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​Neurogenetic Remodeling of the Sensorimotor Cortex Following Limb Loss​

​1.​ ​Introduction​

​Recent​​estimates​​suggest​​that​​tens​​of​​millions​​of​​people​​live​​with​​limb​​loss​​worldwide,​​including​​approximately​​57​​million​
​following​​trauma​​and​​over​​30​​million​​with​​lower​​limb​​amputations​​(McDonald​​et​​al.,​​2020;​​Sugawara​​et​​al.,​​2021;​​Yuan​​et​​al.,​
​2023),​ ​presenting​ ​a​ ​major​ ​global​ ​health​ ​issue.​ ​This​ ​condition​ ​fundamentally​ ​disrupts​ ​the​ ​sensorimotor​ ​pathways​ ​of​ ​the​
​brain​​by​​initiating​​a​​systemic​​recalibration​​that​​reshapes​​its​​internal​​architecture​​(Makin​​&​​Flor,​​2020;​​Sparling​​et​​al.,​​2024).​
​Thus,​ ​clinical​ ​outcomes​ ​may​ ​be​ ​improved​ ​by​ ​leveraging​ ​these​ ​neuroplastic​ ​changes​ ​to​ ​develop​ ​neuroprosthetics​ ​with​
​adaptive monitoring and feedback systems.​

​Over​​the​​past​​decades,​​breakthroughs​​in​​the​​field​​of​​neuroprosthetics​​have​​enabled​​the​​transition​​from​​simple​​mechanical​
​aids​​to​​advanced​​brain-machine​​interfaces​​(BMIs)​​capable​​of​​translating​​neural​​signals​​into​​precise​​movements.​​Despite​​this​
​progress,​ ​many​ ​devices​ ​still​ ​fail​ ​to​ ​monitor​ ​and​ ​adapt​ ​to​ ​the​ ​individual’s​ ​evolving​ ​neurophysiological​ ​states,​ ​leading​ ​to​
​limited​​functional​​recovery,​​persistent​​phantom​​limb​​pain,​​and​​low​​adoption​​rates​​(Demofonti​​et​​al.,​​2025).​​The​​main​​cause​
​of​​these​​issues​​is​​the​​dissonance​​between​​technological​​control​​and​​biological​​embodiment,​​with​​current​​devices​​primarily​
​having​ ​fixed,​ ​one-time​ ​calibrations​ ​that​ ​respond​ ​to​ ​motor​​intent​​without​​returning​​meaningful​​sensory​​feedback,​​which​
​restricts​​adaptability​​and​​user​​engagement​​(Capsi-Morales​​et​​al.,​​2023;​​Tyler,​​2015).​​Consequently,​​many​​users​​characterize​
​prosthetics​​as​​unnatural​​and​​cognitively​​demanding​​to​​operate,​​remaining​​external​​tools​​rather​​than​​becoming​​extensions​
​of the body.​

​Although​ ​recent​ ​studies​ ​and​ ​reviews​ ​have​ ​revealed​ ​that​​limb​​loss​​leads​​to​​major​​neuroplastic​​changes,​​including​​extensive​
​cortical​ ​remapping​ ​and​ ​functional​ ​adaptations​ ​(Makin​ ​&​ ​Flor,​ ​2020;​ ​Simões​​et​​al.,​ ​2012;​​Sparling​​et​​al.,​ ​2024),​​the​​design​​of​
​most​ ​prosthetic​ ​devices​ ​does​ ​not​ ​fully​ ​leverage​ ​these​ ​insights.​ ​Only​ ​a​ ​few​ ​systems​ ​leverage​ ​insights​ ​into​ ​brain​ ​plasticity​
​responsible​ ​for​ ​long-term​ ​cortical​ ​reorganization.​ ​This​​disconnect​​between​​molecular​​neuroscience​​and​​neuroengineering​
​solutions​ ​represents​ ​a​ ​critical​ ​scientific​ ​and​ ​clinical​ ​gap.​ ​Bridging​ ​it​ ​could​ ​enhance​ ​clinical​ ​outcomes,​ ​from​ ​alleviating​
​phantom limb pain to establishing a stronger sense of embodiment in users.​

​This​ ​review​ ​uses​ ​a​ ​narrative,​ ​non-systematic​ ​approach​ ​that​ ​synthesizes​ ​findings​ ​across​ ​molecular​ ​neuroscience,​ ​systems​
​neurophysiology,​ ​and​ ​neuroprosthetics​ ​to​​investigate​​how​​neurophysiological​​insights​​into​​neurogenetic​​remodeling​​of​​the​
​sensorimotor​ ​cortex​ ​following​ ​limb​ ​loss​ ​can​ ​help​ ​in​ ​the​ ​development​ ​of​ ​adaptive​ ​closed-loop​ ​feedback​ ​systems​ ​in​
​neuroprosthetics​​to​​ultimately​​enhance​​clinical​​outcomes,​​adaptability,​​and​​embodiment.​​Evidence​​suggests​​that​​amputation​
​is​​followed​​by​​extensive​​cortical​​reorganization,​​including​​cortical​​map​​shifts​​and​​gene​​expression​​changes​​related​​to​​synaptic​
​plasticity​​(Carulli​ ​et​​al.,​ ​2011;​​Kikkert​​et​​al.,​ ​2019;​​Simões​​et​​al.,​ ​2012;​​Sparling​​et​​al.,​ ​2024).​​Nevertheless,​​most​​systems​​fail​​to​
​utilize​​insights​​from​​these​​processes,​​with​​the​​risk​​of​​maladaptive​​plasticity,​​phantom​​limb​​pain,​​and​​restricted​​embodiment.​
​Aligning​ ​prosthetic​ ​feedback​ ​with​ ​the​ ​neuroplastic​ ​shifts​ ​could​ ​improve​ ​pain​ ​mitigation,​ ​embodiment,​ ​and​ ​sensorimotor​
​integration (Dietrich et al., 2018; Srinivasan et al., 2020).​

​By​​advancing​​a​​personalized,​​feedback-responsive​​paradigm​​in​​neuroengineering,​​this​​review​​seeks​​to​​link​​neurogenetics​​and​
​neuroprosthetics​ ​to​ ​achieve​ ​long-term​ ​integration​ ​and​ ​improved​​embodiment.​​We​​propose​​that​​the​​neurogenetic​​changes​
​within​ ​the​​sensorimotor​​cortex​​can​​be​​monitored​​via​​measurable​​neurophysiological​​methods​​to​​guide​​the​​development​​of​
​prosthetic​​systems​​that​​adapt​​to​​the​​individual’s​​cortical​​reorganization.​​Rather​​than​​merely​​decoding​​motor​​signals,​​future​
​neuroprosthetics​ ​could​ ​actively​ ​monitor​ ​cortical​ ​reorganization​ ​processes​ ​to​ ​adjust​ ​their​ ​responses​ ​and​ ​establish​ ​a​
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​bidirectional and adaptive interface.​

​Figure 1:​​Summaries of the main categories of neuroprosthetics​​(sensory, motor, cognitive/central nervous system,​
​neuromodulation/therapeutic, and hybrid/bidirectional) and examples of representative devices with their corresponding​
​interface locations. This review primarily focuses on systems enabling adaptive feedback and closed-loop motor control.​

​In​ ​this​ ​review,​ ​we​ ​examine​ ​how​ ​brain​ ​plasticity​ ​following​ ​amputation​ ​can​ ​inform​ ​the​ ​development​ ​of​ ​adaptive​
​neuroprosthetics.​ ​We​ ​first​ ​outline​ ​the​ ​functional,​ ​structural,​ ​and​ ​molecular​ ​changes​ ​that​ ​reshape​ ​sensorimotor​ ​cortex​
​organization​ ​after​ ​limb​ ​loss,​ ​and​ ​then​ ​describe​ ​how​ ​neurophysiological​ ​signals​ ​such​ ​as​ ​sEMG,​ ​EEG,​ ​and​ ​fNIRS​ ​can​​act​​as​
​plasticity-sensitive​ ​biomarkers​​capable​​of​​tracking​​this​​remodeling​​during​​rehabilitation.​​We​​then​​discuss​​the​​limitations​​of​
​current​ ​prosthetic​ ​systems,​ ​particularly​ ​the​ ​lack​ ​of​ ​sensory​ ​feedback,​​limited​​adaptability,​​and​​misalignment​​with​​ongoing​
​cortical​ ​reorganization.​ ​Finally,​ ​we​ ​position​ ​neurogenetic​ ​mechanisms​ ​as​ ​the​ ​biological​ ​foundation​ ​for​ ​future​ ​adaptive​
​strategies​ ​and​ ​present​ ​biomarker-informed,​ ​offline​ ​personalization​ ​as​ ​a​ ​potential​ ​translational​ ​direction.​ ​We​ ​conclude​ ​by​
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​identifying interdisciplinary priorities needed to achieve truly bidirectional, feedback-responsive neuroprosthetic systems.​

​Figure 2:​​Locations of the primary motor (M1) and​​somatosensory (S1) cortices in the brain​

​2.​ ​Sensorimotor Cortical Remodeling After Limb Loss​

​2.1. Functional & Structural Plasticity in M1 and S1​

​Cortical Map Changes​

​Limb​ ​loss​ ​is​ ​not​ ​just​ ​a​ ​physical​ ​trauma,​ ​as​ ​it​ ​leads​ ​to​ ​profound​ ​alterations​ ​of​ ​the​ ​brain’s​ ​somatotopic​ ​organization.​ ​The​
​classical​ ​Penfield​ ​homunculus,​ ​derived​ ​from​ ​intraoperative​ ​stimulation​ ​studies​ ​by​ ​Penfield​ ​and​ ​his​ ​colleagues,​​depicts​​the​
​representation​ ​of​ ​the​ ​body​ ​in​ ​the​ ​primary​ ​motor​ ​(M1)​ ​and​ ​somatosensory​ ​(S1)​ ​cortices​ ​in​ ​an​ ​ordered​ ​and​ ​topographical​
​diagram.​​However,​​cortical​​maps​​are​​far​​from​​static.​​After​​amputation,​​functional​​and​​structural​​plasticity​​in​​M1​​and​​S1​​results​
​in​ ​cortical​ ​reorganization,​ ​including​ ​shifts​ ​in​ ​adjacent​ ​body-part​ ​representation​ ​areas,​ ​modified​ ​callosal​ ​connectivity,​ ​and​
​interhemispheric rebalancing.​

​Figure 3:​​A representation of the motor homunculus​​by Penfield et al., showing the areas of the brain and their​
​representative parts of the body.​

​Numerous​​studies,​​summarized​​in​​a​​recent​​review​​by​​Sparling​​et​​al.,​​have​​used​​high-resolution​​functional​​imaging​​techniques​
​such​ ​as​ ​functional​ ​magnetic​ ​resonance​ ​imaging​ ​(fMRI),​ ​the​ ​measurement​ ​of​ ​blood​ ​oxygenation​ ​level​ ​and​ ​dependent​
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​hemodynamic​​mapping,​​and​​magnetoencephalography​​(MEG),​​millisecond-scale​​recordings​​of​​cortical​​magnetic​​fields.​​These,​
​as​​well​​as​​transcranial​​magnetic​​stimulation​​(TMS),​​a​​noninvasive​​cortical​​stimulation​​used​​to​​probe​​excitability,​​and​​the​​data​
​collected,​ ​suggest​ ​that​ ​cortical​ ​areas​ ​previously​ ​associated​ ​with​ ​the​ ​missing​ ​limb​ ​were​ ​reorganized​ ​to​​represent​​adjacent​
​body​​parts.​​For​​instance,​​a​​study​​by​​Makin​​et​​al.​​found​​that​​face​​representation​​had​​shifted​​~8​​mm​​medially​​into​​the​​deprived​
​homunculus​​of​​upper​​limb​​amputees.​​This​​shift​​is​​also​​correlated​​with​​the​​degree​​of​​phantom​​limb​​pain​​(PLP),​​as​​individuals​
​exhibiting​​greater​​cortical​​invasion​​report​​more​​severe​​pain​​sensations​​(Makin​​&​​Flor,​​2020).​​Other​​fMRI​​studies,​​summarized​
​by​​Gunduz​​et​​al.,​ ​show​​that​​the​​expansion​​of​​lip​​representation​​into​​the​​amputated​​hand​​area​​is​​associated​​with​​higher​​PLP​
​and​ ​that​ ​mirror​ ​therapy​ ​can​ ​reverse​ ​this​ ​shift,​ ​supporting​ ​the​ ​notion​ ​that​ ​maladaptive​ ​plasticity​ ​contributes​ ​to​ ​pain.​ ​In​
​conclusion,​ ​these​ ​findings​ ​demonstrate​ ​that​ ​the​ ​brain’s​ ​cortex​ ​can​ ​be​ ​significantly​ ​altered​ ​due​ ​to​ ​limb​ ​loss,​ ​resulting​ ​in​
​variable clinical symptoms that require an individualized treatment approach.​

​Furthermore,​ ​evidence​ ​from​ ​a​ ​study​ ​by​ ​Wilkins​ ​et​ ​al.​ ​supports​​that​​sensory​​experience​​plays​​a​​critical​​role​​in​​establishing​
​cortical​​maps.​​Their​​survey​​of​​individuals​​with​​congenital​​and​​surgical​​limb​​loss​​revealed​​that​​phantom​​limb​​sensations​​(PLS)​
​occurred​​in​​only​​7.4%​​of​​the​​former​​compared​​with​​69.7%​​of​​the​​latter,​​while​​PLP​​occurred​​in​​3.7%​​versus​​48.5%,​​respectively.​
​It​ ​is​ ​plausible,​ ​then,​ ​that​ ​early​ ​sensorimotor​ ​experience​ ​is​ ​required​ ​to​ ​develop​ ​limb​ ​representation,​ ​while​ ​it​ ​may​ ​protect​
​against phantom sensations.​

​In​ ​addition,​ ​insights​ ​from​ ​animal​ ​models​ ​expand​ ​our​ ​understanding​ ​of​ ​cortical​ ​reorganization.​ ​Research​ ​on​ ​rodents​ ​with​
​forelimb​​amputation​​reveals​​that,​​within​​hours,​​the​​activity​​of​​deprived​​neurons​​is​​rapidly​​increased,​​due​​to​​amputation​​in​​the​
​deprived​​S1​​forepaw,​​with​​activity​​being​​at​​a​​maximum​​for​​weeks.​​Neuroimaging​​in​​rodents​​with​​lower​​limb​​amputation​​also​
​shows​​that​​tactile​​stimulation​​of​​the​​intact​​limb​​greatly​​activates​​the​​ipsilateral​​S1,​​indicating​​that​​the​​representation​​of​​the​
​stump​ ​is​ ​functionally​ ​shifted​ ​into​ ​trunk​ ​and​ ​upper​​limb​​areas​​(studies​​summarized​​by​​Sparling​​et​​al.,​ ​2024).​​These​​findings​
​combined​ ​suggest​ ​that​ ​the​ ​deprived​ ​cortex​ ​becomes​ ​responsive​ ​to​ ​adjacent​ ​inputs,​ ​transforming​ ​the​ ​original​ ​map​ ​and​
​potentially leading to more precise motor control.​

​To​​conclude,​​this​​evidence​​of​​reorganization​​and​​recalibration​​of​​the​​brain​​supports​​the​​view​​that​​the​​somatosensory​​cortex​
​is not rigidly mapped, but rather dynamically responsive, as various neurophysiological signals suggest.​

​Callosal Connectivity and Interhemispheric Imbalance​

​Interhemispheric​​coordination​​is​​mediated​​by​​the​​corpus​​callosum.​​As​​a​​result,​​unilateral​​amputation​​affects​​this​​coordinating​
​balance.​ ​Evidence​ ​from​ ​resting-state​ ​fMRI​ ​and​ ​diffusion​ ​tensor​ ​imaging​ ​(DTI)​ ​reveals​ ​that​ ​the​ ​functional​ ​connectivity​
​between​ ​bilateral​ ​sensorimotor​ ​regions​​is​​decreased,​​along​​with​​fractional​​anisotropy​​(FA)—a​​quantitative​​biomarker​​of​​the​
​integrity​ ​of​ ​white​ ​matter​​(Vandermosten​​et​​al.,​ ​2012)—of​​callosal​​axons​​in​​amputees​​(Simões​​et​​al.,​ ​2012).​ ​Structural​​studies​
​further​ ​indicate​ ​that​ ​region​ ​II​ ​of​ ​the​ ​corpus​ ​callosum,​ ​which​ ​links​ ​the​ ​premotor​ ​and​ ​supplementary​ ​motor​ ​areas,​ ​shows​
​reduced FA in lower limb amputees (Zhang et al., 2018), suggesting loss of callosal fibers or demyelination.​

​As​​a​​result​​of​​these​​changes,​​an​​interhemispheric​​imbalance​​arises.​​The​​stimulation​​of​​the​​intact​​limb​​elicits​​bilateral​​cortical​
​activation​​in​​rodent​​models​​and​​human​​amputees,​​something​​that​​is​​enhanced​​when​​the​​intact​​cortex​​is​​transiently​​silenced,​
​indicating​ ​decreased​ ​interhemispheric​ ​inhibition.​ ​This​ ​concept​​of​​callosal​​rewiring​​may​​disrupt​​bimanual​​coordination​​and​
​hinder​ ​tasks,​ ​such​ ​as​ ​walking​ ​with​ ​a​ ​prosthetic,​ ​underscoring​ ​the​ ​importance​ ​of​ ​bilateral​ ​dynamics​ ​when​ ​designing​
​neuroprosthetic control systems.​
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​2.2. Molecular & Genetic Changes Post-Amputation​

​Activity-Dependent Gene Expression​

​When​ ​afferent​ ​and​ ​efferent​ ​input​ ​is​ ​lost,​ ​certain​ ​gene​ ​expression​​activities​​are​​triggered​​to​​promote​​synaptic​​remodeling.​
​Activity-dependent​​transcription​​involves​​various​​mechanisms,​​such​​as​​immediate​​early​​genes​​IEG​​(c-Fos,​​Arc/Arg3.1,​​Egr1),​
​growth​​factors,​​such​​as​​brain-derived​​neurotrophic​​factor​​(BDNF)​​and​​nerve​​growth​​factor​​(NGF),​​and​​cytoskeletal​​regulators,​
​including​ ​growth-associated​ ​protein​ ​43​ ​(GAP-43)​ ​and​ ​synapsin-1.​ ​In​ ​a​ ​review​ ​by​ ​Carulli​ ​et​​al.,​ ​summarized​​experiments​​in​
​rodent​ ​barrel​ ​cortex​ ​demonstrate​ ​that​ ​naturalistic​ ​whisker​ ​use​ ​stimulates​ ​the​ ​expression​ ​of​ ​BDNF,​ ​CREB,​​synapsin-1,​​and​
​GAP-43,​ ​while​​the​​opposite​​effect​​is​​observed​​for​​sensory​​deprivation​​(Rocamora​​et​​al.,​ ​1996).​​Moreover,​​voluntary​​exercise​
​elevates​ ​BDNF​ ​and​ ​synapsin-1​ ​expression​ ​in​ ​a​ ​similar​ ​way​ ​in​ ​the​ ​dorsal​ ​root​ ​ganglia​ ​and​ ​promotes​ ​peripheral​ ​nerve​
​regeneration.​

​Neural​​plasticity​​is​​underlined​​by​​a​​molecular​​cascade​​that​​begins​​with​​NMDA-receptor-mediated​​Ca²⁺​​influx,​​which​​activates​
​transcription​ ​factors,​ ​such​ ​as​ ​CREB.​ ​CREB​ ​then​ ​recruits​ ​its​ ​co-activator​ ​CBP/p300​ ​to​ ​gene​ ​promoters,​ ​leading​ ​to​ ​the​
​transcription​​of​​plasticity-related​​genes​​(Almeida​​et​​al.,​​2009;​​Del​​Blanco​​et​​al.,​​2019).​​These​​genes​​facilitate​​dendritic​​growth,​
​synaptogenesis, and synaptic strengthening, assisting the reorganization of cortical circuits after injury.​

​These​​molecular​​processes​​unfold​​over​​hours​​to​​days​​and​​therefore​​serve​​as​​background​​mechanisms​​enabling​​neuroplastic​
​change rather than direct, real-time prosthetic control signals.​

​Timing and Windows of Plasticity​

​Plasticity​​following​​the​​injury​​is​​a​​temporal​​sequence​​characterized​​by​​shifts​​in​​the​​excitatory​​and​​inhibitory​​tone​​(Sparling​​et​
​al.,​ ​2024).​​After​​amputation,​​the​​deprived​​somatosensory​​cortex​​exhibits​​a​​transient​​increase​​in​​levels​​of​​AMPA​​receptor​​and​
​synaptic​ ​excitation​ ​during​ ​the​ ​first​ ​days.​ ​These​ ​are​ ​followed​ ​by​ ​elevated​ ​GABAergic​ ​inhibition​ ​some​ ​weeks​ ​later,​ ​which​
​creates​ ​a​ ​critical​ ​window​ ​for​ ​excitation​​that​​supports​​rapid​​remodeling.​​Studies​​with​​rodents​​show​​that​​following​​forelimb​
​amputation,​ ​the​ ​activity​ ​of​ ​deep​ ​cortical​​neurons​​increases​​within​​hours​​and​​persists​​for​​weeks.​​These​​findings,​​therefore,​
​imply​​that​​rehabilitative​​interventions​​and​​prosthetic​​fitting​​may​​be​​especially​​effective​​when​​achieved​​during​​this​​heightened​
​plasticity​​window.​​It​​is​​important​​to​​note​​that,​​in​​children​​with​​congenital​​limb​​abnormalities,​​when​​the​​fitting​​of​​prostheses​
​is​​delayed,​​it​​may​​repress​​motor​​development​​and​​hinder​​cortical​​adaptation,​​pointing​​out​​the​​importance​​of​​monitoring​​and​
​early intervention during the appropriate plasticity window.​

​3.​ ​Measurable Signals of Neuroplasticity during Rehabilitation​

​Post-amputation​​neuroplastic​​remodeling​​is​​a​​multifaceted​​process​​involving​​changes​​in​​residual​​muscles​​and​​nerves,​​spinal​
​and​ ​cortical​ ​motor​ ​circuits,​ ​and​ ​higher-order​ ​sensorimotor​ ​representations.​ ​Different​ ​layers​ ​of​ ​this​ ​remodeling​ ​can​ ​be​
​captured​​with​​non-invasive​​physiological​​measurements,​​serving​​as​​practical​​biomarkers​​during​​rehabilitation​​and​​prosthetic​
​training.​ ​In​ ​particular,​ ​surface​ ​electromyography​ ​(sEMG)​ ​can​ ​identify​ ​signs​ ​of​ ​activity​​in​​residual​​muscle​​and​​reinnervated​
​motor​ ​units,​ ​EEG​ ​and​ ​fNIRS​ ​can​ ​give​ ​a​ ​glimpse​ ​into​ ​cortical​ ​reorganization,​ ​while​ ​combined​ ​information​ ​obtained​ ​from​
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​EMG-EEG/fNIRS​​systems​​has​​the​​potential​​to​​improve​​decoding​​and​​assessment​​during​​rehabilitation​​(Brambilla​​et​​al.,​​2021;​
​Chen et al., 2023; Fang et al., 2020; X. Li et al., 2017; Lorenz et al., 2024).​

​Surface Electromyography​

​Post-amputation,​​there​​is​​a​​significant​​reorganization​​of​​the​​residual​​muscles​​due​​to​​the​​loss​​of​​afferent/efferent​​pathways​
​and​ ​the​ ​emergence​ ​of​ ​compensatory​ ​activation​ ​strategies.​ ​Surface​ ​EMG​ ​(sEMG)​ ​can​ ​directly​ ​reflect​ ​this​ ​peripheral​
​remodeling​ ​by​ ​indexing​ ​the​ ​recruitment​ ​patterns​ ​of​​residual​​and​​reinnervated​​motor​​units.​​High-density​​EMG​​can​​further​
​resolve​​overlapping​​muscle​​sources​​on​​the​​stump​​and​​improve​​the​​identification​​of​​distinct​​activation​​channels​​(Fang​​et​​al.,​
​2020).​​These​​signals​​capture​​both​​single-muscle​​features​​(RMS​​amplitude,​​variance,​​and​​median​​frequency)​​and​​higher-order​
​structures​ ​such​ ​as​ ​co-contraction​ ​patterns,​ ​providing​ ​a​ ​direct​ ​readout​ ​of​ ​peripheral​ ​neuroplasticity​ ​relevant​ ​to​ ​motor​
​learning and control stability (Fang et al., 2020; Resnik et al., 2018).​

​During​​rehabilitation,​​multi-channel​​sEMG​​can​​be​​monitored​​to​​track​​neuroplastic​​changes​​in​​real​​time.​​Examples​​of​​useful​
​metrics​ ​can​ ​include​ ​Root​ ​Mean​ ​Square​ ​(RMS)​​amplitude​​and​​trial-to-trial​​variance​​during​​repeated​​movements​​(Dijk​​et​​al.,​
​2016),​ ​classifier​ ​accuracy,​ ​confusion​ ​matrices,​ ​confidence​ ​for​ ​pattern-recognition​ ​controllers​ ​(Resnik​ ​et​ ​al.,​ ​2018),​ ​and​
​frequency-domain​​indicators​​of​​fatigue​​or​​co-contraction​​(Fang​​et​​al.,​​2020).​​These​​features​​have​​the​​potential​​to​​drive​​simple​
​but​​powerful​​adaptive​​rules.​​For​​instance,​​if​ ​classification​​accuracy​​falls​​below​​a​​personalized​​threshold​​or​​variance​​rises,​​the​
​system​ ​could​ ​trigger​ ​a​ ​short​ ​recalibration​ ​routine​ ​or​ ​temporarily​ ​reduce​ ​available​ ​movement​ ​classes​ ​to​ ​maintain​ ​reliable​
​control​​(Fang​​et​​al.,​ ​2020;​​Resnik​​et​​al.,​ ​2018).​​Also,​​when​​EMG​​patterns​​stabilize​​across​​sessions,​​indicating​​consolidation​​of​
​new​​motor​​strategies,​​task​​difficulty​​could​​be​​increased,​​with​​additional​​grips​​or​​faster​​movement​​requirements,​​to​​facilitate​
​co-adaptation​ ​(Dijk​ ​et​ ​al.,​ ​2016).​ ​And​ ​lastly,​ ​if​ ​fatigue​ ​signatures​ ​appear,​ ​as​ ​indicated​​by​​decreased​​amplitude​​or​​increased​
​variance,​ ​the​ ​system​ ​could​ ​introduce​ ​rest,​ ​increase​ ​device​ ​assistance,​ ​or​ ​reduce​ ​movement​ ​speed​​to​​prevent​​maladaptive​
​recruitment patterns (Fang et al., 2020).​

​Electroencephalogram​

​Cortical​ ​reorganization​​following​​amputation​​(with​​altered​​sensorimotor​​activation,​​redistributed​​motor​​maps,​​and​​changes​
​in​ ​motor​ ​imagery​ ​circuits)​ ​can​ ​be​ ​detected​ ​using​ ​electroencephalography​ ​(EEG).​ ​EEG​ ​captures​ ​event-related​
​desynchronization​ ​(ERD)​ ​in​ ​μ​ ​(8–12​ ​Hz)​ ​and​ ​β​ ​(13–30​ ​Hz)​ ​bands,​ ​which​ ​reflect​ ​the​ ​engagement​ ​of​ ​sensorimotor​ ​networks​
​during​​motor​​imagery​​and​​attempted​​movement​​(Buccino​​et​​al.,​ ​2016;​​Chen​​et​​al.,​ ​2023).​​Hybrid​​studies​​also​​show​​that​​EEG​
​can​ ​contribute​ ​information​ ​about​ ​central​ ​motor​ ​preparation​ ​that​ ​EMG​ ​alone​ ​cannot​ ​capture,​ ​improving​ ​movement​
​classification​ ​in​ ​upper​ ​limb​ ​amputees​ ​(Kim​ ​et​ ​al.,​ ​2022;​ ​X.​ ​Li​ ​et​ ​al.,​ ​2017).​ ​Systematic​ ​reviews​ ​emphasize​ ​that​ ​EMG-EEG​
​combinations​ ​provide​ ​a​ ​more​ ​complete​ ​neuromotor​ ​assessment​ ​during​ ​rehabilitation,​ ​enabling​ ​detection​ ​of​ ​cortical​
​recruitment​ ​deficits,​ ​over-activation,​ ​or​ ​unstable​ ​motor​ ​imagery​ ​patterns​ ​that​ ​correspond​ ​to​ ​neuroplastic​ ​remodeling​
​(Brambilla et al., 2021).​

​During​ ​rehabilitation,​ ​EEG​ ​provides​ ​actionable​ ​cortical​ ​biomarkers​ ​such​​as​​task-evoked​​μ/β​ ​desynchronization​​amplitude,​
​consistency​​of​​motor-imagery​​classification​​confidence,​​and​​changes​​in​​functional​​connectivity​​associated​​with​​task​​learning​
​(Buccino​ ​et​ ​al.,​ ​2016;​ ​Chen​ ​et​ ​al.,​ ​2023).​ ​Consequently,​ ​some​ ​rules​ ​could​ ​be​ ​followed​ ​to​ ​enhance​ ​prosthetic​ ​control.​ ​For​
​example,​ ​when​ ​sensorimotor​ ​ERD​ ​is​ ​strong​ ​and​ ​stable,​ ​training​ ​can​ ​progress​ ​to​ ​harder​ ​tasks​ ​(reduced​ ​visual​ ​reliance,​
​increased​ ​proprioceptive​ ​feedback,​​or​​multi-step​​movements)​​to​​exploit​​high​​cortical​​engagement​​(Buccino​​et​​al.,​ ​2016).​​Or​
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​when​​ERD​​is​​weak,​​diffuse,​​or​​inconsistent,​​the​​system​​should​​simplify​​tasks,​​slow​​pacing,​​or​​increase​​sensory​​cues​​to​​recruit​
​the​ ​correct​ ​cortical​ ​areas​ ​(Brambilla​ ​et​ ​al.,​ ​2021).​ ​In​ ​hybrid​ ​EMG-EEG​ ​prosthesis​ ​controllers,​ ​EEG-derived​​confidence​​can​
​detect​​when​​EMG​​decoding​​is​​unreliable.​​Such​​events​​should​​trigger​​recalibration​​or​​temporary​​assistance​​increases​​(Kim​​et​
​al.,​ ​2022;​ ​X.​ ​Li​ ​et​ ​al.,​ ​2017;​ ​Wöhrle​​et​​al.,​ ​2017).​ ​This​​produces​​a​​stable​​closed-loop​​relationship​​between​​cortical​​intent​​and​
​peripheral control.​

​Functional Near-Infrared Spectroscopy​

​Functional​​near-infrared​​spectroscopy​​(fNIRS)​​measures​​task-evoked​​changes​​in​​oxygenated​​(HbO)​​and​​deoxygenated​​(HbR)​
​hemoglobin,​​providing​​spatially​​specific​​information​​about​​cortical​​activation​​during​​motor​​tasks.​​fNIRS​​is​​well-validated​​as​​a​
​surrogate​ ​of​ ​BOLD​ ​activity,​ ​including​ ​the​ ​post-stimulus​ ​undershoot​ ​(Schroeter​ ​et​ ​al.,​ ​2006),​ ​and​ ​it​​reliably​​tracks​​cortical​
​demand​ ​during​ ​rehabilitation​ ​(Chen​ ​et​​al.,​ ​2023;​​R.​​Li​​et​​al.,​ ​2022).​​Because​​cortical​​territories​​reorganize​​after​​amputation,​
​fNIRS​ ​can​ ​indicate​ ​whether​ ​sensorimotor​ ​regions​ ​are​ ​being​ ​appropriately​ ​re-recruited​ ​during​ ​prosthesis​ ​training.​ ​Hybrid​
​EEG-fNIRS​ ​systems​ ​further​ ​leverage​ ​the​ ​complementary​ ​speed​ ​of​ ​EEG​ ​and​ ​spatial​ ​specificity​ ​of​ ​fNIRS,​ ​improving​
​classification performance and robustness in motor BCIs (Ali et al., 2023; Chen et al., 2023).​

​In​​rehabilitation,​​fNIRS​​provides​​actionable​​biomarkers​​including​​task-evoked​​HbO/HbR​​amplitude​​over​​contralateral​​M1/S1,​
​spatial​ ​focality​ ​of​ ​activation,​ ​and​ ​longitudinal​ ​trends​ ​in​ ​cortical​ ​engagement​ ​(Chen​ ​et​ ​al.,​ ​2023;​ ​R.​ ​Li​ ​et​ ​al.,​ ​2022).​ ​If​ ​HbO​
​responses​​become​​more​​focal​​and​​stronger​​over​​time,​​the​​system​​should​​increase​​task​​complexity​​or​​reduce​​visual​​guidance​
​to​ ​support​ ​autonomous​ ​cortical​ ​control.​ ​On​ ​the​ ​other​ ​hand,​ ​if​ ​activation​ ​is​ ​weak​ ​or​ ​diffuse,​ ​tasks​ ​should​ ​be​ ​simplified,​
​movement​ ​pace​ ​reduced,​ ​or​ ​sensory​ ​feedback​ ​strengthened​ ​to​ ​encourage​ ​proper​ ​sensorimotor​ ​recruitment​ ​(Chen​ ​et​ ​al.,​
​2023).​ ​In​ ​hybrid​ ​EEG-fNIRS​ ​systems,​​fNIRS​​should​​guide​​slow-timescale​​adjustments​​(e.g.,​ ​session-level​​difficulty​​changes),​
​while​​EEG​​handles​​fast​​trial-to-trial​​corrections​​(Ali​​et​​al.,​​2023).​​This​​creates​​a​​reliable​​multi-timescale​​adaptation​​framework​
​aligned with cortical reorganization.​

​Multimodal Fusion: Integrating Peripheral, Cortical, and Behavioral Signals​

​No​ ​single​ ​signal​ ​fully​ ​captures​ ​neuroplastic​ ​remodeling​ ​after​ ​amputation.​ ​Fusing​ ​EMG​ ​with​ ​EEG​ ​or​ ​fNIRS​ ​improves​
​neuromotor​ ​assessment​ ​by​ ​integrating​ ​peripheral​ ​muscle​ ​activation​ ​with​ ​cortical​ ​intent​ ​and​ ​spatial​ ​patterns​ ​of​ ​cortical​
​engagement​​(Brambilla​​et​​al.,​ ​2021;​​Lorenz​​et​​al.,​ ​2024).​​EMG-EEG​​fusion​​improves​​motion​​classification​​in​​amputees​​(Kim​​et​
​al.,​​2022;​​X.​​Li​​et​​al.,​​2017),​​and​​hybrid​​systems​​implemented​​in​​hardware​​demonstrate​​real-time​​feasibility​​(Wöhrle​​et​​al.,​​2017).​
​Deep​​learning​​models​​combining​​EMG,​​EEG,​​and​​fMRI​​outperform​​single-modality​​predictors​​for​​rehabilitation​​outcomes​​in​
​stroke,​ ​supporting​ ​the​ ​translational​ ​relevance​ ​of​ ​multimodal​ ​systems​ ​(Shi​ ​et​ ​al.,​ ​2025).​ ​Kinematic​ ​and​ ​behavioral​ ​metrics​
​(movement​ ​time,​ ​trajectory​ ​smoothness,​ ​endpoint​ ​error)​ ​could​ ​also​ ​provide​ ​functional​ ​ground​ ​truth​ ​for​ ​interpreting​
​physiological changes (Dijk et al., 2016; Resnik et al., 2018).​

​Multimodal​ ​fusion​ ​supports​ ​clear​ ​adaptation​ ​policies.​ ​If​ ​cortical​ ​engagement​ ​(EEG/fNIRS)​ ​is​ ​high​ ​but​ ​EMG​ ​decoding​ ​or​
​movement​ ​accuracy​ ​is​ ​poor,​ ​the​ ​system​​should​​recalibrate​​or​​simplify​​mappings,​​indicating​​misalignment​​between​​cortical​
​intent​ ​and​ ​peripheral​ ​output​ ​(Kim​​et​​al.,​ ​2022;​​X.​​Li​​et​​al.,​ ​2017).​ ​If​ ​both​​EMG​​and​​cortical​​measures​​improve​​and​​kinematic​
​performance​​increases,​​tasks​​should​​be​​made​​progressively​​more​​challenging​​or​​more​​naturalistic​​(Dijk​​et​​al.,​​2016;​​Lorenz​​et​
​al.,​ ​2024).​ ​If​ ​physiological​ ​effort​ ​rises​ ​(e.g.,​ ​high​ ​EMG​ ​variance,​ ​sustained​ ​EEG/fNIRS​ ​overactivation)​​without​​performance​
​gains,​​task​​intensity​​should​​be​​reduced​​or​​rest​​added​​to​​prevent​​maladaptive​​compensation​​(Brambilla​​et​​al.,​​2021;​​Fang​​et​​al.,​

​theconvergencejournal.org​ ​Vol. 1, No. 4; December 16, 2025​

​8​



​Neurogenetic Remodeling of the Sensorimotor Cortex Following Limb Loss​

​2020). These rules create a coherent multi-signal, plasticity-guided training loop grounded in measurable physiology.​

​4.​ ​Challenges in Current Neuroprosthetic Integration​

​4.1. Gaps in Prosthetic Adaptability​

​Despite​​the​​availability​​of​​various​​neurophysiological​​monitoring​​methods,​​the​​majority​​of​​neuroprosthetic​​devices​​still​​detect​
​and​ ​interpret​ ​motor​ ​intentions​ ​primarily​ ​via​ ​sEMG.​ ​Although​ ​these​ ​systems​ ​are​ ​able​ ​to​ ​detect​ ​motor​ ​intent,​ ​they​ ​often​
​provide​ ​little​ ​to​​no​​sensory​​feedback​​and​​rarely​​adjust​​to​​the​​individual’s​​evolving​​cortical​​state​​(Capsi-Morales​​et​​al.,​ ​2023;​
​Tyler,​ ​2015).​ ​As​ ​a​ ​result,​ ​users​ ​must​​rely​​heavily​​on​​visual​​cues​​to​​guide​​movement,​​something​​that​​increases​​the​​cognitive​
​load​ ​required​ ​and​ ​prevents​ ​device​ ​integration.​ ​Furthermore,​ ​even​ ​though​ ​these​ ​systems​ ​can​ ​be​ ​effective​ ​in​ ​controlled​
​settings,​​their​​decoders​​cannot​​adapt​​to​​ongoing​​cortical​​remodeling,​​as​​the​​sensorimotor​​cortex​​may​​continue​​to​​reorganize​
​long​​after​​amputation.​​Because​​of​​these​​ongoing​​changes,​​frequent​​calibration​​is​​required​​to​​maintain​​an​​accurate​​mapping​
​between​ ​neural​ ​signals​ ​and​ ​intended​ ​movements.​ ​This​ ​mismatch​ ​between​ ​static​ ​decoding​ ​algorithms​ ​and​ ​continuous​
​biological​ ​changes​ ​gradually​ ​degrades​ ​control​ ​performance​ ​and​ ​embodiment,​ ​ultimately​ ​increasing​ ​the​ ​risk​ ​of​ ​prosthetic​
​abandonment.​

​4.2. Missed Opportunities for Remodeling​

​Despite​​the​​gap​​between​​molecular​​biology​​and​​neuroprosthetic​​development,​​several​​techniques​​have​​been​​developed​​over​
​the​ ​past​ ​years​ ​that​ ​seek​ ​to​ ​engage​ ​the​ ​under-utilized​ ​neuroplastic​ ​circuits.​ ​One​ ​such​ ​technique​ ​is​ ​targeted​ ​muscle​
​reinnervation​ ​(TMR),​ ​a​ ​surgical​ ​procedure​ ​that​ ​reestablishes​ ​bidirectional​ ​communication​ ​between​ ​residual​ ​peripheral​
​nerves,​​muscles,​​and​​skin.​​As​​a​​result,​​control​​signals​​become​​more​​naturalistic​​and​​can​​restore​​sensory​​feedback.​​While​​TMR​
​is​​often​​used​​to​​treat​​or​​prevent​​neuromas​​and​​phantom​​limb​​pain,​​it​​was​​originally​​developed​​to​​enhance​​myoelectric​​signals​
​and​​prosthetic​​control​​in​​individuals​​with​​proximal​​upper​​limb​​amputation​​(Peters​​et​​al.,​​2020;​​Sparling​​et​​al.,​​2024).​​However,​
​only​ ​a​ ​small​ ​number​ ​of​ ​prosthetic​ ​systems​ ​utilize​ ​real-time​ ​sensory​ ​feedback​ ​to​ ​leverage​ ​TMR-mediated​ ​reinnervation.​
​Another​ ​emerging​ ​procedure​ ​is​ ​the​ ​agonist-antagonist​ ​myoneural​ ​interface​ ​(AMI)​ ​surgery,​ ​which​ ​preserves​ ​pairs​ ​of​
​agonist-antagonist​ ​muscles​ ​to​ ​maintain​ ​natural​ ​tension​ ​balance​ ​and​ ​provide​ ​proprioceptive​ ​feedback​ ​through​​mechanical​
​coupling.​​Clinical​​studies​​have​​also​​reported​​decreased​​phantom​​pain​​but​​increased​​phantom​​limb​​sensations,​​consistent​​with​
​reorganized​ ​activation​ ​patterns​ ​in​ ​area​ ​3a​ ​and​ ​the​ ​parietal​ ​cortex​ ​(Srinivasan​ ​et​ ​al.,​ ​2020).​ ​Similarly,​ ​osseointegrated​ ​(OI)​
​prostheses,​​where​​a​​titanium​​implant​​directly​​anchors​​the​​prosthetic​​limb​​to​​the​​skeleton,​​enhance​​mechanical​​stability​​and​
​proprioceptive​ ​feedback​ ​through​ ​a​ ​phenomenon​ ​known​ ​as​ ​osseoperception​ ​(Hoellwarth​ ​et​ ​al.,​ ​2020).​ ​These​ ​systems​ ​can​
​reduce​​socket-related​​complications​​and​​potentially​​promote​​neuroplastic​​integration​​and​​functional​​restoration​​if​​they​​are​
​combined with implanted neural interfaces.​

​5.​ ​Future Directions: Linking Neurogenetics with Adaptive Prosthetics​

​5.1. Feedback-Driven Remodeling: Evidence and Mechanisms​

​While​ ​the​ ​following​ ​mechanisms​ ​are​ ​supported​ ​by​ ​preclinical​ ​and​ ​early​ ​clinical​ ​evidence,​ ​their​ ​application​ ​to​ ​prosthetic​
​design remains largely theoretical and represents a promising future direction.​
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​Literature​ ​evidence​ ​suggests​ ​that​ ​cortical​ ​plasticity​ ​mechanisms​ ​could​ ​be​ ​reactivated​ ​via​ ​sensory​ ​feedback​ ​due​ ​to​
​activity-dependent​ ​molecular​ ​pathways​ ​(Carulli​ ​et​ ​al.,​ ​2011).​ ​Various​ ​studies​ ​in​ ​the​ ​general​ ​literature​ ​show​ ​evidence​ ​that​
​plasticity-related​ ​pathways​ ​can​​be​​upregulated​​and​​enhance​​motor​​control​​with​​the​​use​​of​​peripheral​​nerve​​interfaces​​and​
​neurostimulation.​ ​Notably,​ ​implanted​ ​electrodes​ ​delivering​ ​sensory​ ​feedback​ ​are​ ​shown​ ​to​ ​increase​​BDNF​​levels​​in​​animal​
​models.​ ​Also,​ ​vagus​ ​nerve​ ​stimulation​ ​(VNS),​ ​accompanied​ ​by​ ​movement,​ ​results​ ​in​ ​norepinephrine​ ​levels​ ​elevation​ ​and​
​upregulation​ ​of​ ​BDNF​ ​and​ ​basic​ ​fibroblast​ ​growth​ ​factor​ ​(bFGF)​ ​expression​ ​in​ ​rodent​ ​brains​ ​(Hays​ ​et​ ​al.,​ ​2013),​ ​while​
​transcranial​​direct​​current​​stimulation​​and​​synaptic​​activation​​enhance​​BDNF​​secretion.​​These​​findings​​suggest​​an​​important​
​influence​​of​​peripheral​​feedback​​on​​the​​molecular​​pathways​​that​​support​​cortical​​plasticity.​​Other​​studies​​focusing​​on​​rodent​
​models​ ​show​ ​that​ ​naturalistic​ ​whisker​ ​use​ ​stimulates​ ​the​ ​expression​ ​of​ ​BDNF,​ ​CREB,​ ​synapsin-1,​ ​and​ ​GAP-43​ ​in​ ​the​
​somatosensory​ ​cortex​ ​(Carulli​ ​et​ ​al.,​ ​2011).​ ​Moreover,​ ​enriched​ ​environments​ ​and​ ​voluntary​ ​exercise​ ​are​ ​also​ ​shown​ ​to​
​contribute to BDNF upregulation and promotion of synaptogenesis.​

​Translating​ ​these​ ​findings​ ​into​ ​neuroprosthetic​ ​design​ ​is​ ​still​ ​hypothetical,​ ​but​ ​it​ ​is​ ​important​ ​to​ ​note​ ​that​ ​bidirectional​
​systems​​that​​deliver​​tactile​​and​​proprioceptive​​feedback​​have​​the​​potential​​to​​simulate​​natural​​sensation​​patterns​​and​​trigger​
​neuroplasticity.​ ​This​ ​is​ ​supported​ ​by​ ​clinical​ ​observations​ ​with​ ​TMR​ ​prosthetic​ ​users​ ​exhibiting​ ​improved​ ​cortical​
​representation​ ​of​ ​the​​missing​​limb​​and​​PLP​​reduction,​​while​​evidence​​suggests​​that​​AMI​​surgery​​helps​​with​​proprioceptive​
​sensations​​and​​proprioceptive​​cortex​​activation​​(Sparling​​et​​al.,​​2024).​​All​​these​​findings,​​therefore,​​indicate​​that​​engagement​
​of​​molecular​​pathways​​promotes​​cortical​​reorganization​​and​​functional​​recovery​​and​​highlight​​the​​need​​for​​feedback-driven​
​prosthetic systems.​

​5.2. Personalized, Biomarker-Informed Design Strategies​

​The​ ​concepts​ ​below​ ​represent​ ​potential​ ​future​ ​pathways​ ​and​ ​are​ ​not​ ​yet​​implemented​​in​​current​​clinical​​neuroprosthetic​
​systems.​

​Neuroplasticity​ ​varies​ ​among​ ​individuals,​ ​suggesting​ ​that​ ​different​ ​sensory​ ​feedback​ ​parameters​ ​need​ ​to​ ​be​​implemented​
​among​ ​prosthetic​ ​users.​ ​Attempting​ ​to​ ​measure​ ​gene​ ​expression​ ​directly​ ​is​ ​not​ ​feasible​ ​for​ ​real-time​ ​or​ ​near-real-time​
​control,​​so​​future​​approaches​​may​​rely​​on​​downstream​​biomarkers​​that​​reflect​​the​​influence​​of​​neurogenetic​​remodeling.​​A​
​way​​to​​achieve​​this​​is​​by​​using​​machine​​learning​​models​​integrating​​electrophysiological​​signals​​(EEG,​​high-density​​EEG)​​and​
​functional​ ​near-infrared​ ​spectroscopy​ ​(fNIRS)​ ​to​ ​determine​ ​cortical​ ​excitation.​ ​Unlike​​fMRI,​​fNIRS​​is​​portable,​​offers​​good​
​temporal​ ​resolution,​ ​and​ ​is​ ​resistant​ ​to​ ​motion​ ​artifacts,​ ​making​ ​it​ ​a​ ​great​ ​option​ ​for​ ​more​ ​dynamic​ ​monitoring​ ​of​ ​brain​
​network​​recovery​​during​​rehabilitation​​(Sun​​et​​al.,​ ​2024).​​Moreover,​​EEG​​could​​complement​​fNIRS​​for​​long-term​​monitoring​
​by​ ​detecting​ ​neuronal​ ​dynamics​ ​on​ ​a​ ​millisecond​ ​scale.​ ​These​ ​methods​ ​combined​​could​​help​​with​​real-time​​cortical​​state​
​tracking in order to guide adaptive feedback intensity and frequency (Sun et al., 2024).​

​BDNF​ ​and​ ​other​ ​neurotrophins​ ​represent​ ​additional​ ​downstream​​biomarkers​​of​​plasticity.​​Although​​these​​are​​regulated​​by​
​gene-expression​ ​pathways,​ ​their​ ​measurable​ ​concentrations​ ​can​ ​provide​ ​an​ ​indicator​ ​of​​plasticity​​readiness.​​For​​instance,​
​users​ ​with​ ​high​ ​BDNF​ ​levels​ ​may​ ​need​ ​different​ ​sensory​ ​feedback​ ​intensity​ ​and​ ​frequency​ ​than​ ​people​ ​with​ ​lower​ ​BDNF​
​levels,​ ​so​ ​adaptive​ ​algorithms​ ​could​ ​modulate​ ​stimulation​ ​to​​match​​the​​excitatory​​plasticity​​window​​(Sparling​​et​​al.,​ ​2024).​
​Despite​ ​its​ ​complexity,​ ​the​ ​use​ ​of​ ​this​ ​closed-loop,​ ​biomarker-driven​ ​approach​ ​could​ ​be​ ​the​ ​turning​ ​point​ ​where​
​neuroprosthetics​​would​​not​​be​​just​​passive​​decoders​​of​​movement​​intent,​​but​​active​​cortical​​reorganization​​and​​neurogenetic​
​remodeling modulators.​
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​5.3. Gene Modulation via Neurostimulation​

​Cortical​​plasticity​​and​​gene​​expression​​could​​potentially​​be​​modulated​​by​​non-invasive​​brain​​stimulation​​techniques,​​such​​as​
​tDCS​​and​​transcranial​​alternating​​current​​stimulation​​(tACS).​​Studies​​conducted​​in​​mice​​show​​that​​even​​short-lasting​​anodal​
​tDCS​ ​can​ ​produce​ ​lasting​ ​increases​ ​in​ ​hippocampal​ ​long-term​ ​potentiation,​ ​learning,​ ​and​ ​memory.​ ​These​ ​are​ ​by​ ​BDNF​
​promoter​ ​acetylation,​ ​increased​ ​BDNF​ ​exon​ ​transcription,​ ​enhanced​ ​BDNF​ ​protein​ ​levels,​ ​and​ ​increased​ ​CREB​
​phosphorylation​​(Fritsch​​et​​al.,​ ​2010;​​Podda​​et​​al.,​ ​2016).​​Thus,​​a​​combination​​of​​these​​techniques​​with​​training​​in​​prosthetics​
​could theoretically assist cortical remapping and prosthetic adaptation.​

​5.4. Synthetic Biology & Gene Editing​

​Advancements​ ​in​ ​synthetic​ ​biology​ ​could​ ​also​ ​provide​ ​future​ ​pathways​ ​for​ ​precise​ ​neural​ ​circuit​ ​manipulation.​ ​A​ ​great​
​example​ ​of​ ​this​ ​nature​ ​is​ ​the​ ​use​ ​of​ ​viral​ ​vectors​ ​to​ ​deliver​ ​CRISPR-Cas9​ ​or​ ​transcriptional​ ​activators​ ​to​ ​locally​ ​enhance​
​growth​ ​factor​ ​expression​ ​or​ ​the​ ​silencing​ ​of​ ​plasticity-inhibiting​ ​genes.​ ​Engineered​ ​cells​ ​could​ ​also​ ​serve​ ​as​ ​biosensors​
​within​ ​peripheral​ ​nerves​ ​or​ ​even​ ​actuators​ ​by​ ​releasing​ ​neurotrophic​ ​factors​ ​in​ ​response​ ​to​ ​activity,​ ​thereby​ ​creating​ ​a​
​feedback​ ​loop​ ​that​ ​is​ ​self-regulated.​ ​Although​ ​these​ ​techniques​ ​are​ ​highly​ ​advanced​ ​and​ ​at​ ​an​ ​early​ ​preclinical​ ​state,​​the​
​potential​ ​to​ ​integrate​ ​them​ ​with​ ​neuroprosthetics​ ​could​ ​change​ ​rehabilitation​ ​by​ ​modulating​​molecular​​pathways​​directly​
​and transform the field of prosthetic devices.​

​6.​ ​Clinical and Ethical Considerations​

​Implementation Challenges​

​The​ ​development​ ​of​ ​gene-informed​ ​neuroprosthetics​ ​is​ ​accompanied​ ​by​ ​various​ ​technical​ ​and​ ​regulatory​ ​challenges,​
​requiring​​careful​​safety​​considerations​​and​​regulatory​​protocols.​​Safe​​interaction​​of​​these​​devices​​with​​peripheral​​nerves​​or​
​cortical​​tissue,​​without​​any​​concerns​​for​​long-term​​damage​​or​​harm​​to​​the​​user,​​needs​​to​​be​​the​​number​​one​​priority​​for​​the​
​development​​of​​these​​advanced​​systems.​​Furthermore,​​data​​privacy​​concerns​​should​​be​​addressed​​since​​these​​devices​​would​
​handle​ ​sensitive​ ​data​ ​collected​ ​for​ ​the​ ​users’​ ​daily​ ​interactions,​ ​genomic​ ​profiles,​ ​and​ ​cortical​ ​recordings.​ ​Additionally,​
​regulatory agencies need to ensure that such systems would not cause maladaptive plasticity or unintended gene expression.​

​Equity and Access​

​A​ ​major​ ​concern​ ​that​ ​needs​ ​to​ ​be​ ​addressed​ ​regarding​ ​personalized​ ​neuroprosthetics​ ​is​ ​the​ ​exacerbation​ ​of​ ​existing​
​healthcare​ ​inequalities​ ​if​ ​access​ ​to​ ​them​ ​is​ ​limited​ ​to​ ​well-resourced​ ​settings.​ ​That​ ​could​ ​be​ ​the​ ​result​ ​of​​high​​costs​​and​
​specialized​​infrastructure,​​which​​is​​limited​​to​​wealthy​​regions.​​This​​problem​​could​​be​​addressed​​with​​inclusive​​clinical​​trials​
​and​​open-source​​designs,​​promoting​​equitable​​distribution.​​Ethical​​frameworks​​also​​need​​to​​address​​data​​ownership​​matters,​
​with​​users​​having​​the​​ability​​to​​retain​​control​​of​​their​​neurogenetic​​data​​and​​authority​​for​​decision​​making,​​and​​the​​level​​of​​AI​
​autonomy in closed-loop systems.​

​7.​ ​Conclusion​

​Limb​ ​amputation​ ​causes​ ​extensive​ ​remodeling​ ​of​ ​the​ ​somatosensory​ ​cortex,​ ​which​ ​includes​ ​structural,​ ​functional,​ ​and​
​molecular​​alterations​​(Sparling​​et​​al.,​​2024).​​Despite​​these​​insights,​​most​​current​​neuroprosthetic​​systems​​do​​not​​incorporate​
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​the​ ​biological​ ​dynamics​ ​that​ ​shape​ ​long-term​ ​adaptation,​ ​leading​ ​to​ ​static​ ​decoding​ ​strategies​ ​that​ ​fail​ ​to​ ​align​ ​with​ ​a​
​continuously​​reorganizing​​cortex.​​This​​review​​highlights​​the​​need​​for​​neuroprosthetics​​that​​not​​only​​read​​motor​​intent​​but​
​also monitor and respond to the user’s evolving neurophysiological state.​

​Integrating​ ​plasticity-sensitive​ ​biomarkers​ ​(such​ ​as​ ​sEMG​ ​features,​ ​EEG-derived​ ​oscillatory​ ​dynamics,​ ​and​ ​fNIRS​
​hemodynamic​​responses)​​could​​enable​​prostheses​​to​​adapt​​in​​real​​time​​to​​changes​​in​​peripheral​​and​​cortical​​organization.​​In​
​parallel,​ ​emerging​ ​biomarker-informed​ ​approaches,​ ​including​ ​multimodal​ ​neurophysiological​ ​monitoring​ ​and​
​longer-timescale​ ​biochemical​ ​indicators,​ ​and​ ​AI-driven​ ​adjustment​ ​of​ ​feedback​ ​parameters,​ ​offer​ ​a​ ​potential​ ​pathway​ ​for​
​aligning​ ​prosthetic​ ​behavior​ ​with​ ​the​ ​underlying​ ​neurogenetic​ ​state​ ​that​ ​shapes​ ​plasticity​ ​readiness.​ ​These​ ​strategies,​
​although​ ​still​ ​largely​ ​theoretical,​ ​may​ ​ultimately​ ​support​ ​systems​ ​that​ ​co-evolve​ ​with​ ​the​ ​user,​ ​enhancing​ ​embodiment,​
​stability, and functional recovery.​

​Realizing​ ​this​ ​vision​ ​will​ ​require​ ​interdisciplinary​ ​collaboration​ ​across​ ​molecular​ ​neuroscience,​ ​systems​ ​neurophysiology,​
​neuroengineering,​ ​machine​ ​learning,​ ​and​ ​ethics.​ ​Aligning​ ​technological​ ​innovation​ ​with​ ​the​ ​brain’s​ ​intrinsic​ ​capacity​ ​for​
​neuroplastic​ ​remodeling​ ​could​ ​shift​ ​the​ ​field​ ​toward​ ​neuroprosthetics​ ​that​ ​behave​ ​less​ ​like​ ​external​ ​tools​ ​and​ ​more​ ​like​
​integrated extensions of the self, improving long-term usability, comfort, and clinical outcomes.​
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