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Abstract 
Background: Parkinson disease (PD) is a developing neurodegenerative disorder with 

motor and non-motor symptoms for which conventional dopaminergic treatment has a 

limited long-term efficacy. In the past few years, novel stem cell treatment modality, 

adaptive deep brain stimulation (aDBS) and personalized medicine are offering additional 

options for effective and long-term treatment.  

Objective: The current work represents a revised synthesis of emergent therapy 

approaches in PD including interventional strategies based on the use of stem cells, 

adaptive DBS technology and personalized medicine approaches to improve clinical 

outcomes in PD patients. 

Methodology: Clinically and analytically relevant data from 2015 to 2025 was 

systematically reviewed using PubMed, Scopus and Web of Science peer reviewed articles 

and clinical trials or experimental studies related to the included clinical study questions. 

To illustrate this new field of research, we reviewed studies on the efficacy, safety, patient 

selection and translational potential of treatments based on scientific research.  

Results: Stem cell transplantation seems to be a good candidate for replacement of 

dopamine neurons and a number of phase I & II clinical studies are showing improvement 

of motor score. Interestingly, we found that the adaptive DBS based on continuous 

evolution of neurophysiological biomarkers was superior to conventional DBS in terms of 

both suppression of motor fluctuations and suppression of side effects. Digitalization, 

genomics, imaging, and precision medicine: Digitalization of healthcare has resulted in 

new approaches to treating the patients, highly personalized, to improve the response rate 

and disease control.  

Conclusion: Stem cell therapy, adaptive DBS and personal medicine, when used together, 

are complementary and synergistic tools in the treatment of PD. Together they could 

transform clinical practice in the future by delivering patient specific, durable, enhanced 

therapeutic outcomes. More information from larger and more rigorous studies and reviews 

of long-term safety however is still pending. 
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1. Introduction 

Parkinson disease (PD) is the second leading neurodegenerative disorder worldwide and is characterized by a progressive loss 

of dopaminergic neurons in the substantia nigra pars compacta with a consequent loss of dopamine in the striatum. Clinically, it 

is defined by a combined motor symptomatology (bradykinesia, rigidity, tremor and postural instability) with an enormous 

variety of non-motor manifestations such as cognitive deterioration, depression, sleeping disorders, and autonomic dysfunction.
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Given the heterogeneity in clinical characteristics and course 

of PD, this disease should be considered not only as a disease 

of the motor system but as a multisystem disease with a great 

impact both socially and economically. PD is found in more 

than 10 million people worldwide and its prevalence has been 

estimated to be 1-2% in people over the age of 65 years and 

in some countries its prevalence reaches over 4% for those 

over 80 years [1]. PD is one of the fastest increasing 

neurological disorders and incidence correlates with aging 

populations, and it is estimated that the number of patients 

with PD will double by 2040. Prevalence varies widely, it is 

higher in developing countries, which may be due to 

environmental exposures, lifestyle factors and improved 

ability and availability of the population for diagnosis. PD 

accounts for a considerable health burden, and DALYs 

attributable to PD increased more than eightfold from 1990 

to 2019. In addition to physical disability, the progressive loss 

of quality of life, caregiver burden and health costs burden 

families and the health care system. 

Although the symptomatic management of PD has improved, 

PD itself is an incurable disease and with the progressive 

nature of the disease, increasing disability inevitably ensues. 

Standard treatments, in particular levodopa and dopamine 

agonists, can provide excellent relief from motor symptoms 

in patients in the early stage of the disease and do not have an 

effect on neurodegeneration [2]. Traditional dopamine agonist 

treatment is complicated by motor fluctuations and 

dyskinesias, levodopa is associated with motor fluctuations 

and dyskinesias and malignant hyperpyrexia, dopamine 

agonists are associated with impulse control disorders and 

neuropsychiatric side effects. Background and aim Deep 

brain stimulation (DBS) of the subthalamic nucleus or globus 

pallidus internus has improved outcome for advanced PD but 

is still limited by invasiveness, static stimulation parameters 

and individual variability. Further, current treatment 

paradigms don't account for the presence of non-motor 

symptoms that are often refractory to dopaminergic therapy 

and remain a primary symptom in many patients. 

Pharmacological approaches for PD are generally focused on 

dopaminergic deficiency and ignore the multifactorial 

pathology of PD, including mitochondrial dysfunction, 

oxidative stress, protein aggregation and neuroinflammation 
[3]. While motor control is enhanced with the DBS, it does not 

alter the disease process and patient selection is critical. 

Interindividual variation in therapeutic response also 

underlines the inadequacy of a one fires one kills approach. 

Therefore, novel therapeutics targeting mechanisms and 

enabling individualized treatment to reduce the 

cardiovascular morbidity associated with the long-lasting 

treatment-related complications and disease progression are 

needed. New therapeutic modalities have been enabled by 

recent advances in neuroscience, molecular biology and 

bioengineering. Stem cells therapy offer a promise to replace 

lost neurons (dopaminergic neurons) and could be used as a 

neurotrophic agent, Adaptive DBS (aDBS) that relies on 

neurophysiological biomarkers captured by brain recording 

to optimize stimulation parameters in a dynamic way to 

reduce side effects while increasing efficacy [4]. However, 

considering the potential of personalized medicine through 

the availability of genomic, biomarker, and digital health 

data, new treatment approaches based on patient profiles are 

possible. Together, these new approaches fill a gap in the 

disease modifying and precision targeted therapeutics 

available for PD [5]. 

In this timely overview, we combine recent efforts in the field 

of stem cell therapy, adaptive DBS and personalised 

medicine for PD, describing the mechanisms of therapy, 

clinical evidence, translational challenge and future 

perspectives. For example, rapid advances in neuroscience, 

molecular biology and bioengineering are heralding new 

sophisticated therapeutic modalities and it is likely that the 

most effective therapeutic outcomes will be those that 

integrate the above advances [6]. Stem cell therapy can 

successfully be used to substitute lost dopaminergic neurons 

or for neurotrophic support. Adaptive deep brain stimulation 

(aDBS) system is a real-time system that utilizes 

neurophysiological biomarkers using which the stimulation 

parameters can be optimized to achieve optimum efficacy 

with minimum side effects. On the other hand, personalised 

medicine can promise a patient centred therapy based on 

genomic, biomarker and digital health data. Altogether, these 

new approaches provide solutions to the, as yet unmet, need 

for precision therapeutics and disease-modifying therapies 

for PD. In today's review, we integrate recent advances made 

in stem cell therapy, adaptive deep brain stimulation (DBS) 

and personalized medicine for Parkinson disease (PD) 

according to their mechanism of action, clinical evidence, 

translational obstacles and opportunities [7]. By detailing the 

potential, synergistic way these new technology enhancing 

innovations could work together, we present a future outlook 

for the next generation of PD therapeutics that has the 

potential to revolutionize the future of treating patients. 

 

2. Stem Cell Therapy in Parkinson Disease 

The scientific rationale behind transplantation of stem cells 

for the treatment of Parkinson's disease (PD) is based on the 

replacement of lost populations of dopaminergic neurons that 

are lost in the natural course of the disease. Because of their 

proliferative potential and ability to generate multiple 

lineages, stem cells are a potential source for both 

replacement of lost neurons as well as providing trophic 

support or modulation of the neuroinflammatory response to 

trauma to support endogenous repair [8]. Given the recent 

success of human embryonic stem cells (hESCs), induced 

pluripotent stem cells (iPSCs) and mesenchymal stem cells 

(MSCs), there are many emerging approaches to cell 

replacement and modulation for diseases. In preclinical 

models, transplantation of stem cell-derived dopaminergic 

neurons has led to improvement in motor function, 

normalization of striatal dopamine levels, integration of host 

circuitry and formation of synaptic contacts [9]. Importantly, 

iPSCs derived from somatic cells of a patient's own body 

remove the ethical issue associated with embryonic sources 

and eliminate the danger of immune rejection. Finally, recent 

improvements in cell differentiation protocols permit 

production of highly pure populations of dopaminergic 

neurons with less risk for tumorigenesis and aberrant 

acquisition of fates [10]. 

The transition to clinical translation of stem cell therapy has 

gained speed and initial-phase clinical trials are reporting 

results that look promising from safety and feasibility studies. 

For instance, graft survival and a beneficial motor outcome 

without serious adverse effects were reported by 

transplantation of hESC derived dopaminergic progenitor 

cells into PD patients [11]. Similarly, autologous mobilized 

iPSC derived grafts have proven to integrate well in pilot 

studies in humans and therefore point towards a long-term 

feasibility of patient-specific cell replacement strategies. 
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However, we are still a very long way from that. However, 

the relative variability of graft survival, functional integration 

and long-term efficacy still requires optimization of cell 

preparation, of delivery techniques and of immune 

modulation strategies. The ability to control unlimited 

proliferation and/or differentiation is of utmost importance 
[12]. Further, there continue to be ethical and regulatory 

challenges to widespread clinical use, particularly when 

embryonic sources are used. Overall, SC can be considered a 

novel approach to the treatment of PD based on the concept 

of targeting the root of neuronal loss. And while we're still in 

the process of unraveling some of the major diseases that can 

be cured with this approach, stem cell biology, 

transplantation regimens, and clinical trial design are 

advancing in ways that are incrementally adding weight to 

the therapeutic potential of the technique [13]. 

 

2.1. Therapeutic Potential of Stem Cells  

Stem cell therapy in Parkinson disease (PD) has as its 

ultimate objective the replacement of the lost dopaminergic 

neurons of the substantia nigra and the recovery of the striatal 

dopamine transmission, therefore treating the essential 

mechanism and no longer the symptoms. Human pluripotent 

stem cells (hPSC), including embryonic stem cells (hESCs) 

and induced pluripotent stem cells (iPSCs), have been 

reported to differentiate into midbrain dopaminergic neurons 

and form synaptic connections with the host neural circuits 
[14]. In preclinical models such neuronal replacement has been 

shown to improve motor coordination, reduce bradykinesia, 

and increase striatal dopamine concentration towards 

physiological levels. In addition to cell replacement, the stem 

cells regulate their host neurons in a paracrine, therefore 

neuroprotective, way. Together with brain-derived nervous 

aspect element (BDNF), glial telephone collection collection 

line-derived nervous aspect element (GDNF), and vascular 

endothelial development factor (VEGF), they secrete a 

number of trophic elements that facilitate the survival and 

function of remaining neurons, regulate neuroinflammation, 

and enhance synaptic plasticity [15]. In particular, 

mesenchymal stem cells (MSCs) have been shown to reduce 

microglial activation and pro-inflammatory cytokine 

secretion, therefore reducing the occurrence of 

neurodegenerative cascades. 

Furthermore, we report that the stem cells are able to 

influence the disease microenvironment through inducible 

angiogenesis and by facilitating the endogenous neural 

progenitor cells, which might enhance the repair strategy 

from inside brain. Demands around gene-edited stem cells are 

increasing as it allows the correction of genetic mutations in 

patient specific stem cells and can offer personalized 

therapeutic treatment. From this point, not only 

transplantation can be performed more safely, but also the 

grafted cells are more functionally integrated [16]. 

Preclinical studies indicate that combinatorial models which 

combine treatments directed toward neuronal replacement 

with neuroprotective modulation are superior to treatments 

based on either strategy alone. Importantly, this therapeutic 

potential can be realized only if the appropriate 

differentiation protocols, timing, and delivery to the 

striatonigral pathway are correct in order to maximize 

connectivity [17]. In conclusion, the therapeutic effect of stem 

cells for PD is not restricted to the cell replacement. By 

neuronal integration, secretion of neurotrophic factors, 

immunomodulation, and support for endogenous repair, stem 

cell therapy is a multi-target disease modifying treatment that 

can work effectively on both the motor and non-motor 

features of Parkinson's disease. These mechanisms will need 

to be further optimized if translation is to be successful in the 

clinic [18]. 

 

 

2.2. Current Clinical and Preclinical Evidence 

More than ten years of preclinical and dawning clinical 

evidence support the therapeutic potential of stem cell 

therapy in Parkinson's disease (PD). Transplantation of 

neural dopaminergic precursors derived from human 

pluripotent stem cells (hPSCs) into 6-hydroxydopamine (6-

OHDA) or MPTP induced models of Parkinson's disease 

(PD) has been shown to produce significant motor recovery, 

dopamine replacement in the striatum, and functional 

connectivity into native circuits in animal models [19]. For 

example, in rodent studies, hESC or iPSC derived grafts 

persist for more than six months post-transplantation, display 

electrophysiological activity that is characteristic of 

dopaminergic neurons, and restore rotational activity in 

lesioned animals. Further, in non-human primate studies, 

grafted cells demonstrated long term survival, striatal 

reinnervation and ongoing improvement in movement scores 

that are characteristic of Parkinson disease [20]. Mesenchymal 

stem cells (MSCs) have been demonstrated to have additional 

neuroprotective effects in animal models. MSC 

transplantation decreases microglial activation, inhibits pro-

inflammatory cytokines and promotes endogenous 

neurogenesis, thus delaying neurodegenerative progression. 

Combined preclinical studies using MSCs and neurotrophic 

factors like GDNF or BDNF have provided evidence for 

synergistic effects in terms of improved motor recovery and 

dopaminergic neuron rescue superior to that obtained with 

MSCs alone [21]. 

 

 
Table 1: Summary of Stem Cell Therapy Studies in Parkinson Disease 

 

Study Stem cell type 
Model/Patient 

Cohort 
Intervention Key Findings Limitations 

TRANSEURO 

(2019) 

Fetal ventral 

mesencephalic cells 

Human PD 

patients 

Transplantation into 

striatum 

Improved UPDRS motor 

scores; graft survival 

Graft induced dyskinesia; 

small sample 

Japanese Phase I 

(2022) 

Autologous iPSC 

derived neurons 

Human PD 

patients 

Striatal 

transplantation 

Graft survival; motor 

improvement; no severe 

adverse events 

Short-term follow-up; 

scalability 

Rodent 6-OHDA 

models 

hESC derived 

dopaminergic neurons 
Rats 

Striatal 

transplantation 

Restoration of dopamine; 

improved rotational behavior 

Preclinical; long-term 

safety unknown 

Non-human 

primate 
iPSC derived neurons MPTP monkeys Transplantation 

Improved motor function; 

striatal reinnervation 

Costly; translational 

complexity 
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Clinically, several early phase trials have been performed that 

have assessed safety and feasibility in PD patients. The 

European multicenter TRANSEURO trial of fetal ventral 

mesencephalic tissue transplantation reported long-term graft 

survival and subtly improved motor function, although graft 

induced dyskinesias also were identified as a complication 
[22]. More recently, trials of hESC or iPSC derived 

dopaminergic progenitor cells have demonstrated promising 

early results. For instance, a phase I study from Japan showed 

the long-term survival of autologous iPSC-derived grafts 

without significant adverse events at 24 week follow up and 

improvement in Unified Parkinson Disease Rating Scale 

(UPDRS) motor scores. Furthermore, clinical experience 

with graft transplants from hESCs has shown a good safety 

with some patients obtaining clinically significant 

improvements in motor function. Yet despite such progress, 

some issues remain that are a challenge yet to be fully 

addressed. Immune heterogeneity, as determined by degree 

of graft differentiation, graft survival and integration is one 

of the proposed explanations for disparity and variability of 

results. Embryonic origin, immunologic rejection and 

tumorigenicity are major concerns [23]. Finally, long-term 

longitudinal follow-up and further development of 

transplantation methods and standardization of the protocol 

is needed to establish safety and efficacy of this approach. In 

conclusion, according to early clinical studies and preclinical 

studies, it appears that stem cell transplantation has great 

promise in PD and can exert a neurorestorative and 

neuroprotective effect. Whilst encouraging, such findings 

still need to be repeated in larger cohort, controlled trials to 

replicate long term benefit and surmount translational 

barriers before widespread clinical adoption [24]. 

 

3. Adaptive Deep Brain Stimulation (aDBS)  

Deep brain stimulation (DBS) has revolutionised the 

treatment of advanced Parkinson's disease (PD) and has 

demonstrated to be an effective treatment for providing 

substantial relief from motor symptoms including tremor, 

rigidity and bradykinesia. With conventional DBS, the nuclei 

responsible for activation of the system, the subthalamic 

(STN) nucleus or globus pallidus internus (GPi), which are 

the most frequently used are continually stimulated by 

electrical impulses, which contribute to restore motor 

function and reduce dopaminergic medication [25]. However, 

continuous stimulation leaves no room to detect dynamic 

changes in the neuronal activity or disease progression and 

usually leads to suboptimal treatment, stimulation-induced 

side-effects and unnecessary energy consumption. Adaptive 

deep brain stimulation (aDBS) represents an extension of 

standard DBS towards closed-loop systems able to adapt 

stimulation settings on-the-fly based on the 

neurophysiological signals. By detecting oscillatory activity, 

and in particular beta-band oscillations, from the STN, aDBS 

is capable of stimulating only during the occurrence of 

pathological neural patterns, maximizing the therapeutic 

effect while minimizing side effects [26]. In this way, a neural 

circuit can be modulated independently for each motor state 

of the patient. 

Preclinical and early clinical studies indicate that aDBS may 

lead to greater reduction of motor fluctuations compared to 

continuous DBS. Moreover, aDBS may be associated with 

reduced risk of developing dyskinesias compared to 

continuous DBS at lower stimulation amplitudes. In addition, 

aDBS systems lead to increased compliance and greater 

safety among patients over the long-term [27]. The technology 

could also be integrated with wearable sensors and telemetry 

systems, to allow for one-on-one therapy in a natural 

environment. While aDBS is a promising method, the method 

has not been broadly adopted due to technical complexity, 

identification of only a subset of biomarkers and cost. 

Conclusions: aDBS is a first step towards precision 

neuromodulation in PD and towards tailoring treatment to the 

variability of neuronal activity and patient needs [28]. 

 

3.1. From Conventional DBS to Adaptive Systems  

Deep brain stimulation of the subthalamic nucleus (STN) or 

the globus pallidus internus (GPi) is now considered first-line 

therapy for advanced Parkinson's disease (PD) with the aim 

of improving the motor symptoms. Continuous DBS refers to 

a constant frequency HFES which is not dependent on the 

patient dynamic neural state Although this leads to dramatic 

improvement of tremor, rigidity and bradykinesia, there are 

also some limitations to the technique [29]. Side effects of 

continuous stimulation include dysarthria, dysphonia, ataxia 

and stimulation-induced dyskinesias. Moreover, fixed 

stimulation does not cause motor function or disease 

progression to change over time in ways that make treatment 

challenging. However, due to high energy consumption and 

frequent replacement of its battery, the application of 

conventional DBS is also limited to long-term operation [30]. 

Adaptive deep brain stimulation (aDBS) has promised to be 

a new means to overcome these limitations. In contrast, by 

means of closed-loop stimulation, aDBS is able to 

dynamically adjust stimulation according to feedback of the 

neurophysiological signal and target pathological activity 

patterns exclusively at the moment of their occurrence. 

Compared to conventional deep brain stimulation (DBS) with 

closed loop stimulation, the approach of open-loop 

stimulation provides more selective and efficient 

neuromodulation [31]. Opportunities for the development of 

aDBS are provided by the fact that sensory information is 

able to detect local field potentials (LFPs) and oscillatory 

brain activity in the beta frequency range (13-30 Hz) related 

to the motor impairment in PD. 

The adaptive systems are realized through the integration of 

sensing electrodes, signal processing algorithms and 

programmable stimulators. This allows the system to 

automatically increase or decrease the stimulation intensity to 

minimize any side effects from the stimulation while 

maximizing the motor outcome [32]. Previous human chronic 

experience has shown that aDBS can maintain or even 

improve motor control at lower cumulative levels of 

stimulation that may offer more safety & energy efficiency. 

Overall, the development of adaptive DBS is a paradigm shift 

in neuromodulation from static and generalized stimulation 

to dynamic stimulation and targeting specific to individual 

patients. By synchronizing brain activity in real time to 

stimulation, aDBS has the potential to increase motor 

symptom control, quality of life, and enable more tailored 

treatment strategies in Parkinson [33]. 

 

3.2. Biomarkers and Neurophysiological Feedback  

Accurate neurophysiological biomarkers are used to centrally 

regulate the electrical stimulation in real time for adaptive 

deep brain stimulation (aDBS) in patients with Parkinson's 

disease (PD). By far the most well characterized biomarker 

in the STN is the reduced behavioral bradykinesia and 

rigidity in association with more robust and synchronized 
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beta band oscillation (13-30 Hz) [34]. In suprathreshold 

cortical activity, increased beta activity is observed in 

patients with Parkinson's disease (PD) and has been 

interpreted as a sign of abnormal synchronized neuronal 

firing; beta can be suppressed by focal stimulation, and 

suppression of beta activity has been shown to improve motor 

function [35]. By continually measuring these oscillations, 

aDBS systems can adapt the stimulation parameters to 

optimise the therapeutic effects of the stimulation. Local field 

potentials (LFPs) are a rich and abundant source of biomarker 

information that can be gathered from implanted electrodes. 

The LFP based sensing enables the system to discriminate the 

pathological neural patterns from the physiological patterns 

and therefore stimulate selectively in closed loop [36]. Other 

emerging biomarkers, such as gamma frequency, phase-

amplitude coupling or peripheral cues (electromyography, 

tremor frequency) could be additional sources of context to 

serve as guides for stimulation fit. 

We believe it is critical to link neurophysiological feedback 

to brain stimulation outcomes by using powerful algorithms 

to convert raw biomarker data into imperative commands for 

stimulation. To help robots respond more effectively and 

prevent stimulation where it is not necessary, machine 

learning algorithms have been developed to predict motor 

variability and to optimize stimulation patterns. In addition, 

biomarker-guided aDBS is expected to reduce the risk of an 

excess of stimulation leading to the development of 

dyskinesias, dysarthria or gait impairment [37]. Early clinical 

experience has shown that feedback stimulation increases 

motor recovery while decreasing stimulation amplitudes and 

battery life of the feedback-controlled stimulation devices. 

Real-time biomarker monitoring also provides the 

opportunity for longitudinal measurements of disease 

progression (personalised treatment adaptation over time).In 

a nutshell, adaptive DBS is based on biomarkers (beta 

oscillations and LFPs) and aims to provide closed-loop 

neuromodulation, Adaptive DBS adjusts the stimulation 

based on the recording from the patient neural state in real-

time [38]. This paradigm represents a substantial improvement 

over standard DBS with regard to efficacy, side effects, as 

well as individual treatment for patients with PD. 

 

3.3. Clinical Outcomes of aDBS  

Adaptive deep brain stimulation (aDBS) has been found to be 

clinically promising for Parkinson's disease (PD), in 

particular in overcoming the limitations in clinical efficacy of 

standard continuous DBS. By altering stimulation in real time 

rather than using a low intensity, fixed method, aDBS has 

been shown to be more effective at controlling motor 

symptoms while minimizing side effects of stimulation [39]. 

Pilot studies and some initial human subject studies have 

demonstrated that aDBS is very effective in reducing 

bradykinesia, rigidity, and tremor, and aDBS has generally 

been more effective than standard DBS for the treatment of 

motor symptoms. One study in patients with advanced PD 

showed that aDBS reduced Unified Parkinson Disease Rating 

Scale motor scores by 40-50% as compared with ~30-35% 

improvement with conventional DBS. Furthermore, aDBS 

not only resulted in greater control of motor fluctuations, but 

also in lesser peak-dose dyskinesias, probably because 

mismatch of stimulation intensity to instantaneous neural 

activity may be simply modified [40]. In addition, the reduced 

quantity of energy allowed for longer energy delivery with an 

increase in the number of times a patient could undergo the 

procedure without needing to replace devices, and would 

increase the overall patient convenience in addition to 

decreasing the procedural hazards. 

 
Table 2: Comparative Outcomes of Conventional DBS vs 

Adaptive DBS 
 

Parameter Conventional DBS Adaptive DBS (aDBS) 

Motor Symptom 

Control 

Moderate 

improvement in 

UPDRS 

Greater improvement; 

dynamic modulation 

Dyskinesia Higher risk Reduced incidence 

Battery 

Consumption 
Continuous, higher Lower; energy-efficient 

Side Effects 
Speech, gait 

disturbances 
Fewer, targeted 

Patient-Specific 

Adaptation 
No 

Yes, based on 

biomarkers 

Clinical 

Monitoring 
Periodic clinic visits 

Continuous via sensors 

and AI 

 

Comparative studies have shown aDBS to provide more 

stable motor control over time during activities of daily 

living, which is more consistent with results from continuous 

DBS, compared with oscillatory symptoms in PD that are less 

tolerated with continuous DBS [41]. In addition to motor 

improvements, patients report perceived quality-of-life 

improvements including an increase in mobility a reduction 

in fatigue, and an increase in independence in activities of 

daily living. In addition, potentials for the improved function 

of the motor system which are confirmed by objective 

measurements such as kinematic analysis and acceler metry 

during the adaptive stimulation [42]. However there is a quite 

significant inter patient variability in stimulation responses 

which argues for highly individualized programming coupled 

with optimal electrode placement. Several factors are 

believed to affect the therapeutic response to aDBS, including 

disease stage, comorbidity and brain beta activity, among 

others. Despite the limited data available from long-term 

follow-up, the carriage of these benefits was sustained in 

follow-up of a few months to several years without an 

increase in the numbers of adverse events in comparison with 

standard DBS [43]. In conclusion, a clinical evidence base is 

emerging for aDBS as a potent neuro-modulatory therapy in 

the treatment of PD that can be implemented with stepwise 

stimulatory applications with incredibly flexible feedback 

that is adaptive to the instantaneous neurophysiological state 

of the patient. With improved motor function, reduced side-

effects and improved QoL, aDBS marks a significant step 

toward precision neuromodulation in PD [44]. 

 

3.4. Technical and Implementation Challenges 

Although the clinical outcomes of adaptive deep brain 

stimulation (aDBS) have been promising, some technical and 

implementation issues still exist that impede broad use for the 

management of Parkinson disease (PD). Closed-loop systems 

requiring real-time detection and interpretation of 

neurophysiological biomarkers are complex systems 

requiring fine electrode placement, high signal acquisition, 

and advanced signal-processing algorithms [45]. In particular, 

small shifts in electrode location can place a burden on the 

accuracy of a local field potential (LFP) recording, 

diminishing the performance of feedback-based stimulation. 

Components like contamination, noise in the signal detection 

and other interfering signals caused due to motion artifacts, 
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muscle movements or other electronic devices can affect the 

reliability of biomarker detection [46]. How to develop 

algorithms that enable the identification of pathological 

neural patterns from physiological or artifactual signals is 

still a challenge. Further, individual and disease dynamics in 

the beta oscillation depend upon individual calibration, 

making standardization of aDBS protocols difficult. 

Besides, device optimisation closed loop stimulator with 

sensing electrodes, processor and pulse generator in one 

hermetically sealed implantable device will be a huge 

challenge, because periodic battery replacement poses 

procedural risks and patients’ burden, we need a perfect 

balance of an adequate battery life, and smaller size and 

higher computation power. Additionally, aDBS (including 

the DBS hardware, software, and clinical programming) is 

much pricier than conventional DBS, further restricting even 

further the patients who have access to this treatment, 

particularly in resource-limited settings [47]. As if all that 

wasn't bad enough, there's a problem in the correct choice of 

patients in testing. Of course, not all PD patients are suitable 

for aDBS patients must have different stages of disease, 

motor fluctuations of a certain type and no severe cognitive 

impairment or other comorbidities that will make surgery 

complicated. Long-term management requires a 

multidisciplinary team with the training to continue longer-

term monitoring, programming, and troubleshooting. It is 

also influenced from a regulatory and ethical standpoint [48]. 

Especially in the early stages of CLNS clinical 

standardization, safety and reproducibility are important. 

Clinical trials must not only be effective, but also be safe with 

minimal toxicities that persist over long-term follow-up. 

In conclusion, overall, while aDBS is an exciting 

development in the field of neuromodulation for PD, it is 

limited by technical complexity, expense patient specific 

differences and the need for long term management. While 

these are challenge require resolution through better 

biomarker identification, algorithm development, device 

miniaturization and training of skilled clinical teams for their 

application, their successful resolution will enable the 

widespread adoption of precision neuromodulation in PD and 

unlock it full potential [49]. 

 

4. Personalized Medicine in Parkinson Disease  

The aim of personalised medicine in Parkinson disease (PD) 

is to individualise therapy based on patient-specific 

parameters, including genetic, biomarker and clinical 

phenotyping. Conventional PD management is based on a 

one-size-fits-all approach, variable responses and suboptimal 

outcome due to inter-individual patient differences in disease 

pathophysiology, disease progression and treatment 

tolerance. The recent explosion of genomics, molecular 

diagnostics, and computational analytics has created the 

conceptual basis for precision labeled neurology, where the 

clinician would be able to optimize each patient therapy [50]. 

Discovery of mutations affecting the gene products (LRRK2, 

PARK7, PINK1, SNCA and GBA) implicated in the 

pathoetiology, progression, and response to treatment of the 

disease has become the major focus of the molecular 

diagnosis approach. For example, it has been shown that 

mutation carriers of LRRK2 differentially respond to 

dopaminergic treatment and GBA mutation carriers were 

shown to be more sensitive to cognitive impairment and 

dementia. It is hoped that such genotypic information can 

then act as a starting point for decision making in the clinic, 

such as for pharmacotherapy, for modality, timing (if any) of 

intervention, or for eligibility to novel interventions such as 

stem cell transplantation or adaptive deep brain stimulation 
[51]. 

Furthermore, biomarker-based stratification can be used as a 

tool for precision medicine. Serum/CSF biomarkers like a-

synuclein, neurofilament light chain (NfL) and inflammatory 

cytokines hold promise for providing new insight as in vivo 

biomarkers of disease activity and progression, and 

biomarkers of response following treatment [52]. Functional 

Magnetic Resonance Imaging (MRI) and dopamine 

transporters (DaT) Single Photon Emission Computed 

Tomography (SPECT) allow us to obtain images of the 

degree of loss of the nigrostriatal system and the connectivity 

pattern appropriate for therapeutic planning. However, from 

the last decade on, digital health technologies (tablet, 

smartphones, home digital-monitoring platform) provided 

the possibility of collecting objective longitudinal 

information with regard to changes of motor switches, 

tremor, and gait parameters [53]. Beyond this AI and machine 

learning-based analysis of the data to model the trajectory of 

the symptoms, it also enables a level of optimisation for 

parameter adjustments (drugs, neuromodulation settings etc) 

that can be personalized for particular risk factors. 

Direct-to-consumer pharmaceutical advertising also presents 

opportunities for lifestyle and environmental factors to be 

taken into consideration in each patient's holistic care 

program. Because many of these risk factors are amenable to 

change, risk factor therapy is supplemented by 

pharmacological and interventional therapies to take a 

holistic approach to improving quality of life [54]. In 

conclusion, the implementation of personalized medicine is a 

paradigm shift in the management of PD from a generalist, 

reactive and disease-centred approach to care towards a more 

proactive, data-driven, patient-centred approach. With 

genome, biomarkers, and digital investigations, doctors can 

explore patient-specific therapies to maximize benefit and 

minimize side effects while effectively managing the 

changing disease-state. The precision paradigm developed 

here is at the forefront of the next generation of therapeutic 

approaches including synergistic combination with SC 

replacement and adaptive DBS and eventually will be the 

foundation for truly personalized care of PD [55]. 

 

4.1. Digital and AI Based Monitoring  

Role of digital health technologies as tools for individualized 

management of PD including continuing objective 

assessment of PD patient motor and non-motor symptom in 

real life settings. For example, wearable sensors such as 

accelerometers, gyroscopes and inertial measurement units 

(IMUs) have been shown to be a useful tool for measuring 

tremor, bradykinesia, dyskinesia, gait impairment and 

postural instability. Unlike the periodic clinical exam, 

continuous monitoring observes change on a daily basis and 

reveals subtle changes in disease progression [56]. Remote 

monitoring of symptoms at home including motor symptoms, 

medication adherence and symptom severity can be achieved 

using home monitoring devices and smartphone applications 

These platforms produce vast amounts of data which can then 

be processed using artificial intelligence (AI) and machine 

learning algorithms. AI-powered analytics to assess patterns 

and have predictive trends for motor behavior and/or make 

personalized suggestions for medication adjustment or 

stimulation parameter change for closed-loop DBS systems 
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[57]. 

In addition to utilizing EHR and telemedicine systems, digital 

monitoring can be used for longitudinal monitoring and early 

intervention. These findings are also useful for clinicians to 

provide the most effective treatment protocols to reduce 

hospital visits and maximize patient engagement and 

adherence [58]. Moreover, prediction of non-motor symptoms 

- AI-based predictive modelling allows for earlier diagnosis 

of non-motor symptoms, such as cognitive decline, sleep 

disorders, or mood disorders and hence the opportunity for 

interventions to be started early. Overall, digital and artificial 

intelligence-based monitoring is contributing to increasing 

the accuracy of recommended care in PD [59]. By creating 

model quality and matched patient datasets with millisecond 

temporal resolution, these technologies not only transcend 

traditional clinical measurements, but also provide 

interpretive data for both personalized care and adaptive 

treatment, ultimately improving patients' outcomes and 

quality of life with PD. 

 

5. Synergistic Integration of Novel Approache 

Novel techniques in stem cell therapy, adaptive deep brain 

stimulation (aDBS) and personalized medicine make a 

complex and multifaceted approach to treating the complex 

pathophysiology of Parkinson disease (PD) [60]. Although the 

two approaches have different therapeutic benefits, 

combining them can be an effective strategy in achieving 

clinical outcomes by attacking disease mechanisms from 

different directions. Stem cell therapy addresses the 

underlying neuronal loss and enables neuroregeneration, in 

combination with the real-time optimization of neural circuit 

activity guaranteed by aDBS and a tailored medicine 

approach that is absolutely necessary to target interventions 

based on the individual patients' characteristics [61]. The 

modalities can be applied with great accuracy and in a 

specific order of application. For example, when 

transplanting stem cells into patients, aDBS can be used to 

stabilize motor circuitry promotion during graft incorporation 

with the potential of improving functional connectivity and 

reducing symptomatic fluctuations. In addition, the patient is 

selected according to genetic, biomarker and clinical profiles 

using unique patient identification, and the patient 

responsiveness to stem cell treatment or neuromodulation is 

specified in so doing, such stratification reduces variability 

related to therapeutic outcome and optimizes effectiveness 

and safety [62]. 

Further, digital health technologies and artificial intelligence 

(AI) analytics provide additional means for synergy between 

tracking patient responses across interventions. Continuous 

monitoring of motor and non-motor symptoms allows for 

real-time programming of aDBS parameters and assessment 

of graft performance - creating a feedback loop leading to 

tailored treatment strategies. Additionally, computational 

models can simulate the combined effects of neurorestorative 

and neuromodulatory therapies, optimizing protocols before 

clinical application [63]. Recently, an emerging treatment 

approach for complex pathophysiology of PD is a 

combination of stem cell therapy, adaptive deep brain 

stimulation (aDBS), and a personalized medicine approach. 

These individual therapies have their own distinctive 

therapeutic property and when combined, the patient could 

have a better clinical outcome since they act on the 

mechanisms of disease from different angles. While stem cell 

therapy targets the underlying neuronal loss and allows 

regrowth of neurons, aDBS allows real-time optimization of 

neuronal circuit function, and personalized medicine allows 

for precise targeting of the treatment to the specific 

characteristics of the individual patient. By applying these 

modalities together, it is possible to provide treatments at a 

specific time and in a specific sequence. For instance, aDBS 

could be applied on the patient population during stem cell 

transplantation with the objective to stabilise local motor 

circuits during incorporation of functional connectivity, 

avoiding symptomatic fluctuations. Personalisation Systems 

that can be used to select patients who will benefit most from 

stem cells or NEMS based upon their genomic, biomarker 

and clinical phenotype [64]. This type of stratification limits 

variability in response, and maximizes safety and efficacy. 

 

5.1. Stem Cell Therapy and Precision Medicine 

In conclusion, stem cell therapy and precision medicine are 

set to converge and offer a personalized therapeutic solution 

to the treatment of Parkinson disease (PD). While the ability 

of cell transplantation to restore lost DA neurons and to 

afford a neuroprotective effect is very promising, the success 

of transplantation will depend on the patient's genetic 

background, on the disease course, and on immune response 
[65]. Precision medicine will be used to further optimize stem 

cell-based interventions along these underlying axes for 

maximal therapeutic efficacy with minimal risk. Genomic 

profiling facilitates stem cell-based interventions: some 

disease states and neuronal susceptibility and sensitivity to 

cell-based therapy have been linked to genetic 

polymorphisms such as LRRK2, GBA, PINK1 and SNCA. 

Thus, identification of these genetic determinants may help 

clinicians recognize the subset of the population which will 

respond best to transplantation and thus most appropriate 

targeting of cell types, differentiation protocols, and 

immunomodulation strategies [66]. For instance, iPSCs 

identified from patient derived somatic cells may reduce 

immune rejection significantly compared to adult derived 

donor stem cells and also offer platform for gene correction 

of patients with pathogenic mutations for safety and 

functional integration. 

Biomarker profiling is therefore useful for timing and 

targeting of transplantation. Conclusions: Cerebrospinal fluid 

a-synuclein, neurofilament light chain (NfL) and 

inflammation-specific biomarkers provide a clinical 

approach that may enable graftable time points to be selected 

when the neuroinflammatory activity is reduced and the 

neural microenvironment is at an optimal integrative stasis. 

Neuroimaging (dopamine transporter (DaT) imaging and 

functional MRI) may be used for very high-resolution 

localization and measurement of the striatonigral pathway to 

guide graft delivery and post-transplantation connectivity [67]. 

Furthermore, predictive and computational platforms to 

model graft success, at least partly based on patient-specific 

parameters and data-driven decision-making factors, for graft 

survival, graft integration and functional outcome prediction 

are applied. If digital ambulatory technology can help the 

clinician rapidly see that motor and non-motor posttransplant 

symptoms are occurring, this allows flexibility to enhance 

adjunct therapy such as adaptive DBS or pharmaceutical 

support to continue optimizing care [68]. In conclusion, a 

combination of stem cell therapy and precision medicine will 

utilize genomic, biomarker and computational insights to 

target therapy. This combination leads to greater graft 

survival, restoration of function, safety, and limits 
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heterogeneity of therapeutic response. This will take 

regenerative approaches to the next level to attempt to 

achieve patient-specific disease modifying therapy for PD by 

adopting a patient-specific approach [69]. 

 

5.2. aDBS in Personalized Care 

Adaptive deep brain stimulation (aDBS) has emerged as a 

key component in the field of personalized medicine for 

Parkinson's disease (PD), and it offers dynamic and real-time 

neuromodulation based on a patient own individual neural 

activity [70]. A difference to standard DBS, which provides 

constant stimulation independently of the dynamic nature of 

motor symptoms is that aDBS uses closed-loop recording 

systems detecting neurophysiological biomarkers e.g., 

subthalamic nucleus (STN) beta-band oscillations to adapt 

stimulation parameters to the instantaneous motor state of the 

patient [71]. Personalisation by careful selection of patients, 

integrating clinical and genetic information with 

neuroimaging for the most part, patients who have been 

selected for aDBS have experienced significant motor 

fluctuations, dyskinesias or poor response to 

pharmacological therapy. We utilize pre-operative imaging 

and electrophysiological mapping for accurate electrode 

localization and target selection for the maximum therapeutic 

effect to the nuclei. 

Once implanted, aDBS devices have the following 

capabilities: 

1. Continuous local field potential (LFP) recording and 

other biomarkers able to modulate stimulation in real-

time. 

2. Machine learning algorithms are used to predict motor 

fluctuations from each of these signals, which then 

optimise the stimulation pattern to enhance the motor 

control while limiting stimulation-induced dysarthria, 

impaired gait, or involuntary movements. This 

personalised approach also ensures that stimulation 

amplitudes are as low as possible, which in turn helps to 

maximise battery life and decrease the frequency with 

which a device needs to be replaced [72]. 
 

 
 

Fig 1: Synergistic Integration of Stem Cell Therapy, Adaptive 

DBS, and Personalized Medicine in Parkinson’s Disease 

The integrative approach to digital health takes 

personalization one step beyond. Remote monitoring systems 

and wearable sensors provide continuous feedback in tremor 

frequency, bradykinesia, gait and daily activity. Based on 

these data, AI-powered analytics can fine-tune aDBS 

programming, modify therapy based on changes in symptom 

profile and anticipate clinical deterioration [73]. This enables 

stimulation that is in tune with that patient's function 

throughout the disease. Several observational studies have 

found individual aDBS protocols to be related to improved 

motor outcomes, when compared with standard DBS, and 

better quality of life and diminished medication burden [74]. 

Furthermore, aDBS enables a synergy between aDBS and 

other therapies as demonstrated within a combined study of 

aDBS and stem cell transplant in which grafting is stabilized 

by aDBS. In short, aDBS is a model of precision 

neuromodulation for PD that relies on near continuous 

adaptation of stimulation to individual biological and 

functional properties. Personalised therapy: aDBS optimises 

efficacy by tailoring therapy to a patient's specific 

pathophysiology, reduces the incidence of adverse effects 

and is part of an integrated personalised approach to treating 

Parkinson disease [75]. 

 

6. Future Directions 

Although there has been significant progression in the field 

of Parkinson disease (PD) therapeutics, there are still many 

knowledge gaps and translational hurdles to overcome. Stem 

cell therapy, adaptive deep brain stimulation (aDBS), and 

precision medicine are highly promising new interventions, 

but confirmatory large-scale and long-term clinical trials are 

needed to establish safety, efficacy and long-term durability 
[76]. Optimizing procedures for stem cell differentiation, graft 

survival and functional integration is still a priority, and 

identification and validation of reliable biomarkers are 

essential for precision medicine and aDBS approaches [77]. 

Combinations of SC transplantation and neuromodulation are 

actively in ongoing clinical trials designed to improve graft 

engraftment and functional recovery. More sophisticated 

imaging and AI-based patient monitoring are increasingly 

being incorporated into such trials so that patients' individual 

response can be assessed in real time and therapy can then be 

iteratively adjusted. In addition, patient-derived induced 

pluripotent stem cells (iPSCs) open the possibilities of a 

personalized regenerative therapy, but they are still an 

expensive method and difficult to scale up [78]. 

There is a limited understanding of patient response, immune 

rejection, tumorigenicity and technical issues associated with 

closed loop DBS systems. Results should be trans centrically 

reproducible across centres and this requires harmonisation 

of surgical approach, medical device programming and 

outcome measures. Of course, the source of stem cell 

preparation and genetic engineering will need to be 

continually monitored, as will the regulatory structures to 

guarantee patient protection and fair access. For now, 

multimodal approaches are also significant, which are the 

regenerative therapy combined with neuromodulation and 

data-driven personalised medicine [79]. As such, it is truly 

only digital monitoring coupled with an understanding of 

genomic profiling provided via AI analytics that will enable 

any intelligent adaptive patient centric intervention to occur 
[80]. In addition, innovative approaches with new biomarkers, 

neuroprotective agents, and combinatorial disease 

modification/slowing of progression are being explored. 
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Finally, these novel therapies will need to eventually be 

translated into safe, accessible and clinically effective 

therapies for treatment of PD. Finally, we can conclude that 

data derived from stem cell therapy, adaptive DBS and 

precision medicine will be critical in unlocking the full 

potential of such technologies and ensuring safe and effective 

application of these technologies to improving the outcome 

and quality of life for patients with PD. 

 

7. Conclusion 

Parkinson disease (PD) is an enigmatic neurodegenerative 

condition with considerable motor and non-motor burden, in 

which there is a need for new therapeutic strategies outside 

of standard pharmacological and surgical approaches. Stem 

cell therapy, adaptive deep brain stimulation (aDBS) and 

personalized medicine are emerging treatment modalities that 

target different disease aspects and are expected to have 

additive effects. Stem cell therapy offers the opportunity for 

neuronal replacement and neuroprotection, which will lead to 

functional recovery and disease modification. Recent 

advances in induced pluripotent stem cells (iPSCs) and 

human embryonic stem cell-derived dopaminergic 

progenitors have been shown to be feasible, to survive 

grafting, and to have shown initial improvement of motor 

function in the earliest clinical trials. Adaptive DBS (ABS) is 

a technique, which improves neuromodulation by tailoring 

stimulation to current neurophysiological biomarkers for 

managing movement and minimizing side effects, and allows 

for personalized therapy. Personalised medicine combines 

genomic, biomarker and digital health data for the 

personalisation of treatments, the optimisation of treatment 

choice, and the surveillance of disease progression in an 

individual patient. 

The combined use of these approaches enables a 

comprehensive and patient-targeted therapeutic approach in 

which neuronal loss, circuit dysfunction, and individual 

heterogeneity are addressed in parallel. Optimization of 

therapy with continuous feedback and adaptive adjustment is 

further developed using digital and Artificial Intelligence-

based monitoring. Despite technical challenges, 

heterogeneity of response to therapy, safety considerations 

long-term and in individual patients and regulatory aspects, 

continuous research and clinical developments provide 

attractive options. Together, these cutting-edge modalities 

are leading the way to disease modifying precision-guided 

interventions; radically changing the way we treat Parkinson 

disease and thereby enhancing the quality of life of all 

affected individuals. 
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