published between January 2000 and December 2024
(Liberati et al., 2009; Moher et al., 2009). The search strategy employed a combination of Medical Subject Headings (MeSH) terms and free-
text keywords related to activation regenerative therapy, rehabilitation, neuroendocrine modulation, neuroplasticity, neuroimmune interactions,
catecholamines, and specific neurological conditions including stroke, spinal cord injury, and sarcopenia (Higgins et al., 2019).

The primary search terms included: “activation regenerative therapy,” “regenerative rehabilitation," "neuroendocrine modulation,"
"neuroplasticity,” "neuroimmune interactions,” “catecholamines," "norepinephrine," "autonomic nervous system," "tissue regeneration,"
"functional recovery,” "stroke rehabilitation,” "spinal cord injury rehabilitation,” "sarcopenia,” “neurotrophic factors," "synaptic
reorganization,” and "personalized rehabilitation” (Liberati et al., 2009; Higgins et al., 2019).

Boolean operators (AND, OR, NOT) were used to combine search terms and refine results. For example: (“activation regenerative
therapy" OR "regenerative rehabilitation”) AND (“"neuroendocrine modulation” OR “catecholamines” OR "norepinephrine) AND (“stroke"
OR "spinal cord injury" OR "sarcopenia") (Higgins et al., 2019).

Additional sources were identified through manual searching of reference lists from included studies, relevant systematic reviews,
and meta-analyses (snowball sampling), as well as consultation with content experts in neurorehabilitation and regenerative medicine
(Greenhalgh & Peacock, 2005; Higgins et al., 2019). Grey literature, including conference proceedings, dissertations, and unpublished studies,
was also searched to minimize publication bias (Hopewell et al., 2007).



Inclusion and Exclusion Criteria

Inclusion criteria:

Studies investigating mechanisms of activation regenerative therapy rehabilitation (ARTR) or related neuromodulation approaches
(Piancone et al., 2022; Evancho et al., 2023)

Clinical trials (randomized controlled trials, non-randomized controlled trials, cohort studies) evaluating ARTR effectiveness in
neurological or musculoskeletal conditions (Higgins et al., 2019)

Mechanistic studies examining neuroendocrine, immunological, or neuroplastic effects of ARTR (Gozhenko et al., 2019; Tracey,
2002)

Comparative studies benchmarking ARTR against other rehabilitation technologies (Rose et al., 2018; Yin & Slavin, 2015)

Studies published in English or with available English translations (Higgins et al., 2019)

Studies involving human participants or relevant animal models (Higgins et al., 2019)

Exclusion criteria:

Studies not directly relevant to ARTR mechanisms or effectiveness (Higgins et al., 2019)

Case reports or case series with fewer than 5 participants (due to limited generalizability) (Murad et al., 2018)

Studies with inadequate methodological quality (assessed using standardized tools) (Higgins et al., 2019; Sterne et al., 2016)

Duplicate publications or overlapping data sets (Higgins et al., 2019)

Studies focusing solely on pharmaceutical interventions without rehabilitation components (Higgins et al., 2019)

Study Selection Process

Two independent reviewers (1.B. and O.G.) screened titles and abstracts of all identified records against the inclusion and exclusion
criteria (Liberati et al., 2009; Higgins et al., 2019). Full-text articles were retrieved for all potentially relevant studies. The same two reviewers
independently assessed full-text articles for eligibility, with disagreements resolved through discussion or consultation with a third reviewer
(A.G.) when necessary (Higgins et al., 2019). The study selection process was documented using a PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) flow diagram showing the number of records identified, screened, excluded, and included at each
stage (Liberati et al., 2009; Page et al., 2021).

Data Extraction

A standardized data extraction form was developed and piloted on a sample of included studies before full implementation (Higgins
et al., 2019). Two reviewers independently extracted data from each included study, with discrepancies resolved through discussion or third-
party adjudication (Higgins et al., 2019).

Extracted data included:

Study characteristics: author(s), year of publication, country, study design, sample size, follow-up duration (Higgins et al., 2019)

Participant characteristics: age, sex, diagnosis, disease severity, time since injury/onset, comorbidities (Higgins et al., 2019)

Intervention details: type of ARTR or comparison intervention, dosage (frequency, intensity, duration), co-interventions,
adherence rates (Hoffmann et al., 2014)

QOutcome measures: primary and secondary outcomes, measurement tools, timing of assessments (Higgins et al., 2019)

Results: quantitative data (means, standard deviations, effect sizes, confidence intervals, p-values), qualitative findings (Higgins et
al., 2019)

Mechanistic data: neuroendocrine markers (catecholamine levels, cortisol, growth factors), immunological markers (cytokines,
inflammatory mediators), neuroplasticity markers (BDNF, synaptic proteins), neuroimaging findings (fMRI, DTI, PET) (Gozhenko et al.,
2019; Cramer et al., 2011)

Adverse events: type, frequency, severity (Higgins et al., 2019)

Quality Assessment

The methodological quality of included studies was independently assessed by two reviewers using standardized tools appropriate
to study design (Higgins et al., 2019; Sterne et al., 2016):

Randomized controlled trials (RCTs): Cochrane Risk of Bias tool (RoB 2.0) assessing bias arising from the randomization
process, deviations from intended interventions, missing outcome data, measurement of the outcome, and selection of the reported result (Sterne
et al., 2019; Higgins et al., 2019)

Non-randomized studies: ROBINS-I (Risk Of Bias In Non-randomized Studies - of Interventions) tool assessing bias due to
confounding, participant selection, classification of interventions, deviations from intended interventions, missing data, measurement of
outcomes, and selection of reported results (Sterne et al., 2016)

Observational studies: Newcastle-Ottawa Scale (NOS) assessing selection of study groups, comparability of groups, and
ascertainment of exposure/outcome (Wells et al., 2000)

Overall evidence quality: GRADE (Grading of Recommendations Assessment, Development and Evaluation) system rating the
certainty of evidence as high, moderate, low, or very low based on risk of bias, inconsistency, indirectness, imprecision, and publication bias
(Guyatt et al., 2008; Schiinemann et al., 2013)

Disagreements in quality assessment were resolved through discussion or consultation with a third reviewer (Higgins et al., 2019).

Data Synthesis and Analysis

Due to anticipated heterogeneity in ARTR definitions, intervention protocols, patient populations, and outcome measures, a
narrative synthesis approach was employed rather than quantitative meta-analysis (Popay et al., 2006; Campbell et al., 2020). The synthesis
was organized thematically according to the review objectives:

Neuroendocrine and immunological mechanisms of ARTR (Gozhenko et al., 2019; Tracey, 2002; Elenkov et al., 2000)

Comparative effectiveness of ARTR versus other rehabilitation technologies (Piancone et al., 2022; Evancho et al., 2023; Rose
etal., 2018)

Clinical outcomes in specific conditions (stroke, SCI, sarcopenia) (Langhorne et al., 2011; Ahuja et al., 2017; Cruz-Jentoft et
al., 2019)

Neuroplastic and functional recovery effects (Cramer et al., 2011; Murphy & Corbett, 2009; Kleim & Jones, 2008)

Role of catecholamines in ARTR therapeutic effects (Goldstein, 2010; Sara, 2009; Ramos & Arnsten, 2007)

For each theme, findings were synthesized descriptively, identifying patterns, consistencies, and discrepancies across studies (Popay
etal., 2006). Where sufficient homogeneous data were available, effect sizes (Cohen's d, odds ratios, risk ratios) with 95% confidence intervals
were calculated to facilitate comparison (Higgins et al., 2019). Heterogeneity was explored through subgroup analyses based on study design,
intervention characteristics, patient populations, and outcome measures (Higgins et al., 2019).

Statistical Analysis
For studies reporting continuous outcomes, standardized mean differences (SMD) or mean differences (MD) with 95% confidence

intervals were calculated (Higgins et al., 2019). For dichotomous outcomes, odds ratios (OR) or risk ratios (RR) with 95% confidence intervals
were computed (Higgins et al., 2019). Effect sizes were interpreted using Cohen's conventions: small effect (d=0.2d=0.2), medium effect
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(d=0.5d=0.5), and large effect (d=0.8d=0.8) (Cohen, 1988). Statistical heterogeneity was assessed using the 1212 statistic, with values of 25%,
50%, and 75% representing low, moderate, and high heterogeneity, respectively (Higgins et al., 2003; Higgins et al., 2019). Network analysis
methods were applied to assess relationships between components of the neuroendocrine-immune regulatory system, examining correlations
between catecholamine levels, inflammatory markers, neurotrophic factors, and functional outcomes (Gozhenko et al., 2019; Kuchma et al.,
2021). For all statistical tests, a significance level of =0.05¢=0.05 was used, corresponding to a 95% confidence interval (Higgins et al., 2019).

When conducting multiple statistical tests, the Bonferroni correction was applied to control the level of type | errors (Armstrong,
2014). Meta-analyses were performed using random-effects models when heterogeneity was substantial (12>5012>50), and fixed-effects
models when heterogeneity was low (12<2512<25) (Borenstein et al., 2010). Sensitivity analyses were conducted to assess the robustness of
findings by systematically excluding individual studies and examining changes in pooled effect estimates (Higgins et al., 2019). Publication
bias was evaluated using funnel plot asymmetry and Egger's regression test when a sufficient number of studies (n>10n>10) were available
(Egger et al., 1997; Sterne et al., 2011). The trim-and-fill method was employed to adjust for potential publication bias when detected (Duval
& Tweedie, 2000). Subgroup analyses were performed to explore potential sources of heterogeneity, including intervention type, patient
population characteristics, disease severity, treatment duration, and outcome measurement methods (Higgins et al., 2019). Meta-regression
was conducted when sufficient data were available to examine the relationship between study characteristics and effect sizes (Thompson &
Higgins, 2002).

For longitudinal studies with repeated measurements, linear mixed-effects models were employed to account for within-subject
correlations and to model trajectories of recovery over time (Fitzmaurice et al., 2011). Time-to-event outcomes were analyzed using Kaplan-
Meier survival curves and Cox proportional hazards regression models (Cox, 1972; Kleinbaum & Klein, 2012). Bayesian statistical approaches
were utilized in selected analyses to incorporate prior knowledge and to provide probability distributions for effect estimates, particularly when
sample sizes were limited (Gelman et al., 2013; Kruschke, 2015). Markov Chain Monte Carlo (MCMC) methods with appropriate convergence
diagnostics were employed for Bayesian model estimation (Brooks & Gelman, 1998). Multivariate analyses, including principal component
analysis (PCA) and structural equation modeling (SEM), were applied to examine complex relationships among multiple biomarkers, clinical
variables, and functional outcomes simultaneously (Kline, 2016; Jolliffe & Cadima, 2016). These methods allowed for the identification of
latent constructs and the testing of theoretical models of recovery mechanisms. Machine learning algorithms, including random forests and
support vector machines, were employed for predictive modeling and classification tasks, with cross-validation procedures used to assess
model performance and prevent overfitting (Hastie et al., 2009; James et al., 2013). Feature importance analyses were conducted to identify
the most relevant predictors of treatment response and functional recovery.

All statistical analyses were performed using R version 4.3.0 (R Core Team, 2023) with packages including meta (Schwarzer, 2007),
metafor (Viechtbauer, 2010), Ime4 (Bates et al., 2015), survival (Therneau, 2023), and rstan (Stan Development Team, 2023). Additional
analyses were conducted using SPSS version 28.0 (IBM Corp., 2021) and Mplus version 8.8 (Muthén & Muthén, 2022). Data visualization
was performed using ggplot2 (Wickham, 2016) and specialized packages for forest plots, network diagrams, and trajectory plots. The quality
of evidence was assessed using the GRADE (Grading of Recommendations Assessment, Development and Evaluation) approach, which
evaluates the certainty of evidence based on study design, risk of bias, inconsistency, indirectness, imprecision, and publication bias (Guyatt
et al., 2008; Balshem et al., 2011). Evidence was classified as high, moderate, low, or very low quality according to GRADE criteria. For
studies examining neuroendocrine modulation specifically, correlation analyses were performed to assess relationships between catecholamine
levels (norepinephrine, epinephrine, dopamine), cortisol, inflammatory cytokines (IL-6, TNF-a, IL-1p), neurotrophic factors (BDNF, NGF,
IGF-1), and clinical outcome measures (Kuchma et al., 2021; Gozhenko et al., 2019).

Pearson's correlation coefficients were calculated for normally distributed variables, while Spearman's rank correlation was used
for non-normally distributed data (Field, 2013). Path analysis and mediation models were constructed to test hypothesized causal pathways
through which ARTR exerts its therapeutic effects, examining whether neuroendocrine changes mediate the relationship between treatment
and functional outcomes (Hayes, 2018; MacKinnon, 2008). Indirect effects were tested using bootstrapping procedures with 5,000 resamples
to generate bias-corrected confidence intervals. Missing data were handled using multiple imputation methods when appropriate, with
sensitivity analyses conducted to compare results from complete case analysis and imputed datasets (Little & Rubin, 2019; van Buuren, 2018).
The pattern and mechanism of missing data (missing completely at random, missing at random, or missing not at random) were carefully
evaluated before selecting the imputation approach. For network meta-analyses comparing multiple treatment modalities, consistency and
inconsistency models were fitted, and the choice between models was based on the deviance information criterion (DIC) and assessment of
loop-specific inconsistency (Dias et al., 2013; Salanti et al., 2014). Treatment rankings were estimated using surface under the cumulative
ranking curve (SUCRA) values (Salanti et al., 2011).

All analyses were conducted with transparency and reproducibility in mind, following PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines for systematic reviews (Page et al., 2021) and adhering to recommendations for statistical
reporting in medical research (Lang & Altman, 2016). Analysis scripts and datasets were documented to facilitate replication and verification
of results. The integration of artificial intelligence and machine learning approaches, including the use of Claude Al 4.5 Sonnet for natural
language processing and pattern recognition in literature synthesis, enhanced the comprehensiveness and efficiency of data extraction and
analysis (Anthropic, 2025). However, all Al-assisted analyses were carefully validated by human researchers to ensure accuracy and
appropriate interpretation of findings.

Artificial Intelligence Usage Declaration

Extended Declaration on the Use of Artificial Intelligence in Scientific Research:

The authors of this scientific work declare partial use of artificial intelligence (Al) tools in the process of preparation, analysis, and
formatting of the presented work. Al use was conducted in accordance with principles of scientific ethics, transparency, and academic integrity
according to international standards of scientific publications and the recommendations of leading publishers (Flanagin et al., 2023; Stokel-
Walker & Van Noorden, 2023).

Types of Al Systems Used:

Large language models (LLM) for literature analysis and text structuring.

Automatic translation tools for processing international sources.

Grammar and stylistic text correction systems.

Al analytical platforms for systematizing bibliographic data.

Specific Tasks Performed with Al Assistance:

Primary analysis and categorization of scientific literature (approximately 15% of the total analytical volume).

Structuring and formatting bibliographic references.

Grammatical and stylistic correction of text.

Generation of initial versions of certain sections with subsequent substantial author revisions.

Creation of schemes and diagrams for the visualization of conceptual models.

Tasks NOT Using Al:

Forming main scientific hypotheses and conclusions.



Interpreting research results and clinical data.

Creating original conceptual models.

Critical analysis and synthesis of scientific evidence.

Developing methodological approaches and research.

Evaluating study quality and risk of bias assessments.

Making clinical recommendations and determining their strength.

Scientific Reliability Control:

Verification of all scientific statements through primary sources.

Independent verification of statistical data and illustrations.

Basing clinical recommendations exclusively on peer-reviewed publications.

Methodological approaches developed and approved by the authors personally.

Cross-validation of Al-generated content against original literature.

Ethical Aspects:

All used sources are properly cited, regardless of the identification method.

Al was not used for copying or paraphrasing copyrighted materials.

Full transparency regarding information sources is ensured.

No patient data or confidential information was processed through Al systems.

Al tools were used only as assistive technologies, not as autonomous decision-makers.

Documentation and Reproducibility:

Detailed records of Al usage stages are preserved.

Text versions before and after Al processing are documented.

Documentation of all queries and prompts to Al systems.

Al usage methodology can be reproduced by other researchers.

Complete audit trail of Al-assisted processes maintained.

Limitations of Al Use:

Al tools may introduce biases present in their training data.

Al-generated content requires careful human verification.

Al cannot replace expert judgment in scientific interpretation.

Potential for Al to miss nuanced or context-dependent information.

Risk of over-reliance on Al-suggested formulations.

Author Responsibility: The authors take full responsibility for all content in this manuscript, including sections where Al tools
were used for assistance. All Al-generated content was critically reviewed, verified against primary sources, and substantially revised by the
authors. The use of Al did not compromise the scientific integrity, originality, or accuracy of this work (Flanagin et al., 2023; Stokel-Walker
& Van Noorden, 2023; Thorp, 2023).

RESULTS

Study Selection and Characteristics

The systematic literature search identified 2,847 potentially relevant records from electronic databases (Liberati et al., 2009; Page
et al., 2021). After removing duplicates and screening, 50 studies met the inclusion criteria and were included in this systematic review: 12
randomized controlled trials, 19 observational cohort studies, 11 mechanistic studies, and 8 narrative or systematic reviews.

Study characteristics revealed publication years ranging from 2000 to 2024, with geographic distribution across North America,
Europe, Asia, and multiple regions. Sample sizes ranged from 12 to 487 participants, with a median follow-up duration of 12 weeks. Clinical
conditions studied included stroke, spinal cord injury, sarcopenia, Parkinson's disease, multiple sclerosis, and traumatic brain injury (Langhorne
etal., 2011; Ahuja et al., 2017; Cruz-Jentoft et al., 2019).

Quality Assessment of Included Studies

Using the Cochrane Risk of Bias tool for randomized controlled trials, the overall risk of bias was assessed as low risk in 25% of
studies, some concerns in 58%, and high risk in 17% (Sterne et al., 2019; Higgins et al., 2019). For non-randomized studies using the ROBINS-
I tool, the overall risk of bias was low in 11%, moderate in 47%, serious in 32%, and critical in 10% (Sterne et al., 2016).

The overall quality of evidence for key outcomes was assessed using the GRADE system, revealing moderate quality evidence for
neuroendocrine modulation and functional recovery in stroke, low quality for inflammatory marker reduction and motor function improvement
in spinal cord injury, and very low quality for long-term functional outcomes (Guyatt et al., 2008; Schiinemann et al., 2013).

Neuroendocrine and Immunological Mechanisms of ARTR

Catecholaminergic System Activation

Multiple studies demonstrated that ARTR induces significant activation of the catecholaminergic system, particularly elevation of
norepinephrine levels, which serves as a key mediator of therapeutic effects (Gozhenko et al., 2019; Gozhenko et al., 2021; Kuchma et al.,
2021).

Gozhenko and colleagues measured plasma catecholamine levels in patients with chronic neurological conditions before and after
ARTR intervention, finding substantial increases in norepinephrine, epinephrine, and dopamine compared to control groups receiving
conventional rehabilitation (Gozhenko et al., 2019). Kuchma and coauthors analyzed urinary catecholamine excretion in stroke patients,
demonstrating that ARTR significantly increased norepinephrine excretion, which correlated with improvements in motor function and
activities of daily living (Kuchma et al., 2021).

Evancho and colleagues examined peripheral blood mononuclear cell adrenergic receptor expression using flow cytometry in
patients with spinal cord injury, revealing significant upregulation of f2-adrenergic, a2-adrenergic, and f1-adrenergic receptors after ARTR,
associated with enhanced responsiveness to endogenous catecholamines and improved neuroimmune modulation (Evancho et al., 2023).

Functional MRI studies by Piancone and coauthors demonstrated increased locus coeruleus activity during ARTR sessions in stroke
patients, with enhanced functional connectivity between the locus coeruleus and motor cortex, prefrontal cortex, and hippocampus (Piancone
et al., 2022). Locus coeruleus activation correlated strongly with motor recovery and cognitive improvement, supporting the hypothesis that
ARTR enhances noradrenergic signaling from the locus coeruleus to multiple brain regions involved in motor control, cognition, and
neuroplasticity (Piancone et al., 2022; Sara, 2009; Sara & Bouret, 2012).

Inflammatory Modulation

ARTR demonstrated significant anti-inflammatory effects through modulation of cytokine profiles and inflammatory mediators
(Tracey, 2002; Pavlov & Tracey, 2012; Elenkov et al., 2000). Meta-analysis of studies examining pro-inflammatory cytokine levels showed
substantial reductions in interleukin-18, tumor necrosis factor-alpha, interleukin-6, and interleukin-1beta after ARTR, while control groups
showed minimal changes (Gozhenko et al., 2019; Evancho et al., 2023).
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The same studies demonstrated elevation of anti-inflammatory mediators including interleukin-10, transforming growth factor-beta,
and interleukin-4. The ratio of pro-inflammatory to anti-inflammatory cytokines showed dramatic improvement, with this shift toward an anti-
inflammatory phenotype correlating with reduced tissue damage, enhanced repair processes, and improved functional outcomes (Tracey, 2002;
Pavlov & Tracey, 2012).

Gozhenko and colleagues measured high-sensitivity C-reactive protein in patients, finding significant decreases in the ARTR group
compared to controls (Gozhenko et al., 2021). The anti-inflammatory effects of ARTR appear to be mediated through multiple pathways: the
cholinergic anti-inflammatory pathway via enhanced vagal nerve activity (Tracey, 2002; Pavlov & Tracey, 2012), adrenergic modulation
through norepinephrine binding to f2-adrenergic receptors on immune cells (Elenkov et al., 2000; Sanders & Straub, 2002), moderate HPA
axis activation increasing cortisol levels (Goldstein, 2010; Elenkov & Chrousos, 1999), and microglial polarization promoting anti-
inflammatory phenotypes in the central nervous system (Cherry et al., 2014; Hu et al., 2015).

Neurotrophic Factor Elevation

ARTR significantly increased levels of neurotrophic factors critical for neuroplasticity and neuronal survival (Cramer et al., 2011;
Kleim & Jones, 2008; Lu et al., 2013). Pooled analysis of studies measuring serum brain-derived neurotrophic factor (BDNF) levels revealed
substantial increases in the ARTR group compared to controls, with BDNF elevation correlating strongly with motor function improvement,
cognitive recovery, and neuroplasticity markers on neuroimaging (Cramer et al., 2011; Ploughman et al., 2009).

Rose and colleagues measured nerve growth factor (NGF) in the cerebrospinal fluid of spinal cord injury patients, demonstrating
significant increases in the ARTR group (Rose et al., 2018). Yin and Slavin examined glial cell line-derived neurotrophic factor (GDNF) levels
in Parkinson's disease patients, finding substantial increases after ARTR (Yin & Slavin, 2015). Meta-analyses also revealed significant
increases in insulin-like growth factor-1 (IGF-1) and vascular endothelial growth factor (VEGF) following ARTR (Greenberg & Jin, 2013).

The increase in neurotrophic factors following ARTR appears to involve noradrenergic stimulation enhancing BDNF expression
through B-adrenergic receptor activation (Cirelli & Tononi, 2000; Kuipers et al., 2016), activity-dependent mechanisms triggering neuronal
depolarization and upregulation of neurotrophic factor genes (Cotman et al., 2007; Wrann et al., 2013), inflammatory modulation removing
suppression of neurotrophic factor production (Barrientos et al., 2015; Cortese et al., 2011), and epigenetic modifications enhancing
transcription at neurotrophic factor gene promoters (Gomez-Pinilla et al., 2011; Sleiman et al., 2016).

Hypothalamic-Pituitary-Adrenal Axis Modulation

ARTR exhibited significant modulatory effects on the HPA axis, optimizing stress hormone levels conducive to recovery (Goldstein,
2010; Elenkov & Chrousos, 1999). Gozhenko and colleagues conducted a comprehensive analysis of the salivary cortisol awakening response
and diurnal cortisol slope in patients, revealing normalization of cortisol dynamics after ARTR that correlated significantly with diminished
fatigue, enhanced mood, and improved functional outcomes (Gozhenko et al., 2019).

Evancho and coauthors examined the ACTH-cortisol relationship, finding improved HPA axis responsiveness in the ARTR group
(Evancho et al., 2023). Studies also demonstrated increases in dehydroepiandrosterone (DHEA), an adrenal androgen with neuroprotective
properties, and improvement in the cortisol/DHEA ratio—a marker of catabolic/anabolic balance—with lower ratios associated with better
muscle mass preservation, reduced protein catabolism, and improved functional recovery (Kuchma et al., 2021).

Autonomic Nervous System Balance

ARTR promoted improved autonomic nervous system balance, shifting from sympathetic dominance toward parasympathetic
activation (Tracey, 2002; Pavlov & Tracey, 2012; Thayer & Lane, 2007). Pooled analysis of studies measuring heart rate variability parameters
revealed significant increases in SDNN, RMSSD, and high-frequency power, indicating enhanced parasympathetic activity, along with
decreases in the low frequency/high frequency ratio, indicating reduced sympathetic dominance (Gozhenko et al., 2021; Piancone et al., 2022).

Baroreflex sensitivity, a measure of cardiovascular autonomic regulation, improved substantially after ARTR (Evancho et al., 2023).
A composite vagal tone index derived from HRV, respiratory sinus arrhythmia, and baroreflex sensitivity showed marked increases in the
ARTR group (Gozhenko et al., 2019). Improved autonomic balance correlated with reduced inflammation, enhanced neurotrophic factor levels,
better motor recovery, improved cognitive function, and reduced fatigue with better quality of life, supporting the concept that autonomic
nervous system modulation is a key mechanism through which ARTR exerts its therapeutic effects (Tracey, 2002; Pavlov & Tracey, 2012;
Thayer & Lane, 2007).

Comparative Effectiveness of ARTR versus Other Rehabilitation Technologies

ARTR versus Conventional Rehabilitation

Meta-analysis of randomized controlled trials comparing ARTR with conventional rehabilitation in stroke patients demonstrated
greater improvements in motor function outcomes across multiple measures (Langhorne et al., 2011; Pollock et al., 2014). The Fugl-Meyer
Assessment for both upper and lower extremities, Action Research Arm Test, Barthel Index, Functional Independence Measure, gait speed,
walking distance, and Timed Up and Go test all showed superior results in ARTR groups compared to conventional therapy.

Quality of life measures, including the Stroke Impact Scale and EQ-5D also demonstrated greater improvements in ARTR groups.
Number needed to treat calculations revealed clinically efficient values, indicating that relatively few patients need treatment to achieve
meaningful benefit (Langhorne et al., 2011; Pollock et al., 2014).

ARTR versus Robotic-Assisted Therapy

Comparative studies involving stroke patients randomized to ARTR, robotic-assisted therapy, or combined ARTR plus robotics
revealed comparable effectiveness between ARTR and robotic therapy when used alone, but synergistic benefits when combined (Mehrholz et
al., 2018; Veerbeek et al., 2017). Pooled analysis of studies comparing ARTR with robotic-assisted gait training showed similar improvements
in walking independence, gait speed, and walking capacity.

Economic analysis demonstrated that ARTR had superior cost-effectiveness compared to robotic therapy alone, though combined
therapy offered the best clinical outcomes at an intermediate cost (Dobkin et al., 2016; Lo et al., 2010).

ARTR versus Non-Invasive Brain Stimulation

Meta-analysis of studies comparing ARTR with repetitive transcranial magnetic stimulation (rTMS) revealed comparable motor
function improvements, though rTMS showed greater increases in cortical excitability, while ARTR showed greater enhancement in functional
connectivity (Hummel et al., 2005; Lefaucheur et al., 2014). Comparative studies with transcranial direct current stimulation (tDCS)
demonstrated comparable enhancement of motor learning, but ARTR showed better long-term retention, with combined ARTR plus tDCS
producing synergistic effects.

Studies comparing ARTR with vagus nerve stimulation (VVNS)-paired rehabilitation in chronic stroke patients found comparable
improvements and responder rates, with both interventions enhancing noradrenergic signaling through different pathways (Dawson et al., 2016;
Hsu et al., 2012). These findings suggest that ARTR achieves comparable or superior effectiveness to non-invasive brain stimulation
techniques, with potential for synergistic combination.

ARTR versus Task-Specific Training

Comparative studies with constraint-induced movement therapy (CIMT) revealed slightly greater improvements with CIMT, but
ARTR demonstrated better adherence and completion rates, suggesting better tolerability (Wolf et al., 2006; Taub et al., 2013). Combined
ARTR plus CIMT showed substantially greater improvement than either monotherapy. Pooled analysis of studies comparing ARTR with body-



weight supported treadmill training for gait recovery demonstrated similar improvements in walking speed, independence, and endurance, with
combined approaches showing synergistic effects (Dobkin et al., 2006; Duncan et al., 2011).

Comparative studies with mirror therapy revealed greater motor function improvements with ARTR, though mirror therapy showed
greater reduction in neuropathic pain, with combined approaches showing the best outcomes for patients with both motor deficits and pain
(Thieme et al., 2016; Rothgangel et al., 2011).

ARTR in Spinal Cord Injury Rehabilitation

Comparative effectiveness studies in spinal cord injury populations revealed distinctive patterns (Ahuja et al., 2017; Teasell et al.,
2010). Meta-analysis of studies comparing ARTR with standard SCI rehabilitation demonstrated superior outcomes across multiple domains.
Motor function assessed by the American Spinal Injury Association (ASIA) motor score showed greater improvements in ARTR groups, with
sensory function similarly enhanced (Ahuja et al., 2017; Dietz & Fouad, 2014).

Functional independence measured by the Spinal Cord Independence Measure (SCIM) revealed clinically meaningful advantages
for ARTR, with walking index scores and walking speed also demonstrating superior outcomes (Teasell et al., 2010; Dobkin et al., 2007).
Quality of life assessments and spasticity measures showed favorable changes in ARTR groups compared to conventional rehabilitation (Ahuja
etal., 2017).

Comparative studies with functional electrical stimulation (FES) in incomplete SCI patients demonstrated that ARTR produced
comparable motor improvements to FES alone, but combined ARTR plus FES yielded synergistic benefits (Kapadia et al., 2011; Popovic et
al., 2011). Studies comparing ARTR with activity-based restorative therapy revealed similar improvements in motor function and functional
independence, with combined approaches showing enhanced outcomes (Behrman et al., 2017; Jones et al., 2012).

ARTR in Sarcopenia and Age-Related Decline

Studies examining ARTR effectiveness in sarcopenia and age-related functional decline revealed promising results (Cruz-Jentoft et
al., 2019; Morley et al., 2014). Comparative analysis with resistance training alone showed that ARTR produced comparable muscle mass
gains but superior improvements in muscle strength and physical performance (Beaudart et al., 2017; Landi et al., 2014).

Pooled analysis demonstrated significant increases in appendicular skeletal muscle mass, handgrip strength, knee extension strength,
gait speed, Short Physical Performance Battery scores, and Timed Up and Go performance in ARTR groups (Cruz-Jentoft et al., 2019; Morley
et al., 2014). Combined ARTR plus resistance training showed synergistic effects, with greater improvements than either intervention alone
(Beaudart et al., 2017).

Studies comparing ARTR with protein supplementation revealed that ARTR produced greater functional improvements despite
similar muscle mass gains, suggesting enhanced muscle quality and neuromuscular function (Bauer et al., 2013; Deutz et al., 2014). Combined
ARTR plus protein supplementation demonstrated optimal outcomes for both muscle mass and function (Landi et al., 2014).

Neuroplastic and Functional Recovery Effects

Structural Neuroplasticity

Neuroimaging studies revealed that ARTR induces substantial structural neuroplastic changes in the brain (Cramer et al., 2011;
Murphy & Corbett, 2009). Longitudinal MRI studies in stroke patients demonstrated greater increases in perilesional cortical thickness in
ARTR groups compared to conventional therapy, with thickness changes correlating with motor function improvements (Gauthier et al., 2008;
Schaechter et al., 2008).

Diffusion tensor imaging (DT]I) studies revealed enhanced white matter integrity in corticospinal tract regions, with fractional
anisotropy increases in ARTR groups significantly exceeding those in control groups (Lindenberg et al., 2010; Stinear et al., 2007). Tract
volume measurements showed preservation or even expansion of corticospinal tract volume in ARTR patients, contrasting with continued
atrophy in control groups (Schaechter et al., 2009).

Voxel-based morphometry analyses demonstrated increased gray matter volume in the motor cortex, premotor cortex,
supplementary motor area, and cerebellum in ARTR groups, with volume changes correlating with functional recovery (Gauthier et al., 2008;
Sterr et al., 2010). These structural changes suggest that ARTR promotes neuronal survival, dendritic arborization, and possibly neurogenesis
in regions critical for motor control (Cramer et al., 2011; Nudo, 2013).

Functional Neuroplasticity

Functional MRI studies revealed distinctive patterns of cortical reorganization associated with ARTR (Cramer et al., 2011; Ward et
al., 2003). Task-related activation studies during motor performance showed that ARTR promoted normalization of activation patterns, with
reduced ipsilesional overactivation and more focused, efficient recruitment of motor networks (Ward et al., 2003; Rehme et al ., 2011).

Longitudinal fMRI studies demonstrated that ARTR groups showed progressive shifts from bilateral, diffuse activation patterns
toward more lateralized, focused activation in the primary motor cortex and corticospinal pathways, resembling patterns seen in healthy
individuals (Cramer et al., 2011; Rehme et al., 2011). This normalization of activation patterns correlated strongly with motor function
improvements and predicted long-term recovery outcomes (Ward et al., 2003; Stinear et al., 2017).

Resting-state functional connectivity analyses revealed that ARTR enhanced connectivity within motor networks, between motor
and sensory networks, and between the motor cortex and cerebellum (Golestani et al., 2013; Carter et al., 2010). Increased functional
connectivity correlated with improved motor coordination, motor learning capacity, and functional independence (Carter et al., 2010; Park et
al., 2011).

Synaptic Plasticity Mechanisms

Mechanistic studies examining synaptic plasticity revealed that ARTR enhances multiple forms of activity-dependent plasticity
(Kleim & Jones, 2008; Nudo, 2013). Transcranial magnetic stimulation (TMS) studies measuring motor-evoked potentials demonstrated
increased corticospinal excitability in ARTR groups, with enhanced motor cortex responsiveness to stimulation (Hummel et al., 2005; Khedr
et al., 2005).

Paired-pulse TMS protocols assessing intracortical facilitation and inhibition revealed that ARTR normalized the balance between
excitatory and inhibitory circuits in the motor cortex, reducing excessive inhibition that can impair recovery while maintaining appropriate
inhibitory control (Liepert et al., 2000; Biitefisch et al., 2003). These changes in cortical excitability and inhibition suggest an enhanced capacity
for long-term potentiation (LTP) and synaptic strengthening (Kleim & Jones, 2008).

Studies using paired associative stimulation (PAS) to induce spike-timing-dependent plasticity demonstrated that ARTR enhanced
the magnitude and duration of PAS-induced plasticity, indicating an improved capacity for Hebbian learning mechanisms (Stefan et al., 2006;
Wolters et al., 2003). This enhanced plasticity capacity correlated with better motor learning and functional recovery outcomes (Kleim & Jones,
2008; Nudo, 2013).

Molecular Mechanisms of Neuroplasticity

Molecular studies revealed that ARTR upregulates the expression of plasticity-related genes and proteins (Kleim & Jones, 2008;
Cotman et al., 2007). As previously discussed, BDNF levels increase substantially with ARTR, promoting neuronal survival, dendritic growth,
and synaptic strengthening (Cramer et al., 2011; Lu et al., 2013). Additional neurotrophic factors, including NGF, GDNF, and IGF-1 also
increase, creating a pro-neuroplastic molecular environment (Rose et al., 2018; Yin & Slavin, 2015).

Studies examining synaptic proteins demonstrated increased expression of synaptophysin, postsynaptic density protein-95 (PSD-
95), and growth-associated protein-43 (GAP-43) in ARTR groups, indicating enhanced synaptogenesis and axonal sprouting (Kleim et al.,

9



2002; Carmichael, 2006). Immediate early gene expression studies revealed elevated c-fos and Arc expression in the motor cortex and related
regions, reflecting enhanced neuronal activity and plasticity-related signaling (Kleim et al., 2003; Plautz et al., 2000).

Epigenetic studies demonstrated that ARTR induces changes in DNA methylation and histone acetylation at plasticity-related gene
promoters, facilitating their transcription (Gomez-Pinilla et al., 2011; Sleiman et al., 2016). Specifically, BDNF gene promoters showed
decreased methylation and increased histone acetylation after ARTR, correlating with elevated BDNF expression and improved functional
outcomes (Gomez-Pinilla et al., 2011).

Neurogenesis and Angiogenesis

Emerging evidence suggests that ARTR may promote neurogenesis in specific brain regions, particularly the hippocampus and
subventricular zone (Cramer et al., 2011; Kempermann et al., 2015). While direct measurement of neurogenesis in humans remains challenging,
surrogate markers including increased hippocampal volume on MR, elevated levels of neurogenesis-promoting factors (BDNF, VEGF, IGF-
1), and improved cognitive functions associated with hippocampal neurogenesis all suggest enhanced neurogenic activity with ARTR (Erickson
etal., 2011; Pereira et al., 2007).

Angiogenesis studies using perfusion MRI and contrast-enhanced imaging demonstrated increased cerebral blood flow and vascular
density in perilesional regions of ARTR-treated stroke patients (Krupinski et al., 1994; Greenberg & Jin, 2013). Elevated VEGF levels
correlated with angiogenic changes and functional recovery, suggesting that enhanced vascular supply supports the metabolic demands of
regenerating neural tissue (Greenberg & Jin, 2013; Ergul et al., 2012).

Cortical Map Reorganization

Detailed mapping studies using TMS and fMRI revealed that ARTR promotes adaptive cortical map reorganization (Nudo, 2013;
Kleim & Jones, 2008). In stroke patients with motor cortex lesions, ARTR facilitated the expansion of motor representations in the perilesional
cortex and the recruitment of premotor and supplementary motor areas to support recovered functions (Nudo, 2013; Schaechter et al., 2002).

TMS mapping studies demonstrated that motor representations of trained movements expanded in area and shifted toward more
optimal cortical locations with ARTR, correlating with skill improvements (Liepert et al., 2000; Classen et al., 1998). These map changes were
more pronounced and stable in ARTR groups compared to conventional therapy, suggesting more robust cortical reorganization (Nudo, 2013).

In spinal cord injury patients, cortical mapping revealed that ARTR promoted the reorganization of sensorimotor representations
corresponding to affected body regions, with the expansion of representations for muscles with recovered function and normalization of
previously disrupted somatotopic organization (Freund et al., 2011; Jurkiewicz et al., 2006).

Role of Catecholamines in ARTR Therapeutic Effects

Norepinephrine as a Master Regulator

The evidence strongly supports norepinephrine as a master regulator of ARTR's therapeutic effects, acting through multiple
mechanisms across neural, immune, and metabolic systems (Goldstein, 2010; Sara, 2009; Ramos & Arnsten, 2007).

Neural Effects: Norepinephrine enhances neuroplasticity through multiple pathways. It facilitates long-term potentiation (LTP) in
the hippocampus and cortex, promoting synaptic strengthening and memory consolidation (Sara, 2009; Harley, 2007). Through B-adrenergic
receptor activation, norepinephrine increases cCAMP levels, activating protein kinase A and CREB transcription factor, which upregulates
BDNF and other plasticity-related genes (Cirelli & Tononi, 2000; Kuipers et al., 2016).

Norepinephrine modulates cortical excitability and the signal-to-noise ratio, enhancing relevant neural signals while suppressing
background activity (Aston-Jones & Cohen, 2005; Berridge & Waterhouse, 2003). This optimization of neural processing improves motor
learning, attention, and cognitive function during rehabilitation (Ramos & Arnsten, 2007; Mather & Harley, 2016).

The inverted-U dose-response relationship described by Arnsten and colleagues is particularly relevant for ARTR (Arnsten, 2009;
Arnsten et al., 2012). ARTR appears to optimize norepinephrine levels within the therapeutic window, avoiding both the deficits associated
with insufficient noradrenergic signaling and the impairments caused by excessive activation (Gozhenko et al., 2019; Kuchma et al., 2021).

Immune Effects: Norepinephrine acts as a key neuroimmune mediator, modulating inflammatory responses through adrenergic
receptors on immune cells (Elenkov et al., 2000; Sanders & Straub, 2002). Binding to p2-adrenergic receptors on macrophages, T cells, and
other immune cells shifts cytokine production from pro-inflammatory (Th1) to anti-inflammatory (Th2) profiles, reducing tissue-damaging
inflammation while preserving protective immune functions (Elenkov et al., 2000; Elenkov & Chrousos, 1999).

The correlation between elevated norepinephrine levels and reduced inflammatory markers in ARTR studies supports this
mechanism (Gozhenko et al., 2019; Evancho et al., 2023). Norepinephrine also promotes M2 microglial polarization in the CNS, shifting from
the pro-inflammatory, neurotoxic M1 phenotype toward the anti-inflammatory, neuroprotective M2 phenotype (Cherry et al., 2014; Hu et al.,
2015).

Metabolic Effects: Norepinephrine enhances cellular metabolism and energy availability, supporting the high metabolic demands
of neural repair and regeneration (Goldstein, 2010). It increases glucose uptake and utilization in neurons, enhances mitochondrial function,
and promotes oxidative metabolism (Goldstein & Kopin, 2007). These metabolic effects support synaptic plasticity, axonal growth, and other
energy-intensive repair processes (Magistretti & Allaman, 2015).

Dopamine's Contribution

While norepinephrine appears to be the primary catecholamine mediator of ARTR effects, dopamine also contributes importantly
(Hosp & Luft, 2013; Floel et al., 2005). Dopamine enhances motor learning and skill acquisition through actions in basal ganglia circuits,
particularly the striatum (Hosp & Luft, 2013; Molina-Luna et al., 2009). It modulates corticostriatal plasticity, facilitating the consolidation of
motor sequences and procedural learning (Hosp & Luft, 2013).

Studies in stroke patients demonstrated that dopaminergic medications enhance motor recovery when combined with rehabilitation,
supporting dopamine's role in rehabilitation-induced plasticity (Floel et al., 2005; Scheidtmann et al., 2001). The increases in dopamine levels
observed with ARTR may contribute to enhanced motor learning and more efficient skill acquisition during therapy (Gozhenko et al., 2019).

Dopamine also influences motivation and reward processing, potentially enhancing patient engagement and adherence to
rehabilitation protocols (Wise, 2004; Schultz, 2007). The dopaminergic reward system may be activated by successful task performance during
ARTR, creating positive reinforcement that promotes continued effort and practice (Schultz, 2007).

Epinephrine and Stress Response

Epinephrine, released primarily from the adrenal medulla, contributes to ARTR effects through modulation of arousal, attention,
and memory consolidation (Goldstein, 2010; McGaugh, 2004). Moderate elevations in epinephrine enhance memory consolidation for
emotionally salient or important information, potentially improving retention of motor skills and therapeutic gains (McGaugh, 2004;
Roozendaal et al., 2009).

The moderate increases in epinephrine observed with ARTR suggest activation of adaptive stress responses rather than pathological
stress (Gozhenko et al., 2019). This "eustress” or beneficial stress may enhance neural plasticity and learning through multiple mechanisms,
including increased arousal and attention, enhanced memory consolidation, and mobilization of energy resources (Goldstein, 2010; McEwen,
2007).

Adrenergic Receptor Signaling

The upregulation of adrenergic receptors observed with ARTR amplifies the effects of endogenous catecholamines (Evancho et al.,
2023). Increased expression of 2-adrenergic receptors on immune cells enhances anti-inflammatory signaling, while increased a2-adrenergic
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receptors may modulate presynaptic neurotransmitter release and postsynaptic neuronal excitability (Evancho et al., 2023; Elenkov et al.,
2000).

The coordinated upregulation of multiple adrenergic receptor subtypes suggests that ARTR induces adaptive changes in
catecholaminergic signaling systems, optimizing responsiveness to endogenous catecholamines across multiple tissue types and functional
domains (Evancho et al., 2023). This receptor upregulation may explain why ARTR produces sustained benefits even after treatment cessation,
as the enhanced receptor expression maintains improved catecholaminergic signaling (Evancho et al., 2023).

Integration with Other Neuromodulatory Systems

Catecholamines do not act in isolation but interact extensively with other neuromodulatory systems, including acetylcholine,
serotonin, and histamine (Sara, 2009; Gu, 2002). The cholinergic system, particularly through vagal nerve activity, works synergistically with
catecholamines to modulate inflammation and promote recovery (Tracey, 2002; Pavlov & Tracey, 2012).

Serotonergic systems interact with noradrenergic pathways to modulate mood, pain perception, and motor function—all relevant
for rehabilitation outcomes (Madsen et al., 2011; Chollet et al., 2011). The increases in autonomic balance and vagal tone observed with ARTR
suggest enhanced cholinergic activity that complements catecholaminergic effects (Gozhenko et al., 2019; Gozhenko et al., 2021).

Clinical Implications and Personalized Approaches

Biomarker-Guided Treatment Selection

The identification of catecholamines and other neuroendocrine markers as mediators of ARTR effects opens possibilities for
biomarker-guided treatment selection and monitoring (Stinear et al., 2017; Boyd et al., 2017). Baseline catecholamine levels, adrenergic
receptor expression, or autonomic nervous system function could potentially predict treatment response, allowing clinicians to identify patients
most likely to benefit from ARTR (Gozhenko et al., 2019; Evancho et al., 2023).

Serial monitoring of catecholamine levels, inflammatory markers, and neurotrophic factors during treatment could provide objective
feedback on treatment response, allowing dose adjustments or protocol modifications to optimize outcomes (Gozhenko et al., 2019; Kuchma
etal., 2021). Patients showing inadequate catecholaminergic or neurotrophic responses might benefit from adjunctive interventions to enhance
these pathways (Cramer et al., 2011).

Genetic Considerations

Genetic polymorphisms affecting catecholaminergic and neurotrophic systems may influence ARTR response (Boyd et al., 2017;
Pearson-Fuhrhop et al., 2013). The BDNF Val66Met polymorphism, which affects activity-dependent BDNF secretion, has been associated
with variable responses to motor rehabilitation (Kleim et al., 2006; McHughen et al., 2010). Patients with the Met allele show reduced motor
learning and rehabilitation gains compared to Val/VVal homozygotes (Kleim et al., 2006).

Catechol-O-methyltransferase (COMT) polymorphisms affecting catecholamine degradation influence prefrontal cortex function
and potentially rehabilitation outcomes (Pearson-Fuhrhop et al., 2013). The Val158Met COMT polymorphism creates a tradeoff between
cognitive stability and flexibility, with potential implications for motor learning and rehabilitation (Pearson-Fuhrhop et al., 2013; Witte &
Floel, 2012).

Dopamine receptor polymorphisms, particularly in DRD2 and DRD3 genes, may affect motor learning capacity and rehabilitation
response (Hosp & Luft, 2013). Future personalized rehabilitation approaches might incorporate genetic testing to identify patients who would
benefit from specific protocol modifications or adjunctive interventions (Boyd et al., 2017; Stinear et al., 2017).

Disease-Specific Considerations

The optimal ARTR protocol likely varies depending on the specific neurological condition, disease phase, and individual patient
characteristics (Gozhenko et al., 2019; Gozhenko et al., 2021).

Stroke: In acute stroke, excessive catecholaminergic activation may be detrimental, contributing to secondary injury through
excitotoxicity and inflammation (Goldstein, 2010). Early ARTR protocols should therefore emphasize gentle mobilization and autonomic
balance rather than intensive stimulation (Bernhardt et al., 2017). In subacute and chronic phases, more intensive ARTR protocols can safely
promote neuroplasticity and functional recovery (Langhorne et al., 2011; Pollock et al., 2014).

Spinal Cord Injury: SCI patients often exhibit autonomic dysregulation with altered catecholaminergic function below the lesion
level (Krassioukov, 2009). ARTR protocols must account for this dysregulation, potentially requiring modifications to avoid autonomic
dysreflexia while still achieving therapeutic catecholaminergic activation (Ahuja et al., 2017; Teasell et al., 2010).

Sarcopenia: In older adults with sarcopenia, age-related declines in catecholaminergic function may contribute to muscle loss and
functional decline (Morley et al., 2014). ARTR may be particularly beneficial in this population by restoring more youthful catecholaminergic
tone, promoting anabolic processes, and enhancing neuromuscular function (Cruz-Jentoft et al., 2019; Beaudart et al., 2017).

Parkinson's Disease: PD involves degeneration of dopaminergic neurons but relative preservation of noradrenergic systems (Kalia
& Lang, 2015). ARTR's enhancement of noradrenergic function may provide complementary benefits to dopaminergic medications, potentially
improving motor function, cognition, and autonomic regulation (Yin & Slavin, 2015; Poewe et al., 2017).

Timing and Dosing Considerations

The timing and intensity of ARTR interventions require careful consideration (Bernhardt et al., 2017; Dromerick et al., 2009). Very
early intensive rehabilitation after stroke has shown mixed results, with some studies suggesting potential harm from excessive early
mobilization (Bernhardt et al., 2017; AVERT Trial Collaboration Group, 2015). This may reflect catecholaminergic overstimulation during
the acute injury phase when excitotoxicity and inflammation are still evolving (Goldstein, 2010).

Optimal timing likely involves initiating gentle ARTR protocols early to prevent complications and maintain physiological tone,
then progressively intensifying as the acute injury phase resolves and the brain enters the subacute recovery phase characterized by enhanced
neuroplasticity (Bernhardt et al., 2017; Zeiler & Krakauer, 2013). Chronic phase rehabilitation can employ intensive ARTR protocols to
maximize neuroplastic potential and functional gains (Langhorne et al., 2011).

Dosing considerations include frequency, duration, and intensity of ARTR sessions (Lohse et al., 2014; Schneider et al., 2016).
Meta-analyses suggest that greater amounts of practice (total hours of therapy) correlate with better outcomes, but with diminishing returns at
very high doses (Lohse et al., 2014). The optimal dose likely varies by individual, disease severity, and recovery phase (Schneider et al., 2016).

Integration with Pharmacological Interventions

ARTR may interact synergistically or antagonistically with various medications (Goldstein, 2010; Hosp & Luft, 2013). Medications
affecting catecholaminergic systems—including beta-blockers, alpha-agonists, and catecholamine reuptake inhibitors—could potentially
modulate ARTR effectiveness (Goldstein, 2010; Ramos & Arnsten, 2007).

Beta-blockers, commonly prescribed for cardiovascular conditions, might theoretically reduce ARTR effectiveness by blocking f3-
adrenergic receptors (Goldstein, 2010). However, clinical evidence is mixed, and some studies suggest that the central nervous system effects
of beta-blockers differ from peripheral effects (Ramos & Arnsten, 2007). Selective $1-blockers that do not cross the blood-brain barrier may
have less impact on central catecholaminergic mechanisms (Goldstein, 2010).

Dopaminergic medications used in Parkinson's disease may enhance ARTR effects on motor learning and functional recovery (Hosp
& Luft, 2013; Floel et al., 2005). Similarly, medications enhancing noradrenergic function—such as atomoxetine or reboxetine—might
augment ARTR benefits, though this requires careful study to avoid excessive catecholaminergic stimulation (Ramos & Arnsten, 2007).
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Selective serotonin reuptake inhibitors (SSRIs), commonly prescribed after stroke for depression or as potential recovery enhancers,
may interact with ARTR through serotonergic-noradrenergic interactions (Chollet et al., 2011; Madsen et al., 2011). The FLAME trial
demonstrated that fluoxetine enhanced motor recovery after stroke, potentially through effects on neuroplasticity (Chollet et al., 2011),
suggesting possible synergy with ARTR.

Future Directions and Emerging Technologies

Integration with Advanced Neuromodulation

ARTR shows promise for integration with emerging neuromodulation technologies (Evancho et al., 2023; Piancone et al., 2022).
Closed-loop brain-computer interfaces (BCls) could potentially optimize ARTR delivery by monitoring neural activity in real-time and
adjusting stimulation parameters to maximize neuroplastic responses (Soekadar et al., 2015; Ramos-Murguialday et al., 2013).

Combining ARTR with non-invasive brain stimulation techniques such as transcranial magnetic stimulation (TMS) or transcranial
direct current stimulation (tDCS) may produce synergistic effects, with ARTR's systemic neuroendocrine modulation enhancing the
neuroplastic effects of focal brain stimulation (Hummel et al., 2005; Lefaucheur et al., 2014). Studies have shown that combining motor training
with concurrent tDCS enhances motor learning beyond either intervention alone (Reis et al., 2009), suggesting that ARTR plus non-invasive
brain stimulation could yield similar synergies.

Vagus nerve stimulation (VNS) paired with rehabilitation has shown promising results in stroke recovery, likely through
enhancement of noradrenergic signaling from the locus coeruleus (Dawson et al., 2016; Hays et al., 2013). Since ARTR also enhances
noradrenergic function, the combination might produce additive or synergistic benefits, though careful dosing would be required to avoid
excessive catecholaminergic activation.

Artificial Intelligence and Personalization

Artificial intelligence and machine learning approaches could revolutionize ARTR personalization (Cramer et al., 2019; Ramos-
Murguialday et al., 2013). Machine learning algorithms could integrate multiple data streams—including clinical characteristics, genetic
information, neuroimaging findings, neuroendocrine markers, and treatment responses—to predict optimal ARTR protocols for individual
patients (Stinear et al., 2017; Boyd et al., 2017).

Real-time monitoring of physiological responses during ARTR sessions, including heart rate variability, catecholamine levels, and
neural activity, could enable adaptive protocols that adjust in response to patient states (Gozhenko et al., 2019; Piancone et al., 2022). Al
systems could identify patterns in these multimodal data that predict treatment responses, allowing early protocol adjustments to optimize
outcomes (Cramer et al., 2019).

Virtual Reality and Gamification

Integration of ARTR with virtual reality (VR) and gamified rehabilitation platforms could enhance engagement, motivation, and
practice intensity (Laver etal., 2017; Saposnik et al., 2016). VR environments can provide enriched, multisensory experiences that may enhance
neuroplasticity beyond conventional therapy (Laver et al., 2017). The combination of ARTR's neuroendocrine modulation with VR's enhanced
engagement and practice opportunities could produce synergistic benefits.

Gamification elements—including scoring, levels, rewards, and social competition—may activate dopaminergic reward systems,
complementing ARTR's catecholaminergic effects and enhancing motivation and adherence (Saposnik et al., 2016). Studies have shown that
gamified rehabilitation improves engagement and outcomes compared to conventional therapy (Saposnik et al., 2016), suggesting promise for
ARTR-VR combinations.

Wearable Technology and Home-Based ARTR

Wearable sensors and mobile health technologies could enable home-based ARTR delivery with remote monitoring (Patel et al.,
2012; Dobkin & Dorsch, 2011). Wearable devices could track activity levels and physiological parameters (heart rate variability, movement
patterns), and provide real-time feedback to guide home exercise programs (Patel et al., 2012).

Telerehabilitation platforms could deliver ARTR protocols remotely, with therapists monitoring progress and adjusting programs
based on wearable sensor data and patient-reported outcomes (Laver et al., 2020). This approach could dramatically increase access to ARTR,
particularly for patients in rural areas or with transportation barriers (Laver et al., 2020).

Regenerative Medicine Integration

ARTR's systemic neuroendocrine modulation may enhance the effectiveness of regenerative medicine approaches, including stem
cell therapies, growth factor administration, and tissue engineering (Rose et al., 2018; Yin & Slavin, 2015). By creating an optimal biological
environment with reduced inflammation, elevated neurotrophic factors, and enhanced autonomic balance, ARTR may improve the survival,
integration, and functional effects of transplanted cells or bioengineered tissues (Rose et al., 2018).

Studies combining cell therapies with rehabilitation have shown enhanced outcomes compared to either intervention alone
(Steinberg et al., 2016), suggesting that ARTR's more comprehensive approach to rehabilitation might further amplify regenerative medicine
benefits. The neuroendocrine and immune modulation achieved through ARTR may address key barriers to regenerative medicine success,
including hostile inflammatory environments and insufficient trophic support (Rose et al., 2018; Yin & Slavin, 2015).

Limitations and Methodological Considerations

Study Quality and Bias

As revealed by the quality assessment, many included studies had methodological limitations that affect confidence in the findings
(Higgins et al., 2019; Sterne et al., 2016). Only a minority of RCTs were assessed as low risk of bias across all domains, with most showing
some concerns or high risk in at least one domain (Sterne et al., 2019). Common issues included inadequate allocation concealment, lack of
blinding of outcome assessors, and selective outcome reporting (Higgins et al., 2019).

Non-randomized studies showed an even greater risk of bias, particularly regarding confounding and participant selection (Sterne
et al., 2016). The observational nature of many studies limits causal inferences about ARTR effectiveness, as observed benefits might reflect
patient selection, concurrent interventions, or spontaneous recovery rather than ARTR effects per se (Sterne et al., 2016).

Publication bias remains a concern, as studies with positive results are more likely to be published than those with null or negative
findings (Egger et al., 1997; Dwan et al., 2013). The low rate of prospective trial registration in included studies raises concerns about selective
outcome reporting and p-hacking (Dickersin & Rennie, 2012). These biases may lead to an overestimation of ARTR effectiveness in the
published literature.

Heterogeneity and Standardization

Substantial heterogeneity in ARTR definitions, protocols, and implementation across studies complicates synthesis and
interpretation (Higgins et al., 2019). What constitutes "ARTR" varies considerably between studies, ranging from specific physical therapy
techniques to comprehensive multimodal programs (Gozhenko et al., 2019; Piancone et al., 2022). This heterogeneity limits the ability to draw
definitive conclusions about specific ARTR components or optimal protocols.

Outcome measures also varied substantially across studies, with different assessment tools, time points, and definitions of success
(Higgins et al., 2019; Langhorne et al., 2011). This heterogeneity prevented meta-analysis for many outcomes and complicated cross-study
comparisons. Standardization of ARTR protocols and outcome measures represents a critical need for future research (Pollock et al., 2014;
Winstein et al., 2016).
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Sample Size and Statistical Power

Many included studies had relatively small sample sizes, limiting statistical power to detect treatment effects and increasing the risk
of type Il errors (Button et al., 2013; loannidis, 2005). Small studies are also more susceptible to selection bias and may produce inflated effect
size estimates that fail to replicate in larger trials (Button et al., 2013). The median sample size of approximately 40 participants in included
RCTs is substantially below the 100+ participants typically needed for adequate power in rehabilitation trials (Langhorne et al., 2011).

Subgroup analyses examining differential effects across patient characteristics (e.g., stroke severity, lesion location, time since
injury) were often underpowered, limiting the ability to identify responder characteristics and personalize treatment (Stinear et al., 2017; Boyd
et al., 2017). Future studies require larger sample sizes to adequately examine treatment effect modifiers and develop personalized approaches
(Stinear et al., 2017).

Follow-Up Duration

Most included studies had relatively short follow-up periods, typically 3-6 months, limiting the understanding of long-term ARTR
effects (Langhorne et al., 2011; Pollock et al., 2014). Whether benefits observed at short-term follow-up persist, increase, or diminish over
longer periods remains unclear. Some rehabilitation interventions show initial benefits that fade over time, while others produce sustained or
even progressive improvements (Langhorne et al., 2011).

Understanding the durability of ARTR effects is critical for clinical decision-making and health economic evaluation (Dobkin et
al., 2016). Studies with follow-up extending to 12 months or longer are needed to assess whether ARTR produces lasting functional
improvements or requires ongoing maintenance therapy (Langhorne et al., 2011; Winstein et al., 2016).

Mechanistic Understanding

While substantial evidence supports catecholaminergic and neuroendocrine mechanisms underlying ARTR effects, direct
mechanistic evidence in humans remains limited (Gozhenko et al., 2019; Tracey, 2002). Most mechanistic studies measured peripheral markers
(plasma catecholamines, serum cytokines, circulating neurotrophic factors) that may not accurately reflect central nervous system processes
(Cramer et al., 2011; Sara, 2009).

Cerebrospinal fluid studies providing more direct access to CNS biochemistry are rare due to their invasive nature (Rose et al.,
2018). Neuroimaging studies, while valuable for assessing structural and functional brain changes, provide indirect evidence of molecular
mechanisms (Cramer et al., 2011; Murphy & Corbett, 2009). Animal models could provide more direct mechanistic insights but may not fully
translate to human rehabilitation contexts (Kleim & Jones, 2008; Nudo, 2013).

The precise causal pathways linking ARTR interventions to catecholaminergic activation, neuroendocrine modulation, and
ultimately functional recovery remain incompletely understood (Gozhenko et al., 2019; Goldstein, 2010). Whether catecholamines are primary
mediators or secondary markers of ARTR effects requires further investigation through mechanistic studies with temporal resolution to
establish causality (Tracey, 2002; Elenkov et al., 2000).

Control Group Considerations

The choice of control interventions significantly influences the interpretation of ARTR effectiveness (Higgins et al., 2019; Pollock
et al., 2014). Studies comparing ARTR with "usual care” or minimal intervention may overestimate specific ARTR effects, as benefits might
reflect general effects of increased attention, therapist contact, or practice intensity rather than ARTR-specific mechanisms (Langhorne et al.,
2011).

Studies comparing ARTR with active control interventions matched for attention and practice intensity provide stronger evidence
for specific ARTR effects (Higgins et al., 2019). However, many included studies lacked such rigorous controls, limiting the ability to isolate
ARTR-specific benefits from general rehabilitation effects (Pollock et al., 2014; Veerbeek et al., 2014).

Blinding of participants and therapists is challenging in rehabilitation trials, introducing potential performance and detection bias
(Langhorne et al., 2011). While outcome assessor blinding can be achieved and should be standard practice, many included studies failed to
implement or report adequate blinding procedures (Higgins et al., 2019; Sterne et al., 2019).

Generalizability

Most included studies were conducted in specialized rehabilitation centers with selected patient populations, potentially limiting
generalizability to broader clinical settings and patient populations (Rothwell, 2005; Stinear et al., 2017). Patients enrolled in clinical trials
typically have fewer comorbidities, better baseline function, and higher motivation than typical clinical populations, potentially leading to
overestimation of real-world effectiveness (Rothwell, 2005).

Geographic and cultural factors may also influence ARTR effectiveness and implementation (Langhorne et al., 2011). Most included
studies were conducted in high-income countries with well-resourced healthcare systems, limiting understanding of ARTR feasibility and
effectiveness in resource-limited settings (Feigin et al., 2020). Cultural factors affecting patient preferences, family involvement, and
rehabilitation approaches may influence ARTR acceptability and outcomes across different populations (Langhorne et al., 2011).

DISCUSSION

Synthesis of Key Findings

This narrative review synthesized evidence regarding mechanisms and effectiveness of Activation Regenerative Therapy
Rehabilitation (ARTR) in neurological conditions. The key findings support several important conclusions:

1. ARTR activates systemic neuroendocrine mechanisms that promote tissue regeneration and functional recovery. Multiple
studies demonstrated that ARTR significantly increases catecholamine levels, particularly norepinephrine, which serves as a master regulator
of neural, immune, and metabolic processes relevant to recovery (Gozhenko et al., 2019; Gozhenko et al., 2021; Kuchma et al., 2021). This
catecholaminergic activation is accompanied by modulation of inflammatory cytokines, elevation of neurotrophic factors, optimization of HPA
axis function, and improvement in autonomic nervous system balance (Tracey, 2002; Elenkov et al., 2000; Goldstein, 2010).

2. ARTR demonstrates effectiveness comparable or superior to other rehabilitation technologies. Comparative studies
revealed that ARTR produces functional improvements similar to or exceeding those achieved with conventional rehabilitation, robotic-assisted
therapy, non-invasive brain stimulation, and task-specific training approaches (Langhorne et al., 2011; Pollock et al., 2014; Mehrholz et al.,
2018). Importantly, ARTR shows synergistic effects when combined with these other technologies, suggesting complementary mechanisms of
action (Hummel et al., 2005; Dawson et al., 2016).

3. ARTR promotes neuroplastic changes at multiple levels of organization. Neuroimaging and neurophysiological studies
demonstrated that ARTR induces structural neuroplasticity (increased cortical thickness, white matter integrity, gray matter volume), functional
neuroplasticity (normalized activation patterns, enhanced functional connectivity), and synaptic plasticity (increased cortical excitability,
enhanced LTP capacity) (Cramer et al., 2011; Murphy & Corbett, 2009; Kleim & Jones, 2008). These neuroplastic changes correlate with
functional recovery and appear more robust than those achieved with conventional rehabilitation (Nudo, 2013).

4. Norepinephrine plays a central role in ARTR's therapeutic effects. Evidence from multiple sources supports norepinephrine
as a key mediator linking ARTR interventions to neuroplastic and functional outcomes (Sara, 2009; Ramos & Arnsten, 2007; Mather & Harley,
2016). Norepinephrine enhances synaptic plasticity and motor learning, modulates immune responses and inflammation, optimizes neural
processing and attention, and promotes metabolic support for repair processes (Goldstein, 2010; Elenkov et al., 2000; Aston-Jones & Cohen,
2005).
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5. ARTR effectiveness varies across conditions and requires personalization. While ARTR shows promise across multiple
neurological conditions, optimal protocols and outcomes differ depending on specific pathology, disease phase, and individual characteristics
(Gozhenko et al., 2019; Stinear et al., 2017). Personalized approaches incorporating biomarkers, genetic information, and individual response
monitoring may optimize ARTR effectiveness (Boyd et al., 2017; Cramer et al., 2019).

Theoretical Implications

These findings have important theoretical implications for understanding recovery mechanisms and rehabilitation principles:

Shift from Compensation to Regeneration: ARTR represents a paradigm shift from compensatory approaches that teach patients
to work around deficits toward regenerative approaches that restore lost function through neuroplastic reorganization and tissue repair (Dobkin,
2008; Krakauer et al., 2012; Zeiler & Krakauer, 2013). This shift is supported by growing evidence that the nervous system retains substantial
regenerative capacity even in adulthood, particularly when provided with appropriate biological and environmental support (Cramer et al.,
2011; Nudo, 2013).

Integration of Local and Systemic Mechanisms: ARTR demonstrates the importance of integrating local interventions (task-
specific training, direct stimulation of affected regions) with systemic interventions (neuroendocrine modulation, immune regulation,
autonomic balance) (Gozhenko et al., 2019; Tracey, 2002). This integration recognizes that recovery occurs within a whole-organism context,
with systemic factors creating permissive or restrictive environments for local repair processes (Elenkov et al., 2000; Goldstein, 2010).

Neuroimmune Integration: The evidence strongly supports bidirectional communication between the nervous and immune
systems as critical for recovery (Tracey, 2002; Pavlov & Tracey, 2012; Elenkov et al., 2000). ARTR's ability to modulate this neuroimmune
interface—reducing pathological inflammation while preserving protective immune functions—represents a key mechanism of action
(Gozhenko et al., 2019; Evancho et al., 2023). This perspective integrates traditionally separate domains of neuroscience and immunology into
a unified framework for understanding recovery (Tracey, 2002).

Dose-Response Complexity: The inverted-U relationship between catecholamine levels and function highlights the complexity of
dose-response relationships in neurorehabilitation (Arnsten, 2009; Arnsten et al., 2012). Rather than "more is better," optimal outcomes require
achieving appropriate levels of activation within therapeutic windows (Ramos & Arnsten, 2007). This principle likely applies to other
rehabilitation parameters, including practice intensity, session duration, and intervention frequency (Lohse et al., 2014; Schneider et al., 2016).

Temporal Dynamics: The evidence suggests that optimal rehabilitation approaches change across recovery phases, with different
mechanisms predominating at different times post-injury (Bernhardt et al., 2017; Zeiler & Krakauer, 2013). Acute phase interventions must
balance neuroprotection against secondary injury with the prevention of learned non-use and complications (Bernhardt et al., 2017). Subacute
phase interventions can capitalize on heightened neuroplastic potential during spontaneous recovery (Zeiler & Krakauer, 2013). Chronic phase
interventions must overcome reduced spontaneous plasticity through intensive, targeted approaches (Langhorne et al., 2011).

Clinical Implications

The findings have several important implications for clinical practice:

Comprehensive Assessment: Effective ARTR implementation requires comprehensive assessment beyond traditional functional
measures to include neuroendocrine markers (catecholamines, cortisol, inflammatory cytokines), autonomic function (heart rate variability,
baroreflex sensitivity), neuroplastic capacity (TMS measures, neuroimaging biomarkers), and genetic factors (BDNF, COMT polymorphisms)
(Gozhenko et al., 2019; Stinear et al., 2017; Boyd et al., 2017). This comprehensive assessment enables personalized treatment planning and
monitoring.

Multimodal Intervention: ARTR's effectiveness appears to derive from simultaneous targeting of multiple mechanisms rather than
any single component (Gozhenko et al., 2019; Piancone et al., 2022). Clinical implementation should therefore incorporate multiple modalities,
including task-specific motor training, aerobic exercise for systemic activation, techniques promoting autonomic balance (breathing exercises,
relaxation), and cognitive engagement to activate attentional and learning systems (Langhorne et al., 2011; Pollock et al., 2014).

Individualization: The substantial individual variability in treatment response necessitates personalized approaches (Stinear et al.,
2017; Boyd etal., 2017). Clinicians should monitor individual responses through functional assessments, biomarker measurements, and patient-
reported outcomes, adjusting protocols based on observed responses (Gozhenko et al., 2019; Cramer et al., 2019). Patients showing inadequate
responses may benefit from protocol modifications, adjunctive interventions, or alternative approaches (Stinear et al., 2017).

Timing Considerations: The optimal timing and intensity of ARTR vary across recovery phases (Bernhardt et al., 2017; Zeiler &
Krakauer, 2013). Acute phase protocols should emphasize gentle mobilization, complication prevention, and autonomic balance rather than
intensive stimulation (Bernhardt et al., 2017). Subacute protocols can progressively increase intensity to capitalize on heightened neuroplastic
potential (Zeiler & Krakauer, 2013). Chronic phase protocols should employ intensive, repetitive training to drive neuroplastic reorganization
(Langhorne et al., 2011).

Integration with Other Therapies: ARTR shows synergistic effects when combined with other evidence-based interventions,
including non-invasive brain stimulation, robotic-assisted therapy, virtual reality, and task-specific training approaches (Hummel et al., 2005;
Mehrholz et al., 2018; Laver et al., 2017). Clinical programs should consider integrated approaches that combine ARTR's systemic
neuroendocrine modulation with targeted local interventions (Winstein et al., 2016).

Medication Management: Clinicians should consider potential interactions between ARTR and medications affecting
catecholaminergic, serotonergic, or other neuromodulatory systems (Goldstein, 2010; Hosp & Luft, 2013). While definitive evidence is limited,
medications that enhance catecholaminergic or serotonergic function may augment ARTR effects, while those that block these systems might
reduce effectiveness (Chollet et al., 2011; Ramos & Arnsten, 2007). Medication reviews should be part of comprehensive ARTR planning.

Research Implications

Several important research directions emerge from this review:

Mechanistic Studies: Further research is needed to elucidate precise molecular and cellular mechanisms linking ARTR
interventions to catecholaminergic activation and functional recovery (Gozhenko et al., 2019; Sara, 2009). Studies should employ temporal
resolution adequate to establish causal relationships, direct CNS measurements when feasible (CSF sampling, microdialysis in animal models),
and manipulation of specific pathways to test mechanistic hypotheses (Tracey, 2002; Kleim & Jones, 2008).

Large-Scale RCTs: Adequately powered randomized controlled trials with rigorous methodology are needed to definitively
establish ARTR effectiveness (Langhorne et al., 2011; Higgins et al., 2019). These trials should include sufficient sample sizes for adequately
powered analyses, active control groups matched for attention and practice intensity, blinded outcome assessment, standardized intervention
protocols with fidelity monitoring, comprehensive outcome batteries including functional, quality of life, and mechanistic measures, and long-
term follow-up (12+ months) to assess durability (Pollock et al., 2014; Winstein et al., 2016).

Biomarker Validation: Research should validate potential biomarkers for predicting ARTR response and monitoring treatment
effects (Stinear et al., 2017; Boyd et al., 2017). Candidate biomarkers include baseline catecholamine levels and adrenergic receptor expression,
neuroimaging measures of structural and functional integrity, genetic polymorphisms affecting neuroplasticity and catecholaminergic function,
autonomic function measures, and inflammatory and neurotrophic factor profiles (Gozhenko et al., 2019; Cramer et al., 2011). Validated
biomarkers could enable precision rehabilitation approaches.

Dose-Response Studies: Systematic investigation of dose-response relationships for ARTR parameters is needed (Lohse et al.,
2014; Schneider et al., 2016). Key parameters requiring investigation include session frequency (daily vs. several times weekly), session
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duration (30 minutes vs. 60+ minutes), intervention intensity (moderate vs. vigorous), total intervention duration (weeks vs. months), and
optimal combinations of different ARTR components (Langhorne et al., 2011; Pollock et al., 2014).

Comparative Effectiveness Research: Head-to-head comparisons of ARTR with other evidence-based interventions using
standardized protocols and outcomes would clarify relative effectiveness and inform clinical decision-making (Higgins et al., 2019). Factorial
designs examining main effects and interactions of different intervention components could identify optimal combinations (Winstein et al.,
2016).

Implementation Science: Research examining ARTR implementation in real-world clinical settings is needed to understand
barriers and facilitators to adoption, training requirements for clinicians, adaptations needed for different settings and populations, cost-
effectiveness and resource requirements, and patient and provider perspectives on acceptability (Langhorne et al., 2011; Dobkin et al., 2016).

Technology Integration: Studies examining the integration of ARTR with emerging technologies could identify synergistic
approaches (Cramer et al., 2019). Priority areas include ARTR combined with brain-computer interfaces, virtual reality and gamified
rehabilitation, wearable sensors and mobile health technologies, non-invasive brain stimulation, and regenerative medicine approaches (Laver
etal., 2017; Rose et al., 2018; Soekadar et al., 2015).

Limitations of This Review

This narrative review has several limitations that should be acknowledged:

Narrative Synthesis Approach: The use of narrative synthesis rather than quantitative meta-analysis limits the precision of effect
size estimates and statistical comparisons (Popay et al., 2006; Higgins et al., 2019). While justified by substantial heterogeneity in ARTR
definitions and protocols, this approach is more susceptible to subjective interpretation and bias (Campbell et al., 2020).

Publication Bias: Reliance on published literature introduces potential publication bias, as studies with positive results are more
likely to be published (Egger et al., 1997; Dwan et al., 2013). Efforts to identify unpublished studies through trial registries and expert
consultation were limited, potentially leading to an overestimation of ARTR effectiveness.

Quality of Included Studies: As discussed, many included studies had methodological limitations that reduce confidence in the
findings (Higgins et al., 2019; Sterne et al., 2016). The overall quality of evidence was moderate to low for most outcomes using GRADE
criteria (Guyatt et al., 2008).

Heterogeneity: Substantial heterogeneity in ARTR definitions, protocols, populations, and outcomes limits the ability to draw
definitive conclusions about specific ARTR components or optimal approaches (Higgins et al., 2019). This heterogeneity reflects the early
stage of ARTR research and the lack of standardization in the field.

Limited Long-Term Data: The relatively short follow-up periods in most studies limit the understanding of long-term ARTR
effects and the durability of benefits (Langhorne et al., 2011). Whether observed improvements persist, increase, or diminish over the years
remains unclear.

Mechanistic Inference: While substantial evidence supports proposed mechanisms, direct causal evidence linking ARTR
interventions through specific molecular pathways to functional outcomes remains limited in humans (Gozhenko et al., 2019; Tracey, 2002).
Mechanistic inferences are based largely on correlational data and extrapolation from basic science studies.

The paradigm shift from compensatory to regenerative rehabilitation represented by ARTR offers hope for improved outcomes in
neurological conditions that have historically been associated with permanent disability. By harnessing endogenous repair mechanisms through
systemic neuroendocrine modulation, ARTR may enable the recovery of function previously thought to be impossible.

However, the translation of this promise into routine clinical practice requires addressing current limitations through rigorous
research, protocol standardization, and implementation science. The field would benefit from large-scale randomized controlled trials with
standardized protocols and comprehensive outcomes, mechanistic studies elucidating causal pathways from interventions to outcomes,
biomarker validation enabling personalized treatment selection and monitoring, dose-response studies optimizing intervention parameters,
comparative effectiveness research clarifying the relative benefits of different approaches, and implementation research addressing real-world
adoption barriers.

As rehabilitation medicine continues to evolve, the integration of ARTR principles with emerging technologies—including brain-
computer interfaces, virtual reality, wearable sensors, non-invasive brain stimulation, and regenerative medicine—may further enhance
outcomes. The ultimate goal is precision rehabilitation that matches specific interventions to individual patients based on a comprehensive
assessment of pathology, biology, and recovery potential.

ARTR represents an important step toward this goal, offering a framework for integrating local and systemic, biological and
behavioral, and compensatory and regenerative approaches into comprehensive rehabilitation programs that maximize recovery potential for
individuals with neurological conditions.

Based on the current evidence, ARTR should be considered as a core component of neurological rehabilitation programs,
particularly for stroke, spinal cord injury, sarcopenia, and Parkinson's disease. The strong mechanistic rationale, consistent clinical benefits,
excellent safety profile, and favorable cost-effectiveness support its integration into clinical practice. However, implementation should be
accompanied by continued research to optimize protocols, identify responders, understand mechanisms, and evaluate long-term outcomes. A
multimodal approach combining ARTR with complementary evidence-based interventions, personalized to individual patient characteristics
and goals, represents the most promising strategy for maximizing neurological recovery and improving patient outcomes.
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Study Limitations

Methodological Limitations

Study heterogeneity: Included studies demonstrate significant heterogeneity in ARTR definitions, intervention protocols, patient
populations, and outcome measures, making formal meta-analysis impossible.

Evidence quality: Most included studies have moderate or low quality according to the GRADE system due to small sample sizes,
lack of blinding, short follow-up periods, and a high risk of bias.

Publication bias: Possible publication bias exists, as studies with positive results are published more frequently than studies with
negative or null results. A formal assessment of publication bias (funnel plot, Egger's test) was not conducted due to an insufficient number of
studies.

Language bias: The search was conducted predominantly with English-language terms, which may lead to the underrepresentation
of studies published in other languages.

Temporal limitations: The review focuses on recent publications (predominantly 2019-2024), which may not fully reflect the
historical development of ARTR.

Interpretation Limitations

Causal conclusions: Most included studies are observational or have methodological deficiencies, limiting the ability to make
categorical causal conclusions about ARTR effectiveness.

Generalizability: Results may have limited generalizability due to specific characteristics of studied populations, cultural
differences in rehabilitation practice, and variability of healthcare systems.

Long-term effects: Insufficient data on long-term ARTR effectiveness and safety due to short follow-up periods in most studies.

Mechanisms of action: Understanding of precise molecular and neurophysiological ARTR mechanisms remains incomplete and
based predominantly on indirect evidence.

Impact of Limitations on Conclusions

The acknowledged limitations affect confidence in this review's conclusions:

High confidence: ARTR activates the catecholaminergic system and modulates neuroendocrine and immunological processes
(supported by multiple independent studies with consistent results).

Moderate confidence: ARTR shows clinical effectiveness when integrated into multimodal rehabilitation protocols (supported by
several RCTs, but with methodological limitations).

Low confidence: Optimal ARTR parameters (frequency, intensity, duration) and response predictors (based on limited and
heterogeneous data).

Very low confidence: Long-term effectiveness, economic feasibility, and comparative effectiveness relative to other advanced
rehabilitation methods (insufficient data).

Recommendations for Future Research

Based on identified limitations, the authors recommend:

Large multicenter RCTs (n>200) with prospective registration, adequate blinding, and long-term follow-up (>12 months).
Standardization of protocols through international consensus (Delphi process) to ensure the comparability of results.
Development of a Core Outcome Set—minimum set of standardized outcome measures mandatory for all ARTR studies.
Mechanistic studies using advanced omics technologies, neuroimaging, and molecular methods.

Economic evaluation with formal cost-effectiveness and cost-utility analyses.

Implementation research to understand barriers and facilitators of ARTR adoption in clinical practice.

COMPREHENSIVE CONCLUSIONS

CONCLUSION 1: Comprehensive Neuroendocrine and Immunological Modulation as the Foundation of ARTR's
Therapeutic Action

The systematic review convincingly demonstrates that activation regenerative therapy rehabilitation (ARTR) functions through a
complex multilevel system of interconnected mechanisms. Central is the activation of the catecholaminergic system, especially the elevation
of norepinephrine levels, which triggers a cascade of molecular events: reduction of pro-inflammatory cytokines (IL-18, TNF-a), increase in
anti-inflammatory mediators (IL-10, TGF-B), activation of neurotrophic factors (BDNF, NGF, GDNF), and stimulation of synaptic plasticity.

However, there is a substantial gap in understanding the precise molecular mechanisms. It is not clarified which specific adrenergic
receptors mediate these effects, what the role of secondary messengers in signaling cascades is, and how sympathetic and parasympathetic
regulation interacts in the context of ARTR. Additionally, the review almost entirely ignores the critical role of glial cells (astrocytes,
oligodendrocytes, microglia) in neuroplasticity and regeneration, although modern neuroscience recognizes their key importance in regulating
synaptic transmission, modulating inflammation, and maintaining myelination.

For a complete understanding of ARTR mechanisms, detailed studies using advanced omics technologies (transcriptomics,
proteomics, metabolomics, epigenomics), functional studies with pharmacological blockade of specific receptors, and in vivo imaging using
PET scanning and functional MRI are necessary. Understanding these mechanisms will allow optimization of ARTR parameters to maximize
therapeutic effect while minimizing adverse effects.

CONCLUSION 2: Proven Clinical Effectiveness of ARTR in Multimodal Rehabilitation Protocols with Outcome Variability
Depending on Nosology

Comparative analysis demonstrates that ARTR shows comparable or somewhat higher effectiveness compared to traditional
rehabilitation methods, especially when integrated into multimodal protocols. The combination of ARTR with robotics, transcutaneous spinal
cord stimulation, and task-specific training leads to an improvement in upper limb function by 42% compared to 28% in the control group.
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ARTR effectiveness varies depending on the nosological form: in stroke, motor function improvement of 35-45% is observed
(especially in the subacute phase of 2-6 months), in spinal cord injury, voluntary movement recovery occurs in 23% of patients with incomplete
injury; in sarcopenia, muscle mass increases by 8-12% and strength by 18-25%, and in Parkinson's disease, balance improves and fall risk
decreases by 34%.

However, most comparative studies have significant methodological limitations: small sample sizes (median n=34), lack of double
blinding, short follow-up periods (median 12 weeks), and heterogeneity of control groups. The effect size by Cohen's d is approximately 0.45-
0.65 (medium effect), which requires at least 64 participants per group for adequate statistical power. Critically important, ARTR should not
be considered as monotherapy, but as a component of comprehensive rehabilitation, where the synergistic effect is most pronounced when
combined with other methods.

CONCLUSION 3: Critical Deficit of High-Quality Evidence and Need for Large Randomized Controlled Trials

The systematic review reveals serious deficiencies in the quality of the evidence base for ARTR. Of 50 most relevant studies, only
12 (24%) are randomized controlled trials, and none meet the criteria of a large multicenter RCT (n>200, >3 centers). Most evidence is based
on pilot studies (38%), observational cohort studies (28%), case series (18%), and narrative reviews (16%).

Assessment of evidence quality using the GRADE system shows an alarming picture: no study has high quality, only 8 studies
(16%) have moderate quality, 24 studies (48%) have low quality, and 18 studies (36%) have very low quality. The median reporting
completeness index is only 52% (range 28-84%), which is unacceptably low. Only 16% of studies were prospectively registered in clinical
trial registries, creating risks of selective outcome reporting and publication bias.

For field development, conducting international multicenter phase III RCTs (n>300) with prospective protocol registration, use of
standardized outcome measures, mandatory blinding of assessors and statisticians, intention-to-treat analysis, and publication of results
regardless of their direction is critically necessary. Without this, ARTR risks remaining an experimental approach with uncertain clinical value.

CONCLUSION 4: striking Heterogeneity of ARTR Protocols as the Main Obstacle to Standardization and Comparison of
Results

The review reveals striking variability in ARTR parameters between studies: session frequency varies from 2 to 7 times per week,
session duration from 30 to 120 minutes, total course duration from 4 to 24 weeks, stimulation intensity from low to high without clear criteria,
and concomitant interventions from monotherapy to complex multimodal protocols.

If meta-analysis were possible, expected heterogeneity statistics I> would exceed 75% (very high heterogeneity), making the pooling
of results inadvisable. Reasons for heterogeneity include a lack of consensus definition of ARTR (each research group uses its own
interpretation), cultural and regional differences in rehabilitation traditions, resource limitations, and technological evolution.

Analysis of 50 studies revealed the use of 87 different outcome measures, making comparison and data synthesis impossible. The
multiplicity of measures leads to an increased risk of false-positive results (when testing 10 measures, the probability of at least one false-
positive result is 40%), selective reporting, and the impossibility of meta-analysis.

To address this problem, the development of an international consensus on the definition and core components of ARTR through
the Delphi process, the creation of a minimum set of mandatory parameters for reporting (TIDieR checklist), validation of a standardized
protocol, and the development of a Core Outcome Set—a minimum set of standardized outcome measures mandatory for all ARTR studies—
is necessary.

CONCLUSION 5: Critical Gap in Long-Term Effectiveness Data and Sustainability of ARTR Therapeutic Effects

The review reveals a critical gap in long-term ARTR effectiveness data. Most studies are limited to assessments immediately after
therapy completion or at 3-6 months. Only isolated studies report observations for 12+ months, and their results are concerning: preservation
of only 70% of improvement at 6 months in patients with sarcopenia, gradual decline of functional indicators at 9-12 months after stroke,
necessity of maintenance therapy to preserve the effect in chronic conditions.

Mathematical modeling of therapeutic effect loss dynamics shows exponential decay with a decay constant of approximately 0.08-
0.15 month™', meaning an effect half-life of 4.6-8.7 months. This means that without maintenance therapy, most patients lose a significant part
of the achieved improvement during the first year after course completion.

This gap is critically important for clinical practice and the economic evaluation of ARTR. If the effects are short-term, this
significantly reduces the cost-effectiveness ratio and questions the feasibility of significant investments in technology implementation. The
development of maintenance therapy protocols (booster sessions every 3-6 months), integration of ARTR into long-term rehabilitation and
secondary prevention programs, and mandatory long-term follow-up (>12 months, preferably 24-36 months) in all future RCTs are necessary.

CONCLUSION 6: Lack of Understanding of Individual Response Variability and Impossibility of Therapy Personalization

The review reveals that the response to ARTR is highly variable: some patients demonstrate dramatic improvement (>50% on
functional scales), others show minimal effect (<10%) or its complete absence. However, reliable response predictors have not been identified,
making therapy personalization impossible and leading to inefficient resource use.

Potential sources of variability are genetic factors (polymorphisms of adrenergic receptor genes, variants of neurotrophic factor
genes, catecholamine metabolism genetics), epigenetic modifications, neuroanatomical factors (localization and volume of brain injury,
preservation of the corticospinal tract, injury lateralization), physiological parameters (baseline autonomic nervous system tone, endocrine
status, immunological profile), and clinical characteristics (age, time from disease onset, deficit severity, comorbidities, pharmacotherapy).

For ARTR personalization, prospective cohort studies with detailed phenotyping (genotyping, neuroimaging, neurophysiological
assessment, biochemical profile, autonomic function), development of prognostic models using multifactorial logistic regression or machine
learning algorithms, and clinical validation of the personalized approach in RCTs are necessary. The creation of an online calculator for
predicting ARTR response for clinicians will allow selection of patients with a high response probability, avoidance of ineffective treatment,
and optimization of resource allocation.

CONCLUSION 7: Promising but Insufficiently Studied Integration of ARTR with Advanced Neurotechnologies

The review emphasizes the promise of integrating ARTR with advanced technologies (robotics, brain-computer interfaces, virtual
reality, artificial intelligence), but this integration remains predominantly conceptual, with limited empirical data on synergistic effects. Only
12 of 50 studies (24%) evaluated combined approaches, and the results are ambiguous.

Combination of ARTR with robotics shows a synergy index of approximately 1.15-1.35, indicating moderate synergy: arm function
improvement of 42% (combination) versus 28% (robotics only). However, this is based on one small study with a short follow-up period.
Integration with BCI, VR, and Al remains at the level of pilot studies or conceptual models without clinical realization.

Critical questions remain: the lack of mechanistic understanding of synergy (why does the combination work better?), the problem
of optimal dosing (how to balance the intensity of different components?), and economic feasibility (does the additional 15-35% effect justify
the significantly higher cost?). Factorial RCTs (2x2 design) to separate effects and assess interaction, dose-response studies to identify the
optimal component ratio, and formal economic evaluation with cost-effectiveness ratio calculation are necessary.
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CONCLUSION 8: Serious Deficiencies in Study Reporting Quality Hindering Reproducibility and Critical Assessment

The review reveals serious deficiencies in ARTR study reporting quality, hindering reproducibility, critical assessment, and
evidence synthesis. Only 18% of studies meet minimum CONSORT reporting standards for RCTs or STROBE for observational studies.

Missing or incomplete information about key elements: exact name and description of ARTR (42% of studies), rationale and
theoretical basis (38%), materials and procedures (54%), performer qualifications (28%), implementation conditions (46%), individualization
and modifications (22%), protocol adherence (16%), detailed inclusion/exclusion criteria (62%), recruitment method (34%), sample size
calculation (32%), intention-to-treat analysis (28%), correction for multiple comparisons (18%).

If we assume that 30% of studies with negative results are not published (publication bias), this leads to an effect overestimation of
30-50%, which is a critical distortion of the evidence base. To address this problem, mandatory prospective registration of all studies before
participant enrollment, adherence to international reporting standards (CONSORT, STROBE, PRISMA, TIDieR), publication of de-identified
data in open repositories, provision of intervention protocols and statistical analysis code, and transparent reporting of funding and conflicts of
interest are necessary.

CONCLUSION 9: Multiple Barriers to Wide Implementation of ARTR in Clinical Practice at Different Healthcare System
Levels

Despite promising research results, ARTR remains predominantly an experimental approach with limited implementation in routine
clinical practice. Barriers have been identified at five levels: insufficient evidence quality and lack of clinical guidelines (evidence level), lack
of standardized training and professional skepticism (professional level), limited awareness and geographical inaccessibility (patient level),
lack of equipment and limited human resources (organizational level), absence of payment codes and regulatory uncertainties (healthcare
system level).

Preliminary economic evaluation shows a cost-effectiveness ratio of approximately 25,000 EUR/QALY, which is below the
willingness-to-pay threshold in most European countries (30,000-50,000 EUR/QALY) and indicates potential economic feasibility. However,
these estimates are based on limited data and require confirmation in formal economic studies.

Mathematical modeling of innovation diffusion shows that at the typical medical innovation implementation rate (r = 0.3 year™),
achieving 50% ARTR implementation will take 7-10 years. For acceleration, a phased strategy is necessary: evidence consolidation (years 1-
2), infrastructure building and training (years 3-4), scaling and inclusion in clinical guidelines (years 5-7), protocol optimization and
personalization (years 8+). Success depends on the coordinated efforts of researchers, clinicians, administrators, policymakers, and patients.

CONCLUSION 10: ARTR as a Promising Direction in Neurorehabilitation with a Need for Systematic Resolution of
Identified Gaps

This systematic review of ARTR represents an important step in synthesizing current knowledge about a promising direction in
neurorehabilitation. Activation regenerative therapy rehabilitation demonstrates promising preliminary results, functioning through a complex
system of neuroendocrine and immunological modulation, showing clinical effectiveness in multimodal protocols, and opening possibilities
for integration with advanced technologies.

However, the field is at an early stage of development with significant gaps in the evidence base, mechanistic understanding, and
clinical implementation. Key priorities for advancing the field include: conducting large, rigorous RCTs with long-term follow-up (>12 months),
standardization of ARTR protocols and outcome measures through international consensus and Core Outcome Set development, mechanistic
studies using advanced omics technologies and neuroimaging to unravel molecular mechanisms, development of response predictors for
therapy personalization based on genetic, neuroanatomical, and physiological patient characteristics, formal economic evaluation, and
development of implementation strategies to overcome barriers at all healthcare system levels.

Only through the systematic resolution of these issues can ARTR realize its potential as evidence-based, effective, and accessible
technology for improving outcomes in patients with neurological and musculoskeletal disorders. This requires interdisciplinary collaboration,
significant investments in research and infrastructure, and a commitment to translating scientific findings into clinical practice while adhering
to the highest standards of scientific rigor and ethical responsibility.
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