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Abstract
Parkinson’s disease (PD) is a neurological syndrome or condition that occurs due to a 
deficit of dopamine-producing neurons in the substantia nigra. Diagnosing PD in its 
early stages is difficult, as its symptoms often resemble those of other neurological 
diseases. Therefore, recognizing reliable biomarkers is important for discriminating PD 
from related conditions, monitoring disease progression, and evaluating responses to 
therapeutic interventions. PD biomarkers are categorized into the following classes: 
clinical, neuroimaging, biochemical and proteomic, and genetic. Ongoing research 
aims to discover the most effective PD biomarkers that could help doctors identify PD 
risk and accelerate early diagnosis. Artificial intelligence (AI) methods, including deep 
learning and machine learning, have become increasingly significant in recent years due 
to their ability to evaluate and process large volumes of medical data with high accuracy. 
Furthermore, these methods have contributed significantly to the early diagnosis and 
effective treatment of various diseases, such as cancer and neurological conditions such 
as Alzheimer’s disease, PD, and multiple sclerosis. Given that PD affects a large population, 
the present study aims to review the applications of AI approaches in the early diagnosis 
of PD and the latest advancements in the field of PD biomarkers. Promising results have 
been obtained using various AI algorithms, which are helpful not only in identifying the 
PD stages but also in supporting early diagnosis. However, the implementation of these 
techniques in clinical practice faces challenges, including data quality and variability, 
model interpretability, and the need for interdisciplinary collaboration.

Keywords: Artificial intelligence; Parkinson’s disease; Machine learning; Biomarkers; Deep 
learning

1. Introduction
Neurodegenerative diseases (NDs) are progressive conditions that damage various parts 
of the human nervous system, primarily affecting the brain.1 Alzheimer’s disease (AD) 
and Parkinson’s disease (PD) are prominent examples of NDs. While many symptoms 
of these diseases are treatable, a definitive cure remains elusive, emphasizing the urgent 
need for more effective treatments and early interventions.

Diagnosing NDs in their early stages is crucial; failure to do so can lead to severe 
outcomes, including death. To handle this growing crisis, it is vital to prioritize methods 
for both diagnosis and treatment.
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Reliable biomarkers are urgently needed that can, first, 
identify NDs in their early stages and indicate susceptibility 
to these conditions. Second, these biomarkers could assist in 
clinical diagnosis and help define the severity of the disease.

PD is rapidly increasing, damaging the health of millions 
of people worldwide. According to the World Health 
Organization,2 the prevalence of PD has doubled over the 
past 25 years, with global assessments in 2019 indicating 
that more than 8.5 million people were suffering from the 
condition. The rates of disability and death associated with 
PD are rising faster than those for any other ND. In 2019, 
PD caused around 329,000 deaths, more than twice the 
number recorded in 2000.

Statistics3 show that in the United States of America 
(USA), approximately one million people are affected by 
PD, with projections indicating that this figure will rise 
to 1.2 million by 2030. A  similar trend is expected in 
countries such as India. The rapid increase in PD cases 
presents significant economic challenges, placing a burden 
on both the economy and healthcare systems. In addition, 
PD creates social obstacles within communities.4 Given the 
profound economic, social, and personal impacts of PD, it 
is crucial to optimize strategies for controlling this disease, 
particularly through early diagnosis.

As noted earlier, biomarkers are essential for 
diagnosing NDs and can facilitate the early diagnosis of 
PD. Artificial intelligence (AI), machine learning (ML), 
and deep learning (DL) methods have seen significant 
advancements over the past decade. This study provides 
insights into research linking various types of biomarkers 
with AI, ML, and DL methods for PD diagnosis. Given 
that AI encompasses both ML and DL, the term AI is used 
broadly in the remainder of this study.

1.1. Motivation factors and research challenges

Clinicians face several challenges when diagnosing and 
treating PD, mainly related to precision, cost, and delays.
(i)	 Precision: identifying the complex clinical signs of PD, 

especially in its early stages, is challenging due to the 
similarity between PD and AD symptoms. This makes 
it difficult for doctors to differentiate between these two 
NDs. By the time PD is accurately diagnosed, it may be 
too late to implement effective control measures.

(ii)	 Delays: diagnosing PD is a lengthy process, involving 
multiple steps from data gathering to analysis. The time 
gap between data collection and interpretation leads to 
delays in reaching a diagnosis and initiating treatment.

(iii)	Cost: the high costs associated with diagnostic and 
treatment procedures can restrict access to healthcare 
facilities, especially for those in need of early 
intervention.

Continuous innovation and the development of 
more efficient methods are important to overcome these 
challenges, achieving precise results at a lower cost and in 
a timely manner. The literature highlights the significant 
potential of AI techniques in addressing these issues. AI 
methods can quickly process and analyze data, reducing 
diagnostic delays and enabling early-stage treatment. In 
addition, AI reduces the need for manual intervention, 
thereby increasing diagnostic efficiency and lowering 
overall treatment costs.

1.2. Contribution

To the authors’ knowledge, this study is the first 
comprehensive review of AI applications using four 
major types of biomarkers—clinical, neuroimaging, 
biochemical and proteomic, and genetic—for the early 
diagnosis of PD.

The key contributions of this review include:
(i)	 Systematically exploring the practicalities of AI 

approaches to enhance the efficiency and precision of 
PD diagnosis, management, and treatment.

(ii)	 Analyzing the AI methods and techniques used in 
diagnosing and treating PD.

(iii)	Stratifying different biomarkers based on the available 
AI approaches.

1.3. Organization of the review

The organization of the remainder of the review is as follows: 
Section 2 discusses the background and various aspects of 
PD, along with relevant biomarkers and AI approaches. 
Section 3 elaborates on the research methodology used in 
this study, followed by findings from the literature related 
to the application of AI approaches in diagnosing, treating, 
and managing PD using different types of biomarkers. 
Section 4 discusses the challenges and future directions for 
applying AI in the medical field, followed by conclusion in 
Section 5.

2. Background
2.1. PD process

PD is triggered by the degeneration of midbrain 
dopaminergic neurons (mDANs), which are crucial for 
controlling movement.5 PD symptoms are categorized as 
motor and non-motor, and they develop gradually and 
worsen with age, significantly impacting the quality of 
life.6 As PD progresses, it results in mental, physical, social, 
and emotional challenges. Early and accurate diagnosis is 
crucial before these symptoms become more severe. Other 
causes of PD include genetic and environmental factors7 as 
well as the presence of Lewy bodies.8
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2.2. PD treatment

PD is a heterogeneous disorder that affects individuals’ quality 
of life. While there is no curative therapy for PD, treatments are 
available. These treatments focus on improving the patient’s 
quality of life and managing symptoms. Available options for 
treatment include8 surgeries, therapies, medications, lifestyle 
adjustments, and supportive care.

Each PD patient is treated according to the severity of 
their condition, which is classified into five stages (Stage 1 
to Stage 5). Treatment plans are tailored to the individual’s 
specific needs and disease progression. Ongoing research 
is exploring new therapies, such as stem cell treatments 
and gene therapy, to improve outcomes and slow disease 
progression.8 Recent advancements in PD treatment 
focus on improving symptom management, developing 
disease-modifying therapies, and incorporating new 
technologies based on AI methods. AI can use patient data 
(e.g., genetics, lifestyle, disease severity) to recommend 
personalized therapies, improving treatment efficacy and 
reducing medication side effects.

Another increasingly recognized class of PD 
biomarkers is known as “gut biomarkers.” Although gut 
biomarkers span traditional biomarker categories, such 
as biochemical, genetic, microbiome, metabolomic, and 
even clinical and imaging domains, their focus on the 
gastrointestinal system and the gut-brain axis makes them 
a distinct subclass with unique diagnostic and pathogenic 
significance.

2.3. Biomarkers

According to the U.S. Food and Drug Administration and the 
National Institutes of Health,21 “A biomarker is not intended 
to measure how an individual feels, functions, or survives. 
Instead, it is a defined characteristic that serves as an indicator 

of normal biological processes, pathogenic processes, or 
biological responses to an exposure or intervention, including 
therapeutic interventions.” Different researchers have 
classified biomarkers into various categories. Some studies22 
have focused on clinical, biochemical, and neuroimaging 
biomarkers, while Surguchov23 identified clinical, imaging, 
pathological, biochemical, and genetic markers as potential 
PD biomarkers. After reviewing the literature, we identified 
four major categories: clinical, neuroimaging, biochemical 
and proteomic, and genetic biomarkers. A summary of these 
categories is provided in Table 1.

Research on PD biomarkers is rapidly evolving with 
significant advancements in areas such as genetics, 
proteomics, neuroimaging, gut microbiome (GM),24 
and exosomal analysis.16 The integration of AI methods 
with biomarkers offers greater precision in tracking 
PD progression and identifying novel targets for early 
intervention. In the following section, we explore research 
that utilizes various biomarkers in conjunction with 
AI-based techniques.

2.4. Integration of AI approaches

ML is a branch of AI focused on statistical models and 
algorithms that can make computers to enhance their 
performance on a task by learning from data. DL, a 
specialized subset of ML, uses artificial neural networks 
(ANNs) with multiple layers (hence “deep”) to analyze 
various forms of data.25 DL algorithms are robust and 
efficient, and are hence employed in medical imaging to 
address diagnostic issues.26

3. Related work
This section reviews selected research articles that focus 
on the application of AI in the diagnosis, management, 

Table 1. Parkinson’s disease biomarkers and their description

Type of 
biomarker

Description

Clinical9‑12 These biomarkers are related to clinical signs and symptoms that aid in diagnosis and tracking disease progression. Non‑motor signs 
include cognitive decline, sleep disturbances, fatigue, excessive sweating, depression, idiopathic rapid eye movement sleep‑behavior 
disorder, and constipation. Motor signs include tremors, rigidity, akinesia, and postural instability as well as two motor subtypes: 
postural instability and gait difficulty, and axial symptoms. Bradykinesia and stiffness exhibit the strongest correlation with the 
degeneration of dopamine‑producing neurons in the nigrostriatal system.

Neuroimaging13,14 These biomarkers use imaging techniques, such as MRI, SPECT, and PET, to detect structural and functional changes in the brain, 
particularly in regions such as the substantia nigra and dopamine transporter systems.

Biochemical15‑17 
and 
proteomic16,18,19

Biochemical biomarkers encompass a wide range of molecules and processes such as proteins, metabolites, and cellular changes. 
Proteomic biomarkers focus specifically on proteins involved in the disease process. These biomarkers are found in cerebrospinal 
fluid, blood, and saliva. α‑syn, dopamine metabolites (HVA, DOPAC), and neuroinflammatory markers are among the most studied.

Genetic16,20 Genetic biomarkers are relevant to both familial and sporadic forms of PD. Mutations in genes, such as PRKN, LRRK2, and GBA, are 
recognized as significant genetic contributors to the disease.

Abbreviations: DOPAC: 3,4‑dihydroxyphenylacetic acid; HVA: Homovanillic acid; MRI: Magnetic resonance imaging; PET: Positron emission 
tomography; SPECT: Single‑photon emission computerized tomography; α‑syn: α‑synuclein.
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and treatment of PD. The aim is to provide an overview 
of recent advancements and practical implementations 
of AI methods within the field. The articles are analyzed 
based on the methodologies employed and the results 
obtained across various biomarker types. This structured 
comparison allows readers to gain a deeper comprehension 
of how AI techniques and biomarkers are being integrated 
in efforts to diagnose, manage, and treat PD effectively.

3.1. Methodology

This review aims to examine AI-based approaches for 
evaluating different types of biomarkers and to provide 
a comprehensive understanding of their role in PD 
diagnosis. The research questions guiding this study are 
presented in Table 2. To conduct this review, we identified, 
filtered, and assessed relevant research from recent years, 
focusing on the utilization of AI approaches in diagnosing, 
managing, and personalizing PD treatment using various 
types of biomarkers.

3.2. Application of AI methods for PD: an overview

The use of AI approaches has considerably improved 
the accuracy and speed of PD identification and 
management. These methods can rapidly and precisely 
analyze large volumes of medical data, including diverse 
biomarkers, such as brain images and clinical information, 
by identifying complex patterns that assist in early 
PD diagnosis.26 In addition, AI methods are effective 
in predicting patients’ responses to different types of 
treatments such as deep brain stimulation.27 Predictive 
disease progression algorithms can also aid in developing 
personalized treatment plans. In addition, by modeling the 

effects of new treatments and refining treatment protocols, 
these approaches can expedite the development of new 
drugs and therapeutic strategies, thereby enhancing their 
effectiveness.26 In this section, we assess the applicability of 
AI methods to PD-related studies that utilize various types 
of biomarkers.

3.2.1. Clinical biomarkers and AI methods

Clinical biomarkers encompass both motor and non-
motor features of PD.22 Clinical rating scales are utilized to 
identify these features and assist in early diagnosis. Some 
commonly used scales include the Hoehn and Yahr scale 
(H&Y), the Non-Motor Symptoms Scale for PD, and the 
Unified PD Rating Scale (UPDRS).22

As previously mentioned, AI methods are crucial for 
PD diagnosis. In this section, we explore research that 
integrates various clinical biomarkers alongside AI-based 
techniques for the detection, monitoring, and classification 
of PD patients from healthy individuals.

An automated approach based on a DL method was 
proposed for PD detection and severity prediction by 
analyzing gait data.28 The study involved 166 participants, 
including 93 PD patients and 73 control subjects. That 
method achieved 98.7% accuracy for PD gait recognition 
and 85.3% for predicting PD severity.

Goyal and Rani29 conducted a comparative analysis of 
ML, ensemble learning (EL), and DL classifiers to develop 
classification models for PD detection using 252 voice 
samples (188 PD and 64 healthy). The random forest (RF) 
model, with 82.37% accuracy, gave better performance 
than other base classifiers. The DL model achieved training 

Table 2. Research questions

Item Question Description

1 What types of biomarkers are used by researchers to 
diagnose, monitor, and treat PD?

This question aims to identify the categories of biomarkers used in the diagnosis, 
monitoring, and treatment of PD.

2 Which AI methods are used to classify PD subjects 
from healthy subjects?

This question explores which methods—AI, ML, or DL—are employed by researchers to 
distinguish PD subjects from healthy individuals.

3 What performance parameters are reported in the 
research manuscripts?

This question seeks to identify the performance metrics used to evaluate the effectiveness 
of AI methods in classifying and diagnosing PD subjects compared to healthy individuals.

4 How do AI methods offer new insights into the PD 
diagnosis and treatment process?

This question investigates how AI methods contribute to new insights in the diagnosis 
and treatment of PD. Due to their data‑driven nature, these approaches can significantly 
improve early detection, monitoring, and personalizing treatment.

5 What strategies can be recommended to improve 
the efficiency and effectiveness of these approaches 
in diagnosing and treating PD?

This question aims to identify practical strategies to enhance the performance and impact 
of AI methods in PD diagnosis and treatment.

6 How many subjects were evaluated in each study? This question examines the sample size in each study, as the performance of AI methods 
can vary based on dataset size. Understanding the number of subjects helps assess the 
context and reliability of the model’s performance.

Abbreviations: AI: Artificial intelligence; DL: Deep learning; ML: Machine learning; PD: Parkinson’s disease.
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and testing accuracies of 91.33% and 85.02%, respectively, 
showing comparable performance to traditional ML 
classifiers, despite the small dataset. Among EL classifiers, 
the Light Gradient Boosting Machine model showed the 
highest accuracy (85.90%), outperforming both ensemble 
and base models.

Senturk30 employed ML algorithms to detect PD using 
voice features from 31 subjects (23 PD and eight healthy). 
Using support vector machines (SVM) with the recursive 
feature elimination (RFE) algorithm, the study achieved a 
diagnostic accuracy of 93.84% with a minimal number of 
voice features.

Ouhmida et al.31 proposed an approach for PD detection 
using voice features and ML algorithms on Max Little’s 
University of California, Irvine (UCI) dataset, consisting 
of 195 samples from 31 subjects (23 PD and eight healthy). 
The study applied K-nearest neighbors (KNN), SVM, and 
decision tree (DT) classifiers, combined with two feature 
subset selection (FSS) techniques: Minimum Redundancy 
Maximum Relevance (mRMR) and ReliefF. The KNN 
algorithm outperformed the other, achieving 98.26% 
area under the curve (AUC), 97.22% sensitivity, 100% 
specificity, and 97.92% accuracy.

Chintalapudi et al.32 highlighted the contribution of ML 
methods to improving disease prediction accuracy. Using 
voice data from 31 subjects (23 PD and eight healthy) in 
the UCI dataset, they tested three DL models—recurrent 
neural networks (RNN), multilayer perceptron (MLP), 
and long short-term memory (LSTM). The LSTM model 
outperformed the others, achieving 99% accuracy.

Ferreira et al.33 applied the Naïve Bayes (NB) algorithm 
to spatiotemporal gait parameters collected from 126 
participants (63 idiopathic PD [iPD] and 63 healthy), 
achieving 84.6% classification accuracy, 80.0% recall, and 
92.3% precision. For PD stage identification, the RF model 
yielded an AUC-receiver operating curve (ROC) of 78.6%.

Sigcha et al.34 employed consumer smartwatches 
equipped with inertial sensors and ML methods to detect 
and assess bradykinesia in the upper limbs. Thirteen 
participants (six PD and seven age-matched controls [AMC]) 
wore smartwatches while performing motor tasks over a 
minimum period of six weeks. A combination of convolution 
neural networks (CNN) and RF models produced promising 
results, achieving 86% accuracy and 94% AUC. This approach 
offers an unobtrusive and effective method for detecting and 
evaluating the severity of bradykinesia.

Thakur et al.35 implemented and compared ML 
algorithms for PD diagnosis using a voice dataset consisting 
of 252 subjects (188 PD [107 males and 81 females] and 64 
healthy [23 males and 41 females]), with 756 instances and 

754 features, sourced from www.kaggle.com. The authors 
utilized SVM, RF, DT, and extra trees (ET) classifiers for 
PD diagnosis. The best performance was achieved using 
the ET classifier, with an accuracy of 94.34%, precision of 
93.88%, F1-score of 96.84%, and a recall of 100%.

Trabassi et al.36 identified the most accurate supervised 
ML algorithm for classifying PD subjects from speed-
matched healthy individuals using a minimal set of gait 
features derived from inertial measurement units. Data 
from 161 subjects (81 PD and 80 healthy) included 22 gait 
features extracted from trunk acceleration patterns. After 
applying a three-level FSS, seven gait features were utilized 
to execute five ML algorithms - DT, SVM, KNN, ANN, 
and RF. Among these, on test dataset, DT, SVM, and RF 
showed the highest prediction accuracies exceeding 80%.

Alalayah et al.37 used a dataset comprising 195 
voice signals (48 healthy and 147 PD) and applied ML 
classification algorithms for early PD detection. Their 
method (RF with t-distributed stochastic neighbor 
embedding) outperformed existing studies, achieving 
97% accuracy, 96.50% precision, 94% recall, and 95% 
F1-score. In addition, the MLP and principal component 
analysis (PCA) algorithm achieved 98% accuracy, 97.66% 
precision, 96% recall, and 96.66% F1-score.

Govindu and Palwe38 employed four ML methods for 
the early detection of PD based on voice data from 31 
subjects. They found that the RF classifier provided the 
best PD classification results, with 91.83% accuracy, 95% 
sensitivity, 86% recall, and an ROC-AUC of 70.1%, using 
the Multidimensional Voice Program dataset consisting of 
195 records with 22 features.

Martinez-Eguiluz et al.39 evaluated nine ML algorithms 
to differentiate PD subjects from controls using non-motor 
attributes. The data were sourced from the Biocruces 
database (96 subjects: 59 PD and 37 healthy) and the 
Parkinson’s Progression Markers Initiative (PPMI) (687 
subjects: 490 PD and 197 healthy). Most ML algorithms 
achieved accuracy exceeding 80%, with SVM and MLP 
performing best, at 86.3% and 84.7% accuracy, respectively.

Yadav et al.40 introduced an approach to assess the stage 
and severity of PD using a voice dataset comprising 31 
subjects (23 PD and eight healthy), 23 features, and 197 
instances, leveraging AI algorithms. The study indicated 
that the DT classifier achieved 94.87% accuracy and 
gradient boosting classifier has an AUC of 98.7%.

Goyal et al.41 proposed a Repetitive Pointing Task to 
evaluate upper-limb bradykinesia utilizing data collected 
through a 3D motion capture system for nine healthy and 
17 PD subjects. Using just six features, their proposed ML 
model achieved 97.14% accuracy, 97% sensitivity, 95% 
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specificity, 97% precision, and a 97% F1-score. The authors 
emphasized that their method is a fast, reliable, and non-
invasive for assessing bradykinesia and estimating PD 
stages.

Faiem et al.42 used a gait dataset from the “PhysioNet” 
repository, consisting of 93 PD and 73 control subjects, and 
implemented a perceiver-based multimodal ML framework 
to predict UPDRS scores for PD patients. Their model 
achieved a root mean square error of 5.75 ± 4.16, a mean 
absolute error (MAE) of 2.23 ± 1.31, and a linear correlation 
coefficient (CC) of 0.93 ± 0.08. These values are better than 
previous studies in both MAE and CC, highlighting the 
effectiveness of their multimodal approach.

Palakayala and Kuppusamy43 demonstrated that PD 
can be identified with high precision by analyzing non-
motor PD features using ML algorithms. To support this, 
they collected data from 212 participants (106 healthy and 
106 PD), who underwent the PD Sleep Test, the Hopkin’s  
Verbal Learning Test, and the Clock Drawing Test from 
the PPMI database. The study showed that all applied 
ML classification algorithms—RF, NB, SVM, and logistic 
regression (LR)—achieved accuracies  exceeding 73% ± 
8.4% with individual datasets, while an  accuracy of 98% ± 
0.6% was achieved using a custom hybrid dataset.

Salsone et al.44 investigated the performance of ML 
models—LR, SVM, RF, and extreme gradient boosting 
(XGB)—to classify idiopathic REM sleep-behavior disorder 
(iRBD) patients who exhibited periodic leg movements 
(PLMS) from those who did not. The study utilized heart rate 
variability data from 42 consecutive iRBD subjects (19 without 
PLMS and 23 with PLMS). Their findings demonstrated that 
the RF model achieved 86% accuracy, 74% specificity, and 
96% sensitivity. XGB (accuracy = 78%, specificity = 72%, 
sensitivity = 83%) and SVM (accuracy = 81%, sensitivity = 
83%, specificity = 79%) also performed well. LR exhibited the 
lowest performance with 71% accuracy.

Wang et al.45 introduced a hybrid signal processing 
and ML-based gait classification system to detect gait 
anomalies and assess PD severity levels. Five different 
ML classifiers were employed for anomaly detection 
and severity rating as defined in H&Y scale. To verify 
the system’s effectiveness, the “Physionet” gait database, 
comprising data from 93 individuals with iPD and 73 
AMCs, was utilized. Employing a 10-fold cross-validation 
method, the SVM classifier achieved the highest accuracy, 
reporting 98.20% for anomaly detection and 96.69% for 
severity level assessment.

Byeon46 developed an SVM-based framework 
to predict depression in PD (DPD) using National 
Parkinson’s Registry data from 223 subjects (130 

without depression and 93 with DPD) out of a total of 
335. The model incorporated predictors such as health 
habits, PD symptoms, sociodemographic factors, sleep 
behavior syndromes, and neuropsychological indicators. 
Comparing the prediction accuracy of eight different 
SVM models, the study found that Gaussian Kernel-based 
Nu-SVM achieved the highest performance, with 96.0% 
sensitivity, 93.3% specificity, and 95% overall accuracy. 
In contrast, the polynomial-based C-SVM reached the 
maximum sensitivity (100%) but had the least specificity 
(20%) and an overall average accuracy of 70%.

Lee and Ham47 conducted a review of ML advancements 
for early depression diagnosis, analyzing 32 original 
studies out of 120 identified in the Web of Science. They 
highlighted that various ML methods are suited to different 
data types. For instance, LR, RF, SVM, and ANN are 
effective for numeric data, while RF is particularly suitable 
for genomic data. The reported performance metrics 
varied widely, with accuracy scores ranging from 60.1% to 
100.0% and AUC scores from 64.0% to 96.0%. The study 
concluded that ML is a valuable tool for the early diagnosis 
of depression.

Pereira et al.48 explored the relationship between gut 
bacteria, serum metabolites, and clinical features in 124 
subjects (63 PD and 61 healthy). They identified 139 
metabolite features that distinguished PD from healthy 
subjects; however, no associations were found between 
clinical features within the PD group and metabolic 
attributes. Using SVM with a radial basis function kernel, 
they achieved 81% accuracy with gas chromatography-
mass spectrometry (GC-MS) data and 72% and 77% 
accuracy with liquid chromatography-mass spectrometry 
(LC-MS) in negative and positive ionization modes, 
respectively.

Li et al.49 presented an AI-based approach for assessing 
PD grades, aiming to improve standardization and 
accuracy, avoiding the challenges related to wearable 
sensors. A dataset of 110 videos was collected from various 
people with different PD severity levels. Employing 
MediaPipe, 19 distinct kinematic features were extracted 
from joint movements, generating real-time kinematic 
data. Among five different ML algorithms (SVM, Gradient 
Boosting DTs, KNN, MLP, and RF) tested, KNN delivered 
the highest overall accuracy of 96.63% and achieved 
100% accuracy in distinguishing PD grade 4 from grade 5 
subjects.

Lu et al.50 presented a method for extracting time-
frequency-based statistical features from dynamic 
handwriting patterns, focusing on their temporal and 
frequency characteristics for PD detection. This approach 
was evaluated using the Cc-PhD dataset (97 subjects: 
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31 PD, 31 Essential Tremor, and 35 healthy) and the 
Parkinson’s Disease Handwriting Database (PaHaW) 
dataset (75 subjects: 37 PD and 38 healthy). An Escape 
Coati Optimization Algorithm was applied to optimize 
the parameters of the AdaBoost classifier after FSS was 
performed using the RF algorithm. The method achieved 
97.95% and 98.67% accuracy; 98.15% (average) and 97.78% 
sensitivity; 99.17% (average) and 100% specificity; and 
AUC scores 98.66% (average) and 98.89% on the Cc-PhD 
and PaHaW datasets, respectively.

These findings collectively demonstrate that AI methods 
can effectively utilize clinical biomarkers to accurately 
differentiate PD subjects from healthy individuals. The 
results highlight the potential of such methods to serve 
as valuable tools in clinical settings, supporting early 
diagnosis, continuous monitoring, and personalized 
treatment strategies for PD patients.

3.2.2. Neuroimaging biomarkers and AI methods

In this section, we explore the research conducted so far 
that utilizes various neuroimaging biomarkers alongside 
AI methods for detecting, monitoring, and classifying PD 
subjects from healthy individuals.

Castillo-Barnes et al.51 used ML methods to classify PD 
and healthy subjects using a balanced set of 386 single-
photon emission computerized tomography (SPECT) scans, 
from 386 subjects (193 PD [127 males and 66 females] and 
193 healthy [128 males and 65 females]), from the PPMI. 
FSS was performed using a Mann-Whitney-Wilcoxon 
U-test, and classification was carried out using an SVM 
approach. The authors achieved a balanced accuracy of 
97.04% using 10-fold cross-validation, demonstrating the 
efficacy of the SVM-based framework for distinguishing 
PD subjects from controls.

Chakraborty et al.52 applied four ML algorithms for 
the detection of PD based on 3T T1- magnetic resonance 
imaging (MRI) scans from 906 subjects (203 control, 66 
prodromal, and 637 PD). They reported 95.3% accuracy, 
97.28% precision, 95.41% recall, and a 94% F1-score using 
an ANN (specifically an MLP) for PD detection.

In a separate study, Chakraborty et al.53 applied a 3D CNN 
for PD detection on 3T T1w-MRI scans from 406 subjects 
(203 PD and 203 healthy) and achieved 95.29% accuracy, 
94.3% average recall, 92.7% average precision, 94.30% 
average specificity, a 93.6% F1-score, and 98% ROC-AUC.

Huang et al.54 evaluated a dataset of functional brain 
images from 202 subjects (six healthy and 196 PD). 
They applied various prediction approaches, including 
multivariate statistical analysis, EL models, and deep 
CNNs, to predict PD stages. The VGG16 deep CNN model 

achieved 92.2% training accuracy, 64.9% test accuracy, and 
57.6% test F1-score.

Magesh et al.55 employed ML methods for early PD 
diagnosis using 642  (430 PD and 212 non-PD) SPECT 
dopamine transporter scans from the PPMI. Using a 
VGG16 deep CNN, they achieved 95.2% accuracy, 97.5% 
sensitivity, and 90.9% specificity for classifying PD and 
non-PD subjects.

Solana-Lavalle and Rosas-Romero56 conducted MRI-
based PD detection by using voxel-based morphometry 
and seven ML classifiers on a dataset of 480 MRI images 
(226 PD males, 86 healthy males, 104 PD females, and 
64 healthy females) from the PPMI. In male subjects, 
the NB classifier with 1.5T scanner achieved 99.01% 
accuracy, 100% precision, 100% specificity, while SVM 
with 3T scanner achieved 99.35% sensitivity. For female 
subjects, the logistic classifier with 1.5T scanner achieved 
96.97% accuracy, 97.22% precision, and 96.15% specificity, 
Bayesian network with 1.5T scanner achieved 100% 
sensitivity, while MLP with 1.5T scanner achieved 96.15% 
specificity. These results highlight the effectiveness of ML 
algorithms in detecting PD across genders.

Shu et al.57 examined 144 subjects (72 subjects with 
PD progression and 72 with stable PD) for predicting 
disease progression using T1-weighted MRI scans and ML. 
Their proposed joint model achieved an AUC of 83.6%, 
compared to 79.5% and 55.0% for the radiomics signature 
and UPDRS score, respectively. Sensitivity values of 80.5%, 
87.5%, and 29.2%, and specificity values of 72.2%, 69.7%, 
and 86.1% were also reported. For Stage 1 PD, the model 
achieved 82.7% predictive accuracy, 82.9% sensitivity, and 
70.2% specificity; for Stage 2, it achieved 85.4% accuracy, 
96.0% sensitivity, and 60.0% specificity.

Veetil et al.58 analyzed 242 MRI samples (150 PD and 
92 normal control [NC] subjects) to classify PD and NC 
subjects using five deep neural network architectures: 
Xception, DenseNet201, VGG16, VGG19, and ResNet50. 
The highest accuracy of 92.60% was achieved using VGG19, 
along with an F1-score of 92.3% for NC and 92.9% for PD. 
The authors emphasized that AI-based tools are highly 
effective in supporting early risk assessments and serving 
as decision-support systems in PD medical imaging.

Guo et al.59 classified early-stage PD using resting-state 
functional MRI (rs-fMRI) data from 84 subjects (28 in 
Stage 1 and 56 in Stage 2) from the PPMI. The LSTM 
model achieved an accuracy of 71.63%, which was 
11.56% higher than the CNN and 13.52% higher than 
the best-performing traditional ML model. These results 
demonstrated a considerable enhancement in accuracy 
and robustness compared to other ML classifiers.
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Tomer et al.60 compared ML methods for PD detection 
using T1-weighted MRI scans from 20 individuals, 
including both PD and NC groups. Of the 968 pre-
processed images, only 848 were used for analysis. For 
feature extraction, the gray level co-occurrence matrix 
(GLCM) method achieved 90.5% accuracy, surpassing 
PCA, which yielded 87.5% accuracy. 

Vyas et al.61 used 318 brain images from MRI scans 
and applied both 2D and 3D CNN models for PD early 
detection. The 3D CNN model demonstrated 88.9% 
accuracy with an AUC of 86% on the test data, whereas 
the 2D CNN model showed 72.22% accuracy with an AUC 
of 50%.

Camacho et al.62 trained a 3D CNN model to detect 
PD using 2041 T1-weighted MRI scans (1024 PD and 
1017 healthy) collected from 13 different studies. Their 
model achieved 79.3% accuracy, 77.7% sensitivity, 81.3% 
specificity, 80.2% precision, and an AUC-ROC of 87%.

Erdaş and Sümer63 developed a fully automated 
approach utilizing 1130 T1-weighted MRI scans (259 
healthy and 871 PD) for detecting and predicting 
PD severity. Their method employed DL techniques, 
specifically 2D and 3D CNNs. The 3D CNN model 
achieved 96.20% accuracy, 95.36% recall, 94.52% F1-score, 
and 94.07% precision.

Khachnaoui et al.64 proposed a computer-aided 
diagnosis system for PD using pre-trained CNN models, 
the bilinear pooling method, and the transfer learning 
(TL) technique, based on 2720 SPECT images (1360 PD 
and 1360 healthy) from the PPMI. An accuracy of 98.47% 
was achieved by using the Bilinear CNN EfficientNet-B0-
MobileNet-V2 model. The authors concluded that their 
method supports accurate PD diagnosis without relying 
on subjective factors.

Wang et al.65 employed a DL model to analyze 
quantitative susceptibility maps and T1-weighted images 
for distinguishing PD patients from healthy subjects. They 
used two datasets: Dataset 1 with 379 subjects (92 PD and 
287 healthy), and Dataset 2 with 155 subjects (83 PD and 72 
healthy). In the internal testing sample, the model achieved 
an AUC of 90.1%, 92.0% accuracy, 83.3% sensitivity, and 
94.7% specificity. In the external testing sample, it achieved 
84.5% AUC, 78.7% accuracy, 77.1% sensitivity, and 80.6% 
specificity.

Praneeth et al.66 proposed a technique for classifying 
PD by using a deep residual CNN combined with the 
Enhanced Whale Optimization Algorithm to improve 
classification accuracy. Using 591 diffusion-weighted and 
T1-weighted MRI scans from the PPMI (412 PD and 179 
healthy), they achieved 98.87% accuracy, 97.02% precision, 

96.87% sensitivity, and 98.13% specificity in distinguishing 
PD from healthy subjects.

Ahalya et al.67 proposed an automated PD detection 
method based on CNN and quantum SVM, using 1000 
MRI images, including 60 real-time MRIs (30 healthy and 
30 PD). Their hybrid model achieved 87.5% prediction 
accuracy, 84% recall, 95% precision, and an F1-score of 
89%.

Islam et al.68 aimed to analyze PD by applying ML 
and TL techniques to clinical assessment data and 3D 
T1-weighted MRI samples. They used two datasets: 1277 
clinical records (155 PD and 1122 healthy) and 2500 usable 
MRI samples from the PPMI. Using the ET classifier, an 
accuracy of 98.44%, 97.11% precision, 99.02% recall, and a 
98.06% F1-score, was attained. In addition, implementing 
DenseNet169 on the MRI dataset resulted in an optimal 
accuracy of 85.08%.

Patil and Ford69 proposed a decorrelated CNN 
framework to recognize PD using rs-fMRI data. The 
proposed framework was applied to two datasets: a single-
scanner PPMI imbalanced dataset (183 subjects: 164 
PD and 19 healthy) and a multi-scanner dataset. After 
pre-processing, the multi-scanner dataset was formed 
by combining rs-fMRI data from 215 healthy subjects in 
the frontotemporal lobar degeneration neuroimaging 
initiative with those obtained from the PPMI. The model 
achieved 77.80% accuracy on the multi-scanner dataset, 
outperforming the single-scanner model.

Redhya and Jayalakshmi70 proposed an ensembled grid 
based ML model, for MRI-based PD classification, using 
260 MRI images (134 PD and 126 healthy) from the PPMI. 
The stacking classifier, which combines XGB, SVM, and RF 
classifiers, achieved 98.41% accuracy in distinguishing PD 
from healthy subjects.

Zhang et al.71 analyzed T1-weighted MRI images and 
clinical data from 272 PD subjects in the PPMI, alongside 
45 PD subjects from the National Alzheimer’s Coordinating 
Center dataset, to identify depression subtypes in PD 
subjects using ML methods. By employing PCA and four 
other unsupervised clustering algorithms, they observed 
that “Partitioning Around Medoids” outperformed 
“Gaussian Mixture Model,” hierarchical clustering, and 
K-means with two clusters. The sensitivity, specificity, and 
AUC in the high-risk testing subtype were 78.6%, 81.5%, 
and 81%, respectively. The model based on non-high-risk 
subtypes had an AUC of 85.9%, sensitivity of 65.4%, and 
specificity of 85.2%.

These findings collectively demonstrate that AI 
techniques can effectively leverage neuroimaging 
biomarkers to distinguish PD from healthy subjects with 
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high accuracy. The results from this research support 
the potential for such methods to become integral tools 
in clinical settings, aiding early diagnosis, continuous 
monitoring, and personalized care for individuals with PD.

3.2.3. Biochemical and proteomic biomarkers and AI 
methods

Biochemical biomarkers for PD comprise a broad category 
of markers that indicate the presence or progression of 
the disease. These biomarkers include various molecules, 
such as proteins, hormones, metabolites, lipids, and 
neurotransmitters. Proteomic biomarkers, a significant 
subset of biochemical biomarkers, refer specifically to 
proteins; however, the broader biochemical biomarker 
category includes other molecules that offer meaningful 
insights into the disease.72

Proteins such as α-synuclein (α-syn), neurofilament 
light chain, and DJ-1 serve as markers of PD progression. 
These are analyzed using proteomic techniques such as 
mass spectrometry and protein assays to understand their 
roles in the disease. α-syn is particularly crucial to PD 
pathology due to its misfolding and aggregation, which 
leads to the formation of Lewy bodies,17 a hallmark of PD.73

It is important to note that while all proteomic 
biomarkers are biochemical, the reverse is not true. For 
example, neurotransmitters such as dopamine and its 
metabolites are widely used as biochemical biomarkers in 
PD research, but they fall outside the scope of proteomics. 
These molecules are essential in understanding PD 
pathophysiology and are typically analyzed using 
techniques such as liquid chromatography combined with 
tandem mass spectrometry.16

In this section, we examine research studies that have 
explored the use of biochemical and proteomic biomarkers, 
alongside AI methods, for detecting, monitoring, and 
classifying PD subjects from healthy individuals.

Lin et al.74 developed ML algorithms utilizing blood-
based biomarkers to identify subjects affected by AD, PD, 
and frontotemporal dementia (FTD). Plasma samples from 
377 subjects were analyzed, including 97 healthy, 76 subjects 
on the AD spectrum (41 mild cognitive impairment [MCI] 
and 35 with AD), 173 on the PD spectrum (57 with normal 
cognition, 29 with MCI, and 87 with PD dementia), and 
31 with FTD. Plasma levels of α-syn, amyloid beta (Aβ) 
42, total tau, Aβ40, and phosphorylated Tau181 were 
measured. The developed linear discriminant analysis 
(LDA) model combined with a RF classifier achieved a 
76% accuracy in distinguishing AD, PD, and FTD, and 
63% and 83% accuracy in distinguishing disease severity 
in the PD and AD spectrums, respectively.

Maass et al.75 validated a predictive SVM model for 
classifying PD and AMC based on cerebrospinal fluid (CSF) 
bioelement levels. The study included 157 subjects (82 PD, 
68 AMC, and seven normal pressure hydrocephalus), 
achieving an AUC-ROC of 76%, sensitivity of 80%, and 
specificity of 83% on a new dataset, without incorporating 
additional features.

Wang et al.76 introduced a DL technique to detect 
early PD by using pre-motor features, such as iRBD, CSF 
biomarkers, olfactory loss, and mDAN imaging markers. 
By comparing their DL model with 12 ML and EL methods 
on a dataset of 584 subjects (183 healthy and 401 early 
PD), they found that their framework achieved the highest 
average accuracy of 96.45%.

Chung et al.77 examined the impact of plasma 
extracellular vesicles (EV)-borne tau and Aβ1-42 as 
biomarkers for cognitive deficit in PD, using a dataset 
of 162 subjects (46 healthy and 116 PD). Subjects were 
classified according to cognitive function. Using an 
ANN, their model achieved 91.3% accuracy in detecting 
cognitive dysfunction in PD patients. Aβ1-42 and plasma 
EV tau were found to be the most significant factors.

Vacchi et al.78 developed a two-level RF model to 
distinguish PD from atypical parkinsonisms (AP) using 
CSF-derived EVs and immune profiling of plasma-derived 
EVs. The Level 1 “basic” model, applied to 84 subjects 
(29 PD, 36 healthy, nine multiple system atrophy, and 
10 AP-TAU), achieved 92.9% accuracy, 100% sensitivity, 
and 83.3% specificity in classifying subjects with NDs 
from healthy individuals. The Level 2 “integrated” model, 
trained on 54 subjects (48 patients and six healthy), 
achieved 92.6% accuracy and 96.6% sensitivity in 
distinguishing PD from healthy subjects. The advanced 
RF model also performed better in distinguishing AP-Tau, 
achieving 92.6% accuracy and 70.0% sensitivity compared 
to the basic model.

Amboni et al.79 aimed to identify important features 
related to PD with MCI (PD-MCI) using an ML approach. 
A total of 75 PD subjects (42 without PD-MCI and 33 with 
PD-MCI) were evaluated through neuropsychological and 
clinical assessments. Two ML-based models were created: 
Model 1 combined age, gait, and clinical features, while 
Model 2 had two variants—Model 2A and Model 2B. 
Model 2A used mean standardized uptake values of nine 
brain areas along with the top five features identified in 
Model 1. Model 2B focused on cortical regions combined 
with those same top five features. The best performing 
classifiers in Model 1 were SVM (accuracy  =  80.0%, 
AUC-ROC = 79.2%, sensitivity = 72.7%, specificity = 85.7%) 
and RF (accuracy  =  73.3%, AUC-ROC  = 72.2%, 
sensitivity = 66.7%, specificity = 78.6%). In Model 2A, the 
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highest performer was SVM (accuracy = 72.2%, specificity 
= 70.6%, sensitivity = 73.7%, AUC-ROC = 72.1%)  and in 
Model 2B, SVM (accuracy = 75.0%, sensitivity = 73.7%, 
specificity = 76.5%, AUC-ROC = 75.1%) outperformed 
other classification algorithms. Overall, Model 1 provided 
the highest accuracy, and SVM consistently outperformed 
other classifiers.

Chen et al.80 developed a predictive model for assessing 
cognitive deterioration in 42 PD by using ML methods. For 
each participant, three plasma biomarkers and 29 clinical 
variables were collected, along with neuropsychological 
test results. ML techniques, including SVM and PCA, were 
employed to build a cognitive classification model. Using 
32 predictive features, the PCA-SVM classifier achieved 
an accuracy of 92.3% and an AUC of 92.9%. When only 
13 carefully selected features were used, the accuracy and 
AUC both increased to 100%.

Dadu et al.81 applied supervised and unsupervised ML 
methods to comprehensive and longitudinal clinical data 
from the PPMI, which included 294 subjects, to predict 
PD progression and uncover distinct patient subtypes. 
An independent dataset consisting of 263 clinically 
well-characterized cases  from the PPMI was used to 
validate the models. The authors made predictions of PD 
progression over five years following initial diagnosis, 
achieving average AUCs of 95% ± 2% for fast-progressors, 
87% ± 3% for moderate progressors, and 92% for the slow 
progressors. They also recognized serum neurofilament 
light as a crucial biomarker for rapid PD progression, 
along with several other significant indicators of disease 
progression.

Harvey et al.82 provided an approach to predict cognitive 
outcomes in newly diagnosed PD subjects, from the PPMI, 
by developing a multivariate ML model. The dataset 
included 67 with normal cognition, 39 with PD-MCI, 
43 with PD dementia, and 60 with subjective cognitive 
decline. Four ML methods were evaluated: RF, conditional 
inference forest (Cforest), SVM, and ElasticNet. For the 
cognitive impairment model, the following results were 
obtained: the combined model (clinical and biological 
data) achieved 86.7% accuracy, 71.9% sensitivity, 93.8% 
AUC, and 96.1% specificity using Cforest (28 variables). 
The clinical features model using Cforest (11 variables) 
yielded 85.5% accuracy, 65.6% sensitivity, 93.0% AUC, 
and 98.0% specificity. The biofluid model using ElasticNet 
(four variables) achieved 68.7% accuracy, 62.5% sensitivity, 
75.6% AUC, and 72.5% specificity. For PD dementia 
prediction, the combined model (clinical and biological 
data) using SVM (10 variables) achieved 81.9% accuracy, 
47.1% sensitivity, 86.2% AUC, and 90.9% specificity. The 
clinical features model using RF (eight variables) achieved 

80.7% accuracy, 47.1% sensitivity, 82.8% AUC, and 89.4% 
specificity. The biofluid model using ElasticNet (five 
variables) yielded 86.7% accuracy, 47.1% sensitivity, 83.5% 
AUC, and 97.0% specificity.

Pahuja and Prasad83 applied DL architectures to detect 
PD by integrating biological, MRI, and SPECT features 
from 132 subjects (73 PD and 59 healthy) obtained from 
the PPMI. Using a CNN model, the highest accuracy 
achieved was 92.38% and 93.33% in the model-level and 
feature-level frameworks, respectively.

Yang et al.84 developed an AI model for PD detection 
and monitoring its progression using nocturnal breathing 
signals. Evaluation of the model was performed on a dataset 
of 7671 subjects (757 PD and 6914 control) obtained from 
public cohorts as well as hospitals in the USA. The AI model 
achieved an AUC of 90% on held-out test sets and 85% on 
external test sets. It also demonstrated the ability to predict 
PD progression and severity, showing a strong correlation 
with the Movement Disorder Society (MDS)-UPDRS scores.

Allwright et al.85 applied an integrated ML algorithm 
to the United Kingdom (UK) Biobank dataset and found 
that neutrophil-to-lymphocyte ratio and elevated serum 
insulin-like growth factor 1 levels may help predict PD 
risk. Their analysis of 1753 measured non-genetic variables 
included 334,062 eligible participants, among whom 2719 
developed PD since enrollment. The findings support 
improved early PD diagnosis and potential therapeutic 
strategies.

Almgren et al.86 developed and evaluated a multimodal 
ML model to predict cognitive decline in 213 PD patients 
from the PPMI. The model incorporated CSF, clinical test 
scores, brain volumes, and genetic variants. An iterative 
scheme combining the RReliefF-based feature ranking and 
support vector regression with 10-fold cross-validation 
was used to identify optimal predictive features and 
evaluate the performance of that model. A correlation of 
0.44 was observed between actual and predicted Montreal 
Cognitive Assessment scores. The study also revealed 
that several predictive features of cognitive impairment 
in PD, such as tau pathology and CSF Aβ, are commonly 
associated with AD, suggesting an overlap in cognitive 
decline mechanisms between PD and AD.

Kelly et al.87 applied five ML approaches—LR, RF, SVM, 
XGB, and MLP—to identify blood-based biomarkers for 
PD and AD, utilizing various feature selection methods. 
After pre-processing, the GSE99039 PD cohort was 
randomly divided into a training cohort of 303 subjects 
(162 controls and 141 PD) and a test cohort of 131 subjects 
(68 PD and 63 controls), initially including 20,183 features. 
For PD, the RF model achieved an ROC-AUC of 74.3% 
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while the CNN model achieved 71.5%. 

McFall et al.88 identified multi-modal predictors in PD 
using RF classifier combined with an explainable AI (XAI) 
method (Tree SHapley Additive exPlanation [Tree SHAP]) 
and biomarkers from MRI, clinical, etc. They tested 38 
predictors across 10 domains to differentiate PD without 
dementia (PDND) from incipient dementia (PDID). The 
RF model classified PDID from PDND with an AUC of 
84% and a normalized Matthew’s correlation coefficient 
(MCC) of 0.76. Tree SHAP revealed that 10 key features 
accounted for 62.5% of the model’s performance, indicating 
that dementia risk arises from multiple domains.

Tsukita et al.89 integrated high-throughput CSF 
proteomics and ML to identify CSF signatures associated 
with PD using data from 279 non-genetic PD subjects 
and 141 healthy controls from the PPMI. The Least 
Absolute Shrinkage and Selection Operator (LASSO) 
method selected 14 differentially expressed proteins 
from 23 candidates to construct the PD proteomic score 
(PD-ProS), which showed strong performance with 
an AUC of 83%. This was validated in an independent 
internal validation dataset of 71 non-genetic PD subjects 
and 35 healthy subjects, achieving an AUC of 81%. In 
addition, PD-ProS distinguished 258 genetic PD subjects 
from 365 genetic prodromal subjects and predicted 
cognitive and motor decline, regardless of genetic status, 
with significant associations with dementia and H&Y 
stage IV.

Chen et al.90 noted that CSF biomarkers are more 
sensitive for identifying prodromal PD than MDS 
measures. ML algorithms were applied to analyze 
fingerprint response patterns, enabling both qualitative and 
quantitative estimation of proteins. The KNN regression 
algorithm was used to evaluate MDS scores, achieving a 
mean square error of 38.88.

Dennis and Strafella91 found that integrating various 
biomarkers, including neuroimaging and biofluids, 
can enhance diagnostic accuracy and predict cognitive 
deterioration in PD, based on a review of 21 studies. Their 
analysis revealed that MRI and functional MRI achieved 
accuracy and AUC scores above 80%. In addition, tau and 
Aβ42 were found effective in identifying PD subjects, with 
AUC scores and accuracy exceeding 90%.

Hällqvist et al.92 used mass spectrometry-based 
proteomic phenotyping to find out blood biomarkers 
that could help detect at-risk individuals to slow PD 
symptom progression. Blood samples were analyzed from 
99 recently diagnosed motor PD subjects, premotor were 
analyzed with iRBD from two datasets (18 and 54 subjects, 
longitudinally), and 36 healthy controls. The developed 

ML model, by analyzing the expression levels of eight 
proteins, correctly identified all individuals with PD and 
classified 79% of premotor individuals up to seven years 
before motor symptoms appeared.

Some studies15-17 did not employ ML techniques but 
emphasized the significance of biological biomarkers in 
investigating PD progression, monitoring, and diagnosis. 
These studies highlighted the potential of various 
biological biomarkers to deepen our understanding of PD 
and improve clinical judgment in managing the disease.

In recent years, research on proteomic and biological 
biomarkers in PD has expanded significantly, offering 
new tools for diagnosis, monitoring, and insight into the 
disease’s underlying mechanisms. Moreover, AI methods 
continue to advance the field by providing powerful 
means to analyze large-scale datasets and discover novel 
biomarkers. The combination of these AI technologies 
have potential for performing early PD detection with 
higher accuracy. This could enable clinicians to develop 
customized treatment strategies aimed at slowing disease 
progression and improving patient outcomes. Future PD 
research will likely focus on combining biomarkers with 
ML to broaden our understanding and enhance disease 
management.

3.2.4. Genetic biomarkers and AI methods

Genetic biomarkers refer to specific genetic variations 
that can be associated with the presence, progression, or 
susceptibility to a disease. In PD, several genetic mutations 
have been identified that are linked to hereditary forms of 
the disease, as well as to some sporadic cases. Key genes 
associated with PD include SNCA, LRRK2, PRKN, GBA, 
VPS35,20 and PINK1.20,93

Falchetti et al.94 conducted a gene expression meta-
analysis of blood transcriptomes from PD and healthy 
subjects to identify gene signature of PD. Microarray data 
from four independent cohorts, totaling 711 instances (323 
healthy and 388 iPD), were used for analysis. Collinearity 
recognition algorithms and RFE were employed to derive a 
59-gene signature of iPD from the top 100 genes having the 
highest negative and positive effect sizes. Four sample size-
adjusted training sets and nine classification algorithms 
are used to evaluate this gene signature. Of the 36 models 
created, 33 demonstrated accuracy greater than the non-
information rate. Two models, based on SVM regression, 
exhibited the highest accuracy in predicting PD and 
healthy control samples.

Su et al.95 provided insights into the application of 
ML models by analyzing PD genetic and transcriptomic 
data. They reviewed studies and emphasized the 
significant potential of ML in revealing hidden patterns 
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in PD transcriptomic and genetic data. Their review 
emphasized that the examined studies have successfully 
uncovered important knowledge about the pathology and 
pathogenesis of PD, demonstrating the power of ML in 
advancing the understanding of the disease.

García-Fonseca et al.96 suggested that ML is an important 
tool for classifying expression profiles of non-coding 
RNAs between healthy and PD subjects. Furthermore, 
these authors explained the importance of ML models 
in diagnosing NDs by summarizing results from various 
studies, which demonstrated accuracies ranging from 85% 
to 95% in ND detection using ML.

Hu et al.97 conducted differential expression analysis 
(DEA) to identify differentially expressed genes (DEGs) 
deregulated in both PD and periodontitis using Gene 
Expression Omnibus (GEO) datasets. Genes associated 
with inflammatory response were retrieved from the 
Molecular Signatures Database. K-means clustering was 
employed for sample clustering, and LASSO model was 
used to perform FSS. Five genes—PLAUR, TCIRG1, 
MANSC1, FMNL1, and RNASE6 —were determined as 
crosstalk biomarkers connecting periodontitis with PD.

Lam et al.98 analyzed data from 1223 UK Biobank subjects 
to identify clinical and genetic biomarkers associated with 
NDs, namely, PD, AD, myasthenia gravis, and motor 
neuron disease. By employing an ML approach with 
Monte Carlo randomization, they identified biomarkers 
for predicting these NDs. The study demonstrated that, 
by training on available clinical markers, the multinomial 
model predicts NDs with an accuracy of 88.3%.

Makarious et al.99 developed a model using GenoML 
on multimodal data from the PPMI to predict PD risk. 
These authors observed that when their final multimodal 
model was tested on males (65.57% PD and 63.74% 
control), it achieved 85.56% accuracy and 82.41% balanced 
accuracy, with 89.31% sensitivity and 75.51% specificity, 
outperforming the single modality data model. When 
validated on the PDBP dataset (males: 64.18% PD and 
45.25% control), the tuned multimodal model achieved 
an AUC of 85.03%, with 43.07% specificity and 93.12% 
sensitivity.

Pantaleo et al.100 used a robust ML approach to classify 
PD from healthy subjects in 579 samples collected from 390 
individuals in the early PD group and 189 AMC individuals 
in the healthy group, using whole-blood transcriptomics 
data from the PPMI. Using a nested FSS method based 
on RF and XGB, they achieved an AUC of 72%. They also 
discussed the significance of the 493 candidate genes by 
using functional analysis based on  Kyoto Encyclopedia of 
Genes and Genomes pathways and Gene Ontologies.

Vuidel et al.101 differentiated the following into 
mDANs: induced pluripotent stem cells (iPSCs) derived 
from patients with the LRRK2 G2019S mutation, an 
isogenic control, and iPSCs that are genetically not 
related. The authors identified increased levels of serine 
129 phosphorylation and α-syn, decreased dendritic 
complexity, and mitochondrial dysfunction using 
automated fluorescence microscopy in a 384-well-plate 
format. ML methods were utilized to classify mDANs 
based on genotype and to identify drug-treated neurons 
using image-extracted features. The Z-factor (0.43) of SVM 
outperformed the Z-factor (0.12) of LDA. Their approach 
enhanced the applicability of mDANs in PD modeling and 
in identifying new LRRK2-linked drug targets.

Cai et al.102 utilized SVM and weighted gene 
co-expression network analysis (WGCNA) for the 
identification of gene modules and the development of 
a PD diagnostic model using three GEO datasets. Sixty 
percent of the combined dataset (38 PD and 29 controls) 
was used for training, and 40% for testing, along with an 
external validation dataset (16 PD and nine controls). 
The developed model showed an AUC above 80% across 
the training, test, and validation sets, with performance 
confirmed through Synthetic Minority Over-Sampling 
Technique analysis. An AUC score of 74% for age features 
further validated the SVM model’s reliability. These 
results suggest that combining WGCNA with SVM holds 
promise for biomarker screening and diagnostic model 
development for PD.

Hajianfar et al.103 aimed to identify two gene mutations 
in PD by utilizing hybrid ML systems (HMLSs) based 
on non-imaging and imaging data. From the PPMI, 
264 and 129 subjects with identified LRRK2 and GBA 
mutation status were considered. Each dataset contained 
513 features. Multiple HMLSs, consisting of 11 feature 
extraction or 10 FSS algorithms combined with 21 
classifiers, were applied. In addition, Ensemble Voting was 
used for gene classification. For LRRK2 and GBA mutation 
status prediction, several HMLSs achieved 98% ± 2% 
accuracy and 90% ± 8% accuracy, respectively, in five-fold 
cross-validation data. Additionally, 100% accuracy and 
96% accuracy, respectively, were observed in external test 
data.

Wang et al.104 employed ML and bioinformatics 
techniques to identify genes related to ferroptosis in PD 
by analyzing DEGs. A total of 109 PD-related ferroptosis 
DEGs were identified after combining three cohorts 
(GSE7621, GSE202665, GSE20146) from the National 
Center for Biotechnology Information (NCBI) GEO and 
FerrDb V2 databases. The researchers also identified 
natural products with anti-PD effects that could be used 
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for treatment. ML algorithms revealed six hub genes 
(IL6, ATG7, TLR4, ADIPOQ, FADS2, and PTGS2) and 
29 overlapping genes. In addition, the study screened 
263 natural product components and constructed an 
“Overlapping Genes-Ingredients” network.

Xin et al.105 identified important immune-related hub 
genes in PD using ML and developed a diagnostic model 
based on the GEO (GSE8397) database, which includes 
gene expression data from 15 healthy and 24 PD subjects’ 
substantia nigra (SN) samples. DEGs related to PD were 
identified using WGCNA and DEA. LASSO and multiple 
SVM-RFE ML algorithms were used to identify hub genes 
(TTD19, DLD, DLK1, and IARS). LR was then employed 
to develop a PD classification model, and its accuracy was 
tested in three unrelated cohorts: GSE20292 (18 healthy SN 
samples and 11 PD SN samples), GSE7621 (nine healthy 
SN samples and 16 PD SN samples), and GES49036 
(eight healthy SN samples and 15 PD SN samples). The 
AUC scores for DLK1, DLD, and TTC19 exceeded 70% 
in GSE8397 and all three external validation datasets, 
indicating strong accuracy. In GSE8397 and one external 
validation cohort, IARS showed an AUC greater than 70%, 
with values ranging from 50% to 70% in the other two 
datasets, suggesting its research value. The joint diagnostic 
model, developed with the four immune-related PD hub 
genes, demonstrated an AUC greater than 90% in GSE8397 
and all three external validation datasets.

Zhang et al.106 employed interpretable DL approaches to 
identify important genes and biomarkers related to PD using 
gene expression data from a GEO dataset. Their approach 
yielded promising results, achieving an AUC of 73% and 
an F1-score of 71%, effectively distinguishing PD subjects 
and providing valuable insights into relevant biological 
pathways. Using interpretable DL models, the authors 
identified important biomarkers (XK, TUBA4B, TP53, and 
PDK1) and their associated biological pathways linked to 
PD. Notably, the XK gene showed a strong correlation with 
PD.

Ameli et al.107 proposed that the integration of 
Singular Vector Feature Selection and the RF algorithm 
can be effectively utilized to analyze single-nucleotide 
polymorphism (SNP) data and identify PD biomarkers. 
To assess the reproducibility of these biomarkers, they 
gathered five SNP datasets from the Database of Genotypes 
and Phenotypes, including dataset IDs phs000394, 
phs000126, phs000089, phs000089, and phs000048, with 
sample sizes of 1001, 2082, 1741, 526, and 886, respectively. 
Their analysis revealed that, on average, 93% of the SNPs 
identified in one dataset were not repeated in the others. 
However, when multiple datasets were integrated, the 
replication gap dropped to 62%. Furthermore, these 

researchers identified four SNPs directly linked to PD and 
50 SNPs indirectly linked to PD in the literature.

Banou et al.108 applied ML algorithms to analyze 
single-cell RNA-sequencing data related to PD and to 
explore their association with hyperbaric oxygen therapy 
(HBOT). The dataset included 4495  cells (2518 from 
control and 1977 from PD groups), with expression 
profiles across 18,098 genes. FSS was performed using the 
XGB. The authors employed 15 ML algorithms, including 
LR, KNN, NB, DT, RF, gradient boosting machines, 
SVM, quadratic discriminant analysis, ridge classifier, 
LDA, extreme gradient boosting machine (LightGBM), 
CatBoost, AdaBoost, ETs, stochastic gradient descent, 
and a dummy classifier, to classify cells from PD-affected 
subjects versus healthy subjects. Using the top 100 genes, 
LR outperformed the other ML algorithms in terms of 
accuracy, precision, F1-score, MCC, and Kappa, achieving 
99.59%, 99.43%, 99.53%, 99.17%, and 99.16%, respectively. 
The highest AUC (100%) and recall (100%) were achieved 
by CatBoost and NB classifiers, respectively. Genes such as 
MAP2, WSB1, and CAP2, among others, were found to be 
highly related to PD and demonstrated notable correlation 
with HBOT.

Kumar et al.109 employed data-mining techniques 
to identify novel microRNA (miRNA) biomarkers and 
subsequently developed an ML model for PD diagnosis 
based on the identified biomarkers. The training dataset 
comprised 112 miRNAs (56 PD and 56 non-PD). After 
filtering, the number of features was reduced from 16,299 
to 61. Ten-fold cross-validation tests yielded the following 
accuracies: 87.50% for RF, 91.07% for the Hoeffding Tree, 
91.96% for NB, 90.18% for MLP, and 95.65% for the 
Sequential Model. As the Sequential Model outperformed 
the others, its performance was validated using an 
independent dataset, achieving 93.3% accuracy.

By analyzing transcriptome data of 117 subjects (56 PD 
and 61 healthy) from the GEO database and validating 
the findings through reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR), Peng et al.110 
discerned EAF2 as a significant gene in PD, consistently 
showing downregulation in PD subjects compared to 
healthy subjects. DEA, WGCNA, and three ML algorithms 
(RF, LASSO, and SVM-RFE) were applied to identify 
critical genes related to PD. The diagnostic performance 
of EAF2 showed an AUC of 74.5% in the training dataset, 
75.2% in the validation dataset, and 84.2% in blood 
samples, indicating its association with PD pathology.

Teng et al.111 explored and evaluated critical genetic 
biomarkers for PD diagnosis. DEA was conducted on the 
PD datasets obtained from GEO database (GSE20141 – 18 
tissue samples, GSE18838 – 28 blood samples, GSE20295 
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– 93 tissue samples, and GSE6613 – 102 blood samples) 
consists of both PD and control tissue samples. Using two 
ML methods, LASSO and SVM, the study identified GPX2, 
ZNF556, and CR1 as genes crucial to PD pathogenesis, 
suggesting these may serve as potential diagnostic 
biomarkers. In the validated blood sample dataset, the 
combined assessment of these three genes outperformed 
individual gene assessments, achieving an AUC of 
70.1%. Samples from peripheral blood mononuclear cells 
exhibited consistent diagnostic value for each gene, with 
the combination yielding improved performance with an 
AUC of 80.1%.

Yan et al.112 performed DEA of the GSE8397 dataset 
(18 control and 29 PD) from the GEO database and selected 
11 key N6-methyladenosine (m6A)-related genes to 
develop two ML models using SVM and RF algorithms. The 
RF model achieved an AUC value of 100%, outperforming 
the SVM model, which achieved an AUC value of 98.3%. 
In the final stage, the RF model was visualized, and four 
m6A-related genes (YTHDC2, LRPPRC, HNRNPC, and 
IGFBP3) were identified as major candidates for the 
“nomogram model,” leading to accurate recognition of PD. 
They also identified two distinct m6A clusters in PD, each 
characterized by contrasting immune features, by analyzing 
the information from the 11 m6A-related genes.

Yang et al.113 identified four genes related to aging 
by training an ML model using whole-blood RNA-
sequencing data from 24 subjects (13 healthy and 11 PD). 
By employing ML algorithms, such as LASSO, SVM, RF, 
and Ridge regression, along with LASSO regression and 
Venn diagrams, they identified four genes as significant 
PD biomarkers. These genes were further assessed using 
three additional datasets from GEO and RT-qPCR in 
peripheral blood mononuclear cells from 10 PD and 
10 healthy subjects. ROC curve analysis demonstrated 
that aging-related DEGs could effectively distinguish PD 
from healthy subjects, with an AUC score exceeding 70%, 
indicating their potential as PD diagnostic biomarkers.

Yu et al.114 aimed to identify the most relevant gene in 
each PD locus and uncover novel mechanisms implicated 
in PD. An XGB ML model was trained using 212 genes 
(seven well-known genes labeled as positive and 205 genes 
not associated with PD labeled as negative) from Genome-
Wide Association Study loci, utilizing transcriptomic, 
genomic, and epigenomic data from mDANs and brain 
tissues. Sixty-three percent of genes were assigned a 
probability score greater than 75% and were therefore 
considered related to PD.

Genetic research has revolutionized the understanding 
of PD, shifting the focus from clinical symptoms to 
molecular mechanisms. The identification and application 

of genetic biomarkers hold great promise for early 
diagnosis, risk prediction, and targeted treatment. 
Future advancements in genetic screening, personalized 
medicine, and gene therapy could significantly improve 
outcomes for individuals living with PD. However, much 
work remains in translating genetic findings into tangible 
clinical applications.

3.2.5. Gut biomarkers and AI methods

Gut biomarkers for PD are mainly classified under 
both biochemical and markers as well as areas such as 
microbiome and metabolomic profiling. While not a 
completely separate category, gut-related biomarkers 
can also be studied through neuroimaging and clinical 
observations. Here, we explore research conducted so 
far that utilizes gut biomarkers in conjunction with AI 
methods for PD detection, monitoring, and classification 
of PD subjects from healthy subjects.

Pietrucci et al.115 investigated the role of GM in PD 
and identified common microbial alterations that could 
potentially predict PD. The authors applied three ML 
algorithms—RF, neural network, and SVM—to analyze 
846 metagenomic samples (472 PD and 374 healthy). The 
RF algorithm outperformed the others, achieving an AUC 
score of 80% ± 1% and 71% accuracy, as compared to AUC 
score 67% ± 3% for the neural network and 54% ± 8% 
for the SVM. RF also identified a subset of 22 microbial 
families capable of distinguishing PD and healthy subjects.

Qian et al.116 created the first GM gene catalog related 
to PD based on metagenomic sequencing. They collected 
GM genes from the feces of 40 Chinese PD subjects and 
their healthy counterparts using shotgun metagenomic 
sequencing (SMG). By applying the mRMR technique, 25 
gene markers were selected from 51,816 genes as potential 
PD biomarkers. When these 25 biomarkers were used 
in an SVM classifier, the model achieved: 89.6% AUC, 
90% sensitivity, and 75% specificity. The identified genes 
were further validated using real-time PCR in a separate 
dataset of 78 PD and 75 healthy subjects, achieving an 
AUC of 90.5%, 86% sensitivity, and 77% specificity. An 
AUC of 83.1%, sensitivity of 85%, and specificity of 78% 
were observed when differentiating 78 PD and 40 multiple 
system atrophy subjects. Furthermore, 90.1% AUC, 
90% sensitivity, and 88% specificity were achieved in 
differentiating 78 PD from 25 AD subjects.

Lubomski et al.117 developed a PD prediction model 
to assess GM compositional changes in combination with 
macronutrient consumption. They conducted a cross-
sectional evaluation involving 184 subjects (103 PD and 
81 household controls). RF-  and SVM-based models 
were developed to aid in identifying PD. The RF model, 
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which incorporated taxonomic data at the genus level and 
the contribution of carbohydrates to total energy intake, 
exhibited the highest predictive performance, with an 
AUC score of 74%.

Nie et al.118 investigated the relationship between 
PD and GM, and developed a PD predictive model by 
analyzing 2269 16S ribosomal RNA (16S rRNA) specimens 
(896 healthy and 1373 PD) and 236 SMG specimens (114 
healthy and 122 PD). Both 16S rRNA and SMG analyses 
identified five genera (Bifidobacterium, Akkermansia, 
Streptococcus, Desulfovibrio, and Lactobacillus) with 
increased abundance, and five genera (Lachnospira, 
Faecalibacterium, Roseburia, Blautia, and Prevotella) with 
decreased abundance in PD patients. Moreover, RF models 
based on 11 genera achieved classification accuracy 
exceeding 80% in distinguishing PD from healthy subjects. 
A  separate RF model based on six inflammation-related 
genes outperformed the former, with accuracy >90%. 
These outcomes highlight the role of inflammation in PD 
prediction and treatment.

To examine the role of gut dysbiosis in PD progression, 
Nishiwaki et al.119 developed RF models to predict 2-year 
PD progression based on GM from 165 PD subjects. The 
AUC-ROC scores of the GM-based models for H&Y stages 
1 and 2 were 79.9% and 70.5%, respectively. In addition, the 
GM profile predicted MDS-UPDRS III scores’ progression 
in early-stage PD with an AUC-ROC of 72.8%. An increase 
in mucin-degrading genus Akkermansia   and a decrease 
in short-chain fatty acid-producing genera, Blautia, 
Faecalibacterium, and Fusicatenibacter, were associated 
with faster PD progression.

The objective of the study conducted by Sánchez120 was 
to discover potential biomarkers by comparing the GMs 
of 20 control and 20 PD subjects, identifying candidate 
taxa, gene families, and pathways that could offer insights 
into variables important for early PD detection. This was 
achieved using various metagenomics programs alongside 
five ML algorithms (DT, RF, NB, SVM, and KNN). The 
study identified key features, including an overexpression 
of Myo-chiro and scyllo-inositol degradation pathways and 
a higher abundance of Lactococcus phage in PD patients.

Boodaghidizaji et al.121 used ML algorithms to analyze 
the patterns of stool microbiota as well as their response to 
fiber as a diagnostic tool for lifelong inflammatory diseases. 
They applied ML algorithms to differentiate between PD, 
ulcerative colitis, Crohn’s disease, HIV, and healthy subjects, 
with and without fiber treatment, achieving classification 
accuracy of up to 95%. In addition, ML algorithms achieved 
accuracy up to 90% when microbiome data were used to 
predict ulcerative colitis and Crohn’s disease.

Dhatrak122 explored the application of ML predictive 
technologies to analyze the compositions of GMs and their 
alterations in PD subjects. The study utilized a dataset of 
17 randomly selected fecal samples (nine PD and eight 
healthy) obtained from the European Nucleotide Archive 
database under the project PRJEB27564. The performance 
of two ML algorithms, RF and linear support vector 
classifier (LSVC), was evaluated using the QIIME 2 classifier 
and various performance metrics. With RF, the following 
results were achieved: accuracy =  66%, recall = 66%, 
precision = 66%, F1-score = 88%, and specificity = 66%. 
For LSVC, the results were: accuracy = 66%, recall = 100%, 
precision = 66%, F1-score = 82%, and specificity = 33%.

Li et al.123 thoroughly assessed the performance of 
GM-based ML classification algorithms across 20 diseases, 
using 83 case-control cohorts (9708 samples in total) across 
five main disease groups. Each disease was represented 
by at least two cohorts. In single-cohort classifiers, high 
predictive accuracies (~77% AUC) were achieved in within-
cohort validation, but lower accuracies were observed 
in cross-cohort validation, excluding intestinal diseases, 
where AUC was around 73%. To improve validation scores 
for non-intestinal diseases, samples from multiple cohorts 
were used to train combined-cohort classifiers. The study 
also predicted the sample size needed to reach more than 
70% validation accuracies. Additionally, for intestinal 
diseases, higher validation performance was achieved by 
classifiers using metagenomic data than 16S amplicon data.

Romano et al.124 conducted a meta-analysis of PD GM 
studies with 4489  samples from 11 countries across four 
continents, reporting on the fecal microbiomes of PD 
subjects and controls using both 16S amplicon sequencing 
(3165 samples) and SMG (1324 samples). They trained the 
ML models on various datasets and concluded that GM is 
associated with both PD diagnosis and its treatment.

Zhang et al.125 proposed an interpretable and accurate 
neural network approach for PD prediction and biomarker 
discovery using whole metabolomics datasets without 
initial FSS. Samples were collected from two cross-
sectional studies: the EPIC study (GC-MS: 36 PD and 
39 control; capillary electrophoresis-mass spectrometry: 
39 PD and 39 control; LC-MS[+]: 39 PD and 39 control; 
LC-MS[−]: 36 PD and 37 control; composite: 35 PD and 37 
control) and the National Health Service study (LC-MS[+]: 
80 PD and 56 control; LC-MS[+]: 138 PD and 56 control). 
The neural network approach demonstrated significantly 
superior performance in predicting PD from blood plasma 
metabolomics data, achieving a mean AUC exceeding 
99.5%, outperforming five other ML methods. XGB and 
LR showed similar performance with AUC-ROC scores of 
97.0% ± 2.8% and 96.8% ± 3.7%, and AUC-precision-recall 
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scores of 96.8% ± 3.1% and 96.9% ± 3.7%, respectively. In 
contrast, RF, LDA, and SVM classifiers showed relatively 
lower performance, with AUC-ROC and AUC-precision-
recall values of 82.9% ± 9.9% and 83.6% ± 9.9% for RF, 
64.7% ± 9.3% and 66.1% ± 11.1% for SVM, and 68.1% 
± 9.1% and 63.4% ± 11.9% for LDA. Based on the MCC 
score, the neural network approach outperformed the 
other classifiers, with a score of 91.8% ± 8.6%, compared 
to 81.5% ± 13.2% for LR, 78.7% ± 11.9% for XGB, 43.3% ± 
19.2% for RF, 27.2% ± 15.2% for LDA, and 21.3% ± 15.5% 
for SVM.

Li et al.126 developed an AI-guided, gut micro-
environment-triggered imaging sensor to accurately and 
non-invasively identify the PD stages by monitoring α-syn 
using a DL algorithm. In mouse experiments, PD stages 
were classified as 0 (early), 1 (middle), and 2 (advanced). 
Initially, the dataset included samples from 10 normal, nine 
midterm PD, and 16 advanced PD mice; however, after 
data augmentation, the dataset expanded to 40 normal, 
40 midterm PD, and 60 advanced PD mouse samples. The 
proposed CNN model, based on AlexNet, outperformed 
five benchmark ML algorithms (DT, SVM, KNN, LDA, and 
NB), achieving over 98% testing accuracy.

Zhao et al.127 performed a meta-analysis to examine 
the role of GM in PD and its diagnostic potential. They 
integrated six 16S rRNA gene datasets from five different 
studies, comprising 456 healthy and 550 PD samples. The 
analysis identified reduced levels of butyrate-producing 
taxa (Faecalibacterium, Roseburia, Coprococcus_2) and 
increased levels of Akkermansia and Bilophila in PD. Using 
a network-based approach, the study identified microbial 
biomarkers for PD and developed a classification model 
based on RF using 11 key genera, demonstrating strong 
diagnostic potential. The optimized PD classification 
model achieved 100% accuracy and 100% AUC on the 
training dataset, and 80.2% accuracy and 86.4% AUC on 
the test dataset.

Rojas-Velazquez et al.128 utilized four PD-related 
datasets from the NCBI, focusing on stool samples, and 
identified a microbiome signature for diagnosing PD 
using ML. By employing the Recursive Ensemble Feature 
Selection algorithm, 84 features were identified from the 
discovery dataset (PRJEB14674–345 samples: 134 healthy 
and 211 PD), achieving an accuracy exceeding 80%. 
The ET classifier demonstrated a diagnostic accuracy 
with an AUC-ROC of 74% in validating the discovery 
dataset. During testing, AUC-ROC scores of 64% for 
PRJEB14674 (345 samples: 134 healthy and 211 PD), 71% 
for PRJEB27564 (266 samples: 130 healthy and 136 PD), 
and 62% for PRJNA594156 (300 samples: 103 healthy and 
197 PD) were achieved.

Yu et al.129 developed an efficient DL-based prediction 
method for accurately diagnosing PD by analyzing GM 
data. The study utilized data from 39 PD subjects and their 
respective 39 healthy spouses. For FSS, a pre-processing 
technique called combined ranking using RF scores and 
PCA contributions was applied, followed by the LSIM 
(LSTM-penultimate to SVM Input Method) for classifying 
PD subjects. A soft voting mechanism was then used for 
final PD prediction. The Parkinson Gut Prediction method 
demonstrated an AUC of 92%, a mean accuracy of 85%, 
and an ROC of 92%.

These studies indicate that by leveraging gut biomarkers 
and AI methods, there is significant potential for improving 
the detection, monitoring, and management of PD. As 
research progresses, AI-powered approaches are set to 
become key tools in clinical practice, thereby enhancing 
patient care and outcomes in PD.

4. Discussion
This section discusses some important parameters used to 
evaluate the studies related to PD. The aim of this analysis 
is to explore how these parameters impact various aspects 
of PD diagnosis and treatment. The parameters under 
consideration include research objectives, the strengths 
and weaknesses of AI methods, existing innovations, and 
their practical applications in the medical field.

4.1. Challenges in selecting suitable biomarkers

While assessing different types of biomarkers and AI 
methods for PD detection, we observed several challenges 
due to the complex and multifactorial nature of PD. Both 
biomarkers and AI methods offer distinctive advantages 
but also have limitations. Some key challenges associated 
with using different types of biomarkers and AI methods 
in PD detection include:
(i)	 Variability and heterogeneity of PD: PD manifests 

differently across individuals, with varying symptoms, 
disease progression rates, and responses to treatment. 
Therefore, no single biomarker can comprehensively 
represent PD or its progression. As a result, it is 
challenging to identify reliable and consistent 
biomarkers that perform well for all affected PD 
subjects.

(ii)	 Lack of early detection biomarkers: many existing 
biomarkers tend to detect PD at later stages of 
the disease, after significant neuronal damage has 
already occurred. Early-stage biomarkers are still 
under investigation but have not yet been clinically 
established. Biochemical biomarkers, such as CSF, 
hold potential for early detection but require further 
validation to ensure reliability and specificity for 
PD. In addition, biomarkers often suffer from poor 
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specificity, meaning they may not distinguish PD from 
other NDs like AD. Similarly, some biomarkers may 
lack the necessary sensitivity to detect PD in its early 
stages or in individuals with atypical presentations. 
Certain fluid-based biomarkers, such as those found 
in CSF, require invasive procedures such as lumbar 
punctures, which can be uncomfortable for patients 
and limit their practical use in routine screening for 
PD. On the other hand, neuroimaging biomarkers are 
non-invasive but can be costly, time-consuming, and 
require specialized equipment and expertise.

(iii)	 Standardization of PD biomarkers: standardization 
of many PD biomarkers is still an issue. The features 
extracted from imaging can vary depending on the 
type of machine, the scanning method, and how the 
results are interpreted. Moreover, many biomarkers 
still lack robust clinical validation in large and diverse  
cohorts, which is necessary to establish their clinical 
utility and reliability for PD diagnosis and prognosis. 
Standardization is important to ensure that the findings 
from these techniques can be widely applied and trusted 
across various research and clinical environments.

4.2. Challenges in applying AI methodologies

The performance of AI algorithms for PD detection is 
influenced by several factors, including the quality of data,  
the choice of model, hyperparameter settings, and data 
pre-processing. Below are the key factors that significantly 
affect how well AI models perform in PD detection:
(i)	 Data quality: accurate and comprehensive labels 

are critical in supervised learning for training and 
evaluating AI models. Inaccurate or missing labels 
can lead to poor model performance. Medical data, 
particularly from clinical assessments or imaging, may 
contain noise or outliers that also affect AI algorithm 
performance and, consequently, the model’s ability to 
generalize. Imbalanced datasets, often suffering from 
class imbalances, can bias predictions toward the 
majority class, causing poor detection of PD cases. 
The presence of missing values in the dataset can also 
reduce model performance.

(ii)	 Feature selection: selecting relevant features is 
important. Irrelevant or redundant features can 
reduce the model’s ability to generalize and increase 
computational costs. However, high-dimensional 
datasets can also lead to overfitting.

(iii)	Model selection: different AI algorithms are suitable 
for different data types. For example, SVM performs 
well with high-dimensional datasets, such as genetic 
data or neuroimaging features. RF is robust to noise 
and effective with diverse data types, such as clinical, 
biomarker, or demographic data. CNNs are well-suited 

for imaging data due to their ability to learn spatial 
hierarchies of features. RNNs or LSTM networks are 
better for time-series data,130 such as motor symptom 
progression over time. More complex models may 
achieve better results but are more prone to overfitting 
when training data is limited. Simpler models, for 
example, SVM or RF, may generalize better on smaller 
or less noisy datasets.

(iv)	 Hyperparameter tuning: most AI algorithms have 
hyperparameters (e.g., kernel type in SVM, number 
of trees, rate of learning, maximum depth) that must 
be optimized for good performance. Improper tuning 
can lead to poor model performance, overfitting, or 
underfitting.

(v)	 Training data size: AI models, especially DL 
algorithms, require large datasets to achieve high 
performance. With small datasets, models tend to 
memorize training data and fail to generalize to 
external testing data.

(vi)	 Cross-validation and testing: cross-validation helps 
ensure the model generalizes well to unseen external 
testing data and reduces the likelihood of overfitting 
to a specific training set. It is also important to 
evaluate AI models on data representative of real-
world conditions.

(vii)	Temporal changes and disease progression: models 
incorporating time-series data or temporal information 
(e.g., gait, motor fluctuations) often require specialized 
algorithms such as RNNs, LSTMs, or reinforcement 
learning. PD models using longitudinal data need to 
account for variability over time.

(viii)	Bias and fairness: AI model capabilities are limited 
by the quality of the training data. If training datasets 
for PD detection lack diversity (in age, ethnicity, 
gender, comorbidities), AI systems may perform 
poorly for underrepresented groups, leading to biased 
diagnoses and health disparities.130 Efforts are needed 
to ensure AI systems are fair and unbiased, treating 
all patients equitably. This includes developing diverse 
and representative datasets and actively testing AI 
models to assess their performance across different 
demographic groups.

4.3. Ethical and clinical implications

Ienca and Ignatiadis131 emphasized that while AI holds 
significant promise for advancing brain research by 
optimizing and developing effective neurotechnology 
frameworks, it also raises important ethical and clinical 
concerns. The impact of AI on scientific validity and 
neuroethics remains uncertain.

In PD detection, AI systems require access to sensitive 
data such as medical histories, neuroimaging scans, and 
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genetic information. Ensuring secure data storage and 
protecting patient privacy are crucial, with AI systems 
needing to comply with regulations such as the Health 
Insurance Portability and Accountability Act and the 
General Data Protection Regulation. Patients must provide 
informed consent for the use of their data, and transparency 
about how their data is handled is essential.130 Given that 
AI models are trained using patient data, it is vital that 
patients fully understand how their data will be utilized. 
Clear and accessible information should be provided, and 
patients should be encouraged to ask questions before 
consenting to participate in AI-based studies or diagnostic 
tools.

4.4. Future directions

While AI has made considerable advances in PD research, 
future efforts are crucial to overcome existing challenges 
and fully harness AI’s potential in patient care. Key research 
areas include:
(i)	 Integration of multimodal data: PD is a multifactorial 

disease, and a single modality may not provide a 
comprehensive understanding of its progression. 
Integrating data from different biomarker modalities, 
such as neuroimaging, clinical, biochemical, and 
genetic, could facilitate early diagnosis and improve 
predictions of disease progression.

(ii)	 Real-time monitoring and predictive analytics: 
traditional PD monitoring largely depends on clinical 
visits. AI, in combination with wearable devices (e.g., 
smartwatches), can track real-time data, such as motor 
fluctuations and sleep patterns, to predict disease 
progression and support personalized treatment 
adjustments.

(iii)	 XAI for clinical decision support: developing XAI models 
can help clinicians interpret AI predictions, improve 
trust, and support more informed decision-making. For 
instance, algorithms that highlight key features, such as 
a combination of motor symptoms, voice analysis, or 
affected brain regions, can assist clinicians in interpreting 
results and guiding treatment plans.

(iv)	 AI in personalized treatment planning: PD affects 
individuals differently, and treatment responses can 
vary significantly. AI can analyze patient-specific data 
(e.g., genetics, lifestyle, disease severity) to recommend 
customized therapies, potentially improving treatment 
efficacy and minimizing side effects.

(v)	 AI in early detection through biomarker discovery: 
detecting PD in its early stages is challenging, as 
symptoms often appear after substantial neuronal 
damage. AI can facilitate the discovery of early 
biomarkers by analyzing large datasets across various 
modalities to identify molecular markers that precede 

clinical symptoms.
(vi)	 Improved AI for non-motor symptom monitoring: 

both motor and non-motor symptoms are significantly 
associated with disease progression. AI tools capable 
of monitoring non-motor symptoms, such as cognitive 
changes or depression, through smart home devices 
or wearable sensors could provide deeper insights into 
patient status.

(vii)	Collaboration between AI experts, clinicians, 
and patients: a gap often exists between AI model 
development and its practical application in clinical 
settings. Without collaboration among AI researchers, 
clinicians, and patients, models may lack clinical 
relevance or overlook patient-centered concerns. 
Close interdisciplinary collaboration is essential to 
ensure AI models are clinically useful, patient-centric, 
and applicable in real-world settings.130

4.5. Limitations of the study

Despite providing a detailed synthesis of the most relevant 
information on AI methods for PD diagnosis, this review 
has certain limitations. Although we aimed to address 
most of the research questions outlined in Section 3.1, 
some information could not be included due to its absence 
in the existing literature.
(i)	 In several studies, the number of subjects affected and 

unaffected by PD was not clearly stated. This missing 
information creates uncertainty for other researchers 
regarding the actual number of individuals affected by 
PD worldwide.

(ii)	 We found that the sizes of the training and testing 
datasets were often not reported, making it difficult for 
other researchers to replicate the developed models 
for PD progression.

(iii)	Details of performance metrics were also missing 
in several studies, hindering the ability to evaluate 
which AI algorithms perform best for PD detection. 
Consequently, despite some studies reporting 
impressive classification results, they were excluded 
from this review due to the lack of necessary 
performance details.

(iv)	 In a few studies, inconsistencies were observed between 
the abstract and results sections, with different values 
reported for performance metrics. This inconsistency 
adds to the confusion among researchers.

(v)	 During our review of the literature, we also noted 
a lack of collaboration between clinicians and AI 
researchers, which may limit the clinical relevance and 
practical application of the proposed AI models.

5. Conclusion
The intricate nature of PD arises from complex 
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interactions between environmental and genetic factors, 
making it difficult to accurately identify its underlying 
mechanisms.

Recent advancements in AI have positioned these 
technologies as powerful tools for analyzing and 
interpreting medical data. By integrating various types 
of biomarkers with AI techniques, early diagnosis and 
enhanced treatment strategies for PD can be facilitated. 
However, the implementation of these methodologies 
presents several challenges, including issues related to 
data quality and diversity, model interpretability, and the 
need for interdisciplinary collaboration among healthcare 
professionals and researchers.

Findings from this review indicate that AI can achieve 
diagnostic accuracies exceeding 90% for PD, while also 
reducing the time required for diagnosis. Moreover, 
AI approaches have demonstrated superior prognostic 
capabilities compared to traditional diagnostic methods. 
Ultimately, this review provides valuable insights for both 
medical professionals and researchers into the potential 
and challenges of leveraging AI techniques to enhance the 
diagnosis and management of PD.

Acknowledgments
None.

Funding
None.

Conflict of interest
The authors declare that they have no competing interests.

Author contributions
Conceptualization: All authors
Writing – original draft: All authors
Writing – review & editing: All authors

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

Further disclosure
The authors declare that no AI and AI-assisted technologies 
were used in conducting key aspects of the research, such 
as generating scientific insights, analyzing or interpreting 

data, or drawing scientific conclusions.

References
1.	 Neurodegenerative Diseases. Cleveland Clinic; 2023. Available 

from: https://my.clevelandclinic.org/health/diseases/24976-
neurodegenerative-diseases [Last accessed on 2025 Apr 21].

2.	 Launch of WHO’s Parkinson Disease Technical Brief. WHO. 
Geneva: World Health Organization; 2022.

3.	 Statistics. Parkinson’s Foundation. Available from: https://
www.parkinson.org/understanding-parkinsons/statistics 
[Last accessed on 2025 Apr 20].

4.	 Yang W, Hamilton JL, Kopil C, et al. Current and projected 
future economic burden of Parkinson’s disease in the US. 
NPJ Parkinsons Dis. 2020;6:15.

	 doi: 10.1038/s41531-020-0117-1

5.	 Zhou ZD, Yi LX, Wang DQ, Lim TM, Tan EK. Role of 
dopamine in the pathophysiology of Parkinson’s disease. 
Transl Neurodegener. 2023;12(1):44.

	 doi: 10.1186/s40035-023-00378-6

6.	 Zhang T, Yang R, Pan J, Huang S. Parkinson’s disease related 
depression and anxiety: A  22-year bibliometric analysis 
(2000-2022). Neuropsychiatr Dis Treat. 2023:1477-1489.

	 doi: 10.2147/NDT.S403002

7.	 Xiao B, Zhou Z, Chao Y, Tan EK. Pathogenesis of Parkinson’s 
disease. Neurol Clin. 2025;43(2):185-207.

	 doi: 10.1016/j.ncl.2024.12.003

8.	 Lee TK, Yankee EL. A  review on Parkinson’s disease 
treatment. Neuroimmunol Neuroinflamm. 2021;8:222-244.

9.	 Jankovic J, Tan EK. Parkinson’s disease: Etiopathogenesis 
and treatment. J  Neurol Neurosurg Psychiatry. 
2020;91(8):795-808.

	 doi: 10.1136/jnnp-2019-322338

10.	 Bloem BR, Okun MS, Klein C. Parkinson’s disease. Lancet. 
2021;397(10291):2284-2303.

	 doi: 10.1016/S0140-6736(21)00218-X

11.	 Rodriguez-Sanchez F, Rodriguez-Blazquez C, Bielza C, 
et al. Identifying Parkinson’s disease subtypes with motor 
and non-motor symptoms via model-based multi-partition 
clustering. Sci Rep. 2021;11(1):23645.

	 doi: 10.1038/s41598-021-03118-w

12.	 Ramesh S, Arachchige ASPM. Depletion of dopamine in 
Parkinson’s disease and relevant therapeutic options: A review 
of the literature. AIMS Neurosci. 2023;10(3):200-231.

	 doi: 10.3934/Neuroscience.2023017

13.	 Bidesi NS, Vang Andersen I, Windhorst AD, Shalgunov V, 
Herth MM. The role of neuroimaging in Parkinson’s disease. 
J Neurochem. 2021;159(4):660-689.

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.1038/s41531-020-0117-1
http://dx.doi.org/10.1186/s40035-023-00378-6
http://dx.doi.org/10.2147/NDT.S403002
http://dx.doi.org/10.1016/j.ncl.2024.12.003
http://dx.doi.org/10.1136/jnnp-2019-322338
http://dx.doi.org/10.1016/S0140-6736(21)00218-X
http://dx.doi.org/10.1038/s41598-021-03118-w
http://dx.doi.org/10.3934/Neuroscience.2023017


Artificial Intelligence in Health AI and biomarkers in PD detection

Volume 3 Issue 1 (2026)	 48� doi: 10.36922/AIH025210048 

	 doi: 10.1111/jnc.15516

14.	 Öksüz N, Öztürk Ş, Doğu O. Future prospects in Parkinson’s 
disease diagnosis and treatment. Noro Psikiyatr Ars. 
2022;59:S36-S41.

	 doi: 10.29399/npa.28169

15.	 Jurcau A, Andronie-Cioara FL, Nistor-Cseppento DC, 
et al. The involvement of neuroinflammation in the onset 
and progression of Parkinson’s disease. Int J Mol Sci. 
2023;24(19):14582.

	 doi: 10.3390/ijms241914582

16.	 Ma ZL, Wang ZL, Zhang FY, Liu HX, Mao LH, Yuan L. 
Biomarkers of Parkinson’s disease: From basic research to 
clinical practice. Aging Dis. 2024;15(4):1813-1830.

	 doi: 10.14336/AD.2023.1005

17.	 Mazzotta GM, Conte C. Alpha synuclein toxicity and non-
motor Parkinson’s. Cells. 2024;13:1265.

	 doi: 10.3390/cells13151265

18.	 Koníčková D, Menšíková K, Tučková L, et al. Biomarkers 
of neurodegenerative diseases: Biology, taxonomy, clinical 
relevance, and current research status. Biomedicines. 
2022;10(7):1760.

	 doi: 10.3390/biomedicines10071760

19.	 Nila IS, Sumsuzzman DM, Khan ZA, et al. Identification of 
exosomal biomarkers and its optimal isolation and detection 
method for the diagnosis of Parkinson’s disease: A systematic 
review and meta-analysis. Ageing Res Rev. 2022;82:101764.

	 doi: 10.1016/j.arr.2022.101764

20.	 Parkinson’s Foundation. Genetics behind Parkinson’s. PD 
GENEration. Parkinson’s Foundation website. Available 
from: https://www.parkinson.org/advancing-research/our-
research/pdgeneration/genetics-behind-pd [Last accessed 
on 2025 Apr 19].

21.	 FDA-NIH Biomarker Working Group. Glossary. Food and 
Drug Administration; 2025. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK338448 [Last accessed on 
2025 Apr 20].

22.	 Biomarkers of Parkinson’s Disease. Physiopedia. Available from: 
https://www.physio-pedia.com/index. php?title=biomarkers_
of_parkinson’s_disease&oldid=346298 [Last accessed on 2025 
Apr 21]. 

23.	 Surguchov A. Biomarkers in Parkinson’s disease. In: 
Neurodegenerative Diseases Biomarkers: Towards Translating 
Research to Clinical Practice. Berlin: Springer; 2022:155-180. 

24.	 Triadafilopoulos G. Research in Gut PD. In: The Gut in 
Parkinson’s Disease. Springer Nature Switzerland; 2024:165-
167. 

	 doi: 10.1007/978-3-031-77171-2_13

25.	 Rahmani AM, Yousefpoor E, Yousefpoor MS, et al. Machine 

learning (ML) in medicine: Review, applications, and 
challenges. Mathematics. 2021;9:2970.

26.	 Chakraborty C, Bhattacharya M, Pal S, Lee SS. From 
machine learning to deep learning: Advances of the recent 
data-driven paradigm shift in medicine and healthcare. Curr 
Res Biotechnol. 2024;7:100164.

27.	 Oliveira AM, Coelho L, Carvalho E, Ferreira-Pinto MJ, 
Vaz R, Aguiar P. Machine learning for adaptive deep 
brain stimulation in Parkinson’s disease: Closing the loop. 
J Neurol. 2023;270(11):5313-5326.

	 doi: 10.1007/s00415-023-11873-1

28.	 El Maachi I, Bilodeau GA, Bouachir W. Deep 1D-Convnet 
for accurate Parkinson disease detection and severity 
prediction from gait. Expert Syst Appl. 2020;143:113075.

29.	 Goyal P, Rani R. Comparative analysis of machine learning, 
ensemble learning and deep learning classifiers for 
Parkinson’s disease detection. SN Comput Sci. 2023;5(1):66.

30.	 Senturk ZK. Early diagnosis of Parkinson’s disease 
using machine learning algorithms. Med Hypotheses. 
2020;138:109603.

31.	 Ouhmida A, Raihani A, Cherradi B, Terrada O. A  novel 
approach for Parkinson’s disease detection based on voice 
classification and features selection techniques. Int J Online 
Biomed Eng. 2021;17(10):111-130.

32.	 Chintalapudi N, Battineni G, Hossain MA, Amenta F. 
Cascaded deep learning frameworks in contribution to the 
detection of Parkinson’s disease. Bioengineering (Basel). 
2022;9(3):116.

	 doi: 10.3390/bioengineering9030116

33.	 Ferreira MIASN, Barbieri FA, Moreno VC, Penedo T, 
Tavares JMR. Machine learning models for Parkinson’s 
disease detection and stage classification based on spatial-
temporal gait parameters. Gait Posture. 2022;98:49-55.

	 doi: 10.1016/j.gaitpost.2022.08.014

34.	 Sigcha L, Domínguez B, Borzì L, et al. Bradykinesia detection 
in Parkinson’s disease using smartwatches’ inertial sensors 
and deep learning methods. Electronics. 2022;11(23):3879.

35.	 Thakur K, Kapoor DS, Singh KJ, Sharma A, Malhotra J. 
Diagnosis of Parkinson’s disease using machine learning 
algorithms. In: Third Congress on Intelligent Systems (Lecture 
Notes in Networks and Systems). Springer Nature Singapore; 
2023:205-217.

	 doi: 10.1007/978-981-19-9225-4_16

36.	 Trabassi D, Serrao M, Varrecchia T, et al. Machine learning 
approach to support the detection of Parkinson’s disease in 
IMU-based Gait analysis. Sensors (Basel). 2022;22(10):3700.

	 doi: 10.3390/s22103700

37.	 Alalayah KM, Senan EM, Atlam HF, Ahmed IA, 
Shatnawi HSA. Automatic and early detection of Parkinson’s 

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.1111/jnc.15516
http://dx.doi.org/10.29399/npa.28169
http://dx.doi.org/10.3390/ijms241914582
http://dx.doi.org/10.14336/AD.2023.1005
http://dx.doi.org/10.3390/cells13151265
http://dx.doi.org/10.3390/biomedicines10071760
http://dx.doi.org/10.1016/j.arr.2022.101764
https://dx.doi.org/10.1007/978-3-031-77171-2_13
http://dx.doi.org/10.1007/s00415-023-11873-1
http://dx.doi.org/10.3390/bioengineering9030116
http://dx.doi.org/10.1016/j.gaitpost.2022.08.014
https://dx.doi.org/10.1007/978-981-19-9225-4_16
http://dx.doi.org/10.3390/s22103700


Artificial Intelligence in Health AI and biomarkers in PD detection

Volume 3 Issue 1 (2026)	 49� doi: 10.36922/AIH025210048 

disease by analyzing acoustic signals using classification 
algorithms based on recursive feature elimination method. 
Diagnostics (Basel). 2023;13(11):1924.

	 doi: 10.3390/diagnostics13111924

38.	 Govindu A, Palwe S. Early detection of Parkinson’s 
disease using machine learning. Procedia Comput Sci. 
2023;218:249-261.

39.	 Martinez-Eguiluz M, Arbelaitz O, Gurrutxaga I, et al. 
Diagnostic classification of Parkinson’s disease based on 
non-motor manifestations and machine learning strategies. 
Neural Comput Appl. 2023;35(8):5603-5617.

40.	 Yadav S, Singh MK, Pal S. Artificial intelligence model 
for parkinson disease detection using machine learning 
algorithms. Biomed Mater Dev. 2023;1(2):899-911.

41.	 Goyal J, Khandnor P, Aseri TC. Objective and automatic 
assessment of bradykinesia in Parkinson’s patients using new 
repetitive pointing task with machine learning approach. 
Multimedia Tools Appl. 2024;83:81413-81429.

42.	 Faiem N, Asuroglu T, Acici K, Kallonen A, van Gils M. 
Assessment of Parkinson’s Disease Severity Using Gait Data: 
A Deep Learning-Based Multimodal Approach. In: Digital 
Health and Wireless Solutions (Communications in Computer 
and Information Science). Springer Nature Switzerland; 
2024:29-48. 

	 doi: 10.1007/978-3-031-59091-7_3

43.	 Palakayala AR, Kuppusamy P. A qualitative and quantitative 
approach using machine learning and non-motor symptoms 
for Parkinson’s disease classification. A  hierarchical study. 
Appl Comput Sci. 2024;20(3):171-191.

44.	 Salsone M, Vescio B, Quattrone A, et al. Periodic leg 
movements during sleep associated with REM sleep 
behavior disorder: A  machine learning study. Diagnostics 
(Basel). 2024;14(4):363.

	 doi: 10.3390/diagnostics14040363

45.	 Wang Q, Zeng W, Dai X. Gait classification for early 
detection and severity rating of Parkinson’s disease based 
on hybrid signal processing and machine learning methods. 
Cogn Neurodyn. 2024;18(1):109-132.

	 doi: 10.1007/s11571-022-09925-9

46.	 Byeon H. Development of a depression in Parkinson’s 
disease prediction model using machine learning. World J 
Psychiatry. 2020;10(10):234-244.

	 doi: 10.5498/wjp.v10.i10.234

47.	 Lee KS, Ham BJ. Machine learning on early diagnosis of 
depression. Psychiatry Investig. 2022;19(8):597-605.

	 doi: 10.30773/pi.2022.0075

48.	 Pereira PA, Trivedi DK, Silverman J, et al. Multiomics 
implicate gut microbiota in altered lipid and energy 
metabolism in Parkinson’s disease. NPJ Parkinsons Dis. 

2022;8(1):39.

	 doi: 10.1038/s41531-022-00300-3

49.	 Li J, Zhao Y, Liu Y, et al. AI scheme for high-accuracy and 
contactless assessment of Parkinson’s disease grades. Biomed 
Signal Process Control. 2025;100:107025.

50.	 Lu H, Qi G, Wu D, et al. A novel feature extraction method 
based on dynamic handwriting for Parkinson’s disease 
detection. PLoS One. 2025;20(1):e0318021.

51.	 Castillo-Barnes D, Martinez-Murcia FJ, Ortiz A, Salas-
Gonzalez D, Ramírez J, Górriz JM. Morphological 
characterization of functional brain imaging by isosurface 
analysis in Parkinson’s disease. Int J Neural Syst. 
2020;30:2050044.

	 doi: 10.1142/S0129065720500446

52.	 Chakraborty S, Aich S, Kim HC. 3D textural, morphological 
and statistical analysis of voxel of interests in 3T MRI scans 
for the detection of Parkinson’s disease using artificial neural 
networks. Healthcare (Basel). 2020;8(1):34.

	 doi: 10.3390/healthcare8010034

53.	 Chakraborty S, Aich S, Kim HC. Detection of Parkinson’s 
disease from 3T T1 weighted MRI scans using 3D 
convolutional neural network. Diagnostics (Basel). 
2020;10(6):402.

	 doi: 10.3390/diagnostics10060402

54.	 Huang GH, Lin CH, Cai YR, et al. Multiclass machine 
learning classification of functional brain images for 
Parkinson’s disease stage prediction. Statistical Analysis and 
Data Mining. ASA Data Sci J. 2020;13(5):508-523.

55.	 Magesh PR, Myloth RD, Tom RJ. An explainable machine 
learning model for early detection of Parkinson’s disease 
using LIME on DaTSCAN imagery. Comput Biol Med. 
2020;126:104041.

	 doi: 10.1016/j.compbiomed.2020.104041

56.	 Solana-Lavalle G, Rosas-Romero R. Classification of PPMI 
MRI scans with voxel-based morphometry and machine 
learning to assist in the diagnosis of Parkinson’s disease. 
Comput Methods Programs Biomed. 2021;198:105793.

	 doi: 10.1016/j.cmpb.2020.105793

57.	 Shu ZY, Cui SJ, Wu X, et al. Predicting the progression of 
Parkinson’s disease using conventional MRI and machine 
learning: An application of radiomic biomarkers in whole-
brain white matter. Magn Reson Med. 2021;85:1611-1624.

	 doi: 10.1002/mrm.28522

58.	 Veetil IK, Gopalakrishnan EA, Sowmya V, Soman KP. 
Parkinson’s Disease Classification from Magnetic Resonance 
Images (MRI) using Deep Transfer Learned Convolutional 
Neural Networks. In: 2021 IEEE 18th India Council 
International Conference (INDICON). IEEE; 2021:1-6. 

	 doi: 10.1109/indicon52576.2021.9691745

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.3390/diagnostics13111924
https://dx.doi.org/10.1007/978-3-031-59091-7_3
http://dx.doi.org/10.3390/diagnostics14040363
http://dx.doi.org/10.1007/s11571-022-09925-9
http://dx.doi.org/10.5498/wjp.v10.i10.234
http://dx.doi.org/10.30773/pi.2022.0075
http://dx.doi.org/10.1038/s41531-022-00300-3
http://dx.doi.org/10.1142/S0129065720500446
http://dx.doi.org/10.3390/healthcare8010034
http://dx.doi.org/10.3390/diagnostics10060402
http://dx.doi.org/10.1016/j.compbiomed.2020.104041
http://dx.doi.org/10.1016/j.cmpb.2020.105793
http://dx.doi.org/10.1002/mrm.28522
https://dx.doi.org/10.1109/indicon52576.2021.9691745


Artificial Intelligence in Health AI and biomarkers in PD detection

Volume 3 Issue 1 (2026)	 50� doi: 10.36922/AIH025210048 

59.	 Guo X, Tinaz S, Dvornek NC. Characterization of early 
stage Parkinson’s disease from resting-state fMRI data using 
a long short-term memory network. Front Neuroimaging. 
2022;1:952084.

	 doi: 10.3389/fnimg.2022.952084

60.	 Tomer S, Khanna K, Gambhir S, Gambhir M. Comparison 
analysis of GLCM and PCA on Parkinson’s disease using 
structural MRI. Int J Inform Retrieval Res. 2022;12(1):1-15.

61.	 Vyas T, Yadav R, Solanki C, Darji R, Desai S, Tanwar S. Deep 
learning-based scheme to diagnose Parkinson’s disease. 
Expert Syst. 2022;39(3):e12739.

62.	 Camacho M, Wilms M, Mouches P, et al. Explainable 
classification of Parkinson’s disease using deep learning 
trained on a large multi-center database of T1-weighted 
MRI datasets. Neuroimage Clin. 2023;38:103405.

	 doi: 10.1016/j.nicl.2023.103405

63.	 Erdaş ÇB, Sümer E. A fully automated approach involving 
neuroimaging and deep learning for Parkinson’s disease 
detection and severity prediction. PeerJ Comput Sci. 
2023;9:e1485.

	 doi: 10.7717/peerj-cs.1485

64.	 Khachnaoui H, Chikhaoui B, Khlifa N, Mabrouk R. Enhanced 
Parkinson’s disease diagnosis through convolutional neural 
network models applied to spect datscan images. IEEE 
Access. 2023;11:91157-91172.

65.	 Wang Y, He N, Zhang C, et al. An automatic interpretable 
deep learning pipeline for accurate Parkinson’s disease 
diagnosis using quantitative susceptibility mapping and 
T1-weighted images. Hum Brain Mapp. 2023;44:4426-4438.

	 doi: 10.1002/hbm.26399

66.	 Praneeth P, Sathvika M, Kommareddy V, et al. Classification 
of Parkinson’s disease in brain MRI images using deep 
residual convolutional neural network (DRCNN). Appl  
Comput Sci. 2023;19(2):125-146.

	 doi: 10.35784/acs-2023-19

67.	 Ahalya RK, Nkondo GF, Snekhalatha U. Automated 
detection of Parkinson’s disease based on hybrid CNN and 
quantum machine learning techniques in MRI images. 
Biomed Eng Appl Basis Commun. 2024;36(2):2450005.

68.	 Islam N, Turza MSA, Fahim SI, Rahman RM. Advanced 
Parkinson’s disease detection: A  comprehensive artificial 
intelligence approach utilizing clinical assessment 
and neuroimaging samples. Int J Cogn Comput Eng. 
2024;5:199-220.

69.	 Patil P, Ford WR. Parkinson’s disease recognition using 
decorrelated convolutional neural networks: Addressing 
imbalance and scanner bias in rs-fMRI Data. Biosensors 
(Basel). 2024;14(5):259.

	 doi: 10.3390/bios14050259

70.	 Redhya M, Jayalakshmi M. An Ensembled Grid based 
Machine Learning Approach For PD Classification From 
MRI Images. In: 2024 Fourth International Conference on 
Advances in Electrical, Computing, Communication and 
Sustainable Technologies (ICAECT). IEEE; 2024:1-6. 

	 doi: 10.1109/icaect60202.2024.10468976

71.	 Zhang Z, Peng J, Song Q, Xu Y, Wei Y, Shu Z. Identification 
of depression subtypes in parkinson’s disease patients 
via structural MRI whole-brain radiomics: An 
unsupervised machine learning study. CNS Neurosci Ther. 
2025;31(2):e70182.

	 doi: 10.1111/cns.70182

72.	 Alharbi RA. Proteomics approach and techniques in 
identification of reliable biomarkers for diseases. Saudi J Biol 
Sci. 2020;27(3):968-974.

	 doi: 10.1016/j.sjbs.2020.01.020

73.	 Wang Z, Becker K, Donadio V, et al. Skin α-synuclein 
aggregation seeding activity as a novel biomarker for 
Parkinson disease. JAMA Neurol. 2021;78:1-11.

	 doi: 10.1001/jamaneurol.2020.3311

74.	 Lin CH, Chiu SI, Chen TF, Jang JSR, Chiu MJ. Classifications 
of neurodegenerative disorders using a multiplex blood 
biomarkers-based machine learning model. Int J Mol Sci. 
2020;21(18):6914.

	 doi: 10.3390/ijms21186914

75.	 Maass F, Michalke B, Willkommen D, et al. Elemental 
fingerprint: Reassessment of a cerebrospinal fluid biomarker 
for Parkinson’s disease. Neurobiol Dis. 2020;134:104677.

	 doi: 10.1016/j.nbd.2019.104677

76.	 Wang W, Lee J, Harrou F, Sun Y. Early detection of Parkinson’s 
disease using deep learning and machine learning. IEEE 
Access. 2020;8:147635-147646.

77.	 Chung CC, Chan L, Chen JH, Bamodu OA, Chiu HW, 
Hong CT. Plasma extracellular vesicles tau and β-amyloid as 
biomarkers of cognitive dysfunction of Parkinson’s disease. 
FASEB J. 2021;35(10):e21895.

	 doi: 10.1096/fj.202100787R

78.	 Vacchi E, Burrello J, Burrello A, et al. Profiling inflammatory 
extracellular vesicles in plasma and cerebrospinal fluid: 
An optimized diagnostic model for Parkinson’s disease. 
Biomedicines. 2021;9(3):230.

	 doi: 10.3390/biomedicines9030230

79.	 Amboni M, Ricciardi C, Adamo S, et al. Machine learning 
can predict mild cognitive impairment in Parkinson’s 
disease. Front Neurol. 2022;13:1010147.

	 doi: 10.3389/fneur.2022.1010147

80.	 Chen PH, Hou TY, Cheng FY, Shaw JS. Prediction of 
cognitive degeneration in Parkinson’s disease patients using 

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.3389/fnimg.2022.952084
http://dx.doi.org/10.1016/j.nicl.2023.103405
http://dx.doi.org/10.7717/peerj-cs.1485
http://dx.doi.org/10.1002/hbm.26399
https://dx.doi.org/10.35784/acs-2023-19
http://dx.doi.org/10.3390/bios14050259
https://dx.doi.org/10.1109/icaect60202.2024.10468976
http://dx.doi.org/10.1111/cns.70182
http://dx.doi.org/10.1016/j.sjbs.2020.01.020
http://dx.doi.org/10.1001/jamaneurol.2020.3311
http://dx.doi.org/10.3390/ijms21186914
http://dx.doi.org/10.1016/j.nbd.2019.104677
http://dx.doi.org/10.1096/fj.202100787R
http://dx.doi.org/10.3390/biomedicines9030230
http://dx.doi.org/10.3389/fneur.2022.1010147


Artificial Intelligence in Health AI and biomarkers in PD detection

Volume 3 Issue 1 (2026)	 51� doi: 10.36922/AIH025210048 

a machine learning method. Brain Sci. 2022;12(8):1048.

	 doi: 10.3390/brainsci12081048

81.	 Dadu A, Satone V, Kaur R, et al. Identification and 
prediction of Parkinson’s disease subtypes and progression 
using machine learning in two cohorts. NPJ Parkinsons Dis. 
2022;8(1):172.

	 doi: 10.1038/s41531-022-00439-z

82.	 Harvey J, Reijnders RA, Cavill R, et al. Machine learning-
based prediction of cognitive outcomes in de novo 
Parkinson’s disease. NPJ Parkinsons Dis. 2022;8(1):150.

	 doi: 10.1038/s41531-022-00409-5

83.	 Pahuja G, Prasad B. Deep learning architectures for 
Parkinson’s disease detection by using multi-modal features. 
Comput Biol Med. 2022;146:105610.

	 doi: 10.1016/j.compbiomed.2022.105610

84.	 Yang Y, Yuan Y, Zhang G, et al. Artificial intelligence-
enabled detection and assessment of Parkinson’s 
disease using nocturnal breathing signals. Nat Med. 
2022;28(10):2207-2215.

	 doi: 10.1038/s41591-022-01932-x

85.	 Allwright M, Mundell H, Sutherland G, Austin P, 
Guennewig B. Machine learning analysis of the UK Biobank 
reveals IGF-1 and inflammatory biomarkers predict 
Parkinson’s disease risk. PLos One. 2023;18(5):e0285416.

	 doi: 10.1371/journal.pone.0285416

86.	 Almgren H, Camacho M, Hanganu A, et al. Machine 
learning-based prediction of longitudinal cognitive decline 
in early Parkinson’s disease using multimodal features. Sci 
Rep. 2023;13(1):13193.

87.	 Kelly J, Moyeed R, Carroll C, Luo S, Li X. Blood biomarker-
based classification study for neurodegenerative diseases. Sci 
Rep. 2023;13(1):17191.

	 doi: 10.1038/s41598-023-43956-4

88.	 McFall GP, Bohn L, Gee M, et al. Identifying key multi-modal 
predictors of incipient dementia in Parkinson’s disease: 
A machine learning analysis and Tree SHAP interpretation. 
Front Aging Neurosci. 2023;15:112432.

	 doi: 10.3389/fnagi.2023.1124232

89.	 Tsukita K, Sakamaki-Tsukita H, Kaiser S, et al. High-
throughput CSF proteomics and machine learning to identify 
proteomic signatures for parkinson disease development 
and progression. Neurology. 2023;101(14):e1434-e1447.

	 doi: 10.1212/WNL.0000000000207725

90.	 Chen H, Guo S, Zhuang Z, et al. Intelligent identification of 
cerebrospinal fluid for the diagnosis of Parkinson’s disease. 
Anal Chem. 2024;96(6):2534-2542. 

	 doi: 10.1021/acs.analchem.3c04849

91.	 Dennis AGP, Strafella AP. The identification of cognitive 

impairment in Parkinson’s disease using biofluids, 
neuroimaging, and artificial intelligence. Front Neurosci. 
2024;18:1446878.

	 doi: 10.3389/fnins.2024.1446878

92.	 Hällqvist J, Bartl M, Dakna M, et al. Plasma proteomics 
identify biomarkers predicting Parkinson’s disease 
up to 7  years before symptom onset. Nat Commun. 
2024;15(1):4759.

	 doi: 10.1038/s41467-024-48961-3

93.	 Callegari S, Kirk NS, Gan ZY, et al. Structure of human 
PINK1 at a mitochondrial TOM-VDAC array. Science. 
2025;388:303-310.

	 doi: 10.1126/science.adu6445

94.	 Falchetti M, Prediger RD, Zanotto-Filho A. Classification 
algorithms applied to blood-based transcriptome meta-
analysis to predict idiopathic Parkinson’s disease. Comput 
Biol Med. 2020;124:103925.

	 doi: 10.1016/j.compbiomed.2020.103925

95.	 Su C, Tong J, Wang F. Mining genetic and transcriptomic 
data using machine learning approaches in Parkinson’s 
disease. NPJ Parkinsons Dis. 2020;6(1):24.

96.	 García-Fonseca Á, Martin-Jimenez C, Barreto GE, 
Pachón AFA, González J. The emerging role of long non-
coding RNAs and microRNAs in neurodegenerative 
diseases: A  perspective of machine learning. Biomolecules. 
2021;11(8):1132.

	 doi: 10.3390/biom11081132

97.	 Hu S, Li S, Ning W, et al. Identifying crosstalk genetic 
biomarkers linking a neurodegenerative disease, Parkinson’s 
disease, and periodontitis using integrated bioinformatics 
analyses. Front Aging Neurosci. 2022;14:1032401.

	 doi: 10.3389/fnagi.2022.1032401

98.	 Lam S, Arif M, Song X, Uhlén M, Mardinoglu A. Machine 
learning analysis reveals biomarkers for the detection of 
neurological diseases. Front Mol Neurosci. 2022;15:889728.

	 doi: 10.3389/fnmol.2022.889728

99.	 Makarious MB, Leonard HL, Vitale D, et al. Multi-modality 
machine learning predicting Parkinson’s disease. NPJ 
Parkinsons Dis. 2022;8(1):35.

	 doi: 10.1038/s41531-022-00288-w

100.	Pantaleo E, Monaco A, Amoroso N, et al. A machine learning 
approach to Parkinson’s disease blood transcriptomics. 
Genes (Basel). 2022;13(5):727.

	 doi: 10.3390/genes13050727

101.	Vuidel A, Cousin L, Weykopf B, et al. High-content 
phenotyping of Parkinson’s disease patient stem cell-derived 
midbrain dopaminergic neurons using machine learning 
classification. Stem Cell Reports. 2022;17(10):2349-2364.

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.3390/brainsci12081048
http://dx.doi.org/10.1038/s41531-022-00439-z
http://dx.doi.org/10.1038/s41531-022-00409-5
http://dx.doi.org/10.1016/j.compbiomed.2022.105610
http://dx.doi.org/10.1038/s41591-022-01932-x
http://dx.doi.org/10.1371/journal.pone.0285416
http://dx.doi.org/10.1038/s41598-023-43956-4
http://dx.doi.org/10.3389/fnagi.2023.1124232
http://dx.doi.org/10.1212/WNL.0000000000207725
http://dx.doi.org/10.1021/acs.analchem.3c04849
http://dx.doi.org/10.3389/fnins.2024.1446878
http://dx.doi.org/10.1038/s41467-024-48961-3
http://dx.doi.org/10.1126/science.adu6445
http://dx.doi.org/10.1016/j.compbiomed.2020.103925
http://dx.doi.org/10.3390/biom11081132
http://dx.doi.org/10.3389/fnagi.2022.1032401
http://dx.doi.org/10.3389/fnmol.2022.889728
http://dx.doi.org/10.1038/s41531-022-00288-w
http://dx.doi.org/10.3390/genes13050727


Artificial Intelligence in Health AI and biomarkers in PD detection

Volume 3 Issue 1 (2026)	 52� doi: 10.36922/AIH025210048 

	 doi: 10.1016/j.stemcr.2022.09.001

102.	Cai L, Tang S, Liu Y, Zhang Y, Yang Q. The application of 
weighted gene co-expression network analysis and support 
vector machine learning in the screening of Parkinson’s 
disease biomarkers and construction of diagnostic models. 
Front Mol Neurosci. 2023;16:1274268.

	 doi: 10.3389/fnmol.2023.1274268

103.	Hajianfar G, Kalayinia S, Hosseinzadeh M, et al. Prediction 
of Parkinson’s disease pathogenic variants using hybrid 
Machine learning systems and radiomic features. Phys Med. 
2023;113:102647.

	 doi: 10.1016/j.ejmp.2023.102647

104.	Wang P, Chen Q, Tang Z, et al. Uncovering ferroptosis in 
Parkinson’s disease via bioinformatics and machine learning 
and reversed deducing potential therapeutic natural 
products. Front Genet. 2023;14:1231707.

	 doi: 10.3389/fgene.2023.1231707

105.	Xin G, Niu J, Tian Q, et al. Identification of potential immune-
related hub genes in Parkinson’s disease based on machine 
learning and development and validation of a diagnostic 
classification model. PLoS One. 2023;18(12):e0294984.

	 doi: 10.1371/journal.pone.0294984

106.	Zhang Y, Sun X, Zhang P, et al. Identification of Parkinson’s 
disease associated genes through explicable deep learning 
and bioinformatic. In: International Conference on Applied 
Intelligence. Berlin: Springer Nature; 2023. p. 136-146.

107.	 Ameli A, Peña-Castillo L, Usefi H. Assessing the reproducibility 
of machine-learning-based biomarker discovery in 
Parkinson’s disease. Comput Biol Med. 2024;174:108407.

	 doi: 10.1016/j.compbiomed.2024.108407

108.	Banou E, Vrahatis AG, Krokidis MG, Vlamos P. Machine 
learning analysis of genomic factors influencing hyperbaric 
oxygen therapy in Parkinson’s disease. BioMedInformatics. 
2024;4(1):127-138.

109.	Kumar A, Kouznetsova VL, Kesari S, Tsigelny IF. Parkinson’s 
disease diagnosis using miRNA biomarkers and deep 
learning. Front Biosci (Landmark Ed). 2024;29(1):4.

	 doi: 10.31083/j.fbl2901004

110.	Peng H, Cheng Y, Chen Q, Qin L. Integrated transcriptomic 
and machine learning analysis identifies EAF2 as a diagnostic 
biomarker and key pathogenic factor in Parkinson’s disease. 
Int J Gen Med. 2024;17:5547-5562.

	 doi: 10.2147/IJGM.S486214

111.	Teng WB, Deng HW, Lv BH, Zhou SD, Li BR, Hu RT. Exploring 
and validating key genetic biomarkers for diagnosis of 
Parkinson’s disease. Brain Res Bull. 2025;220:111165.

	 doi: 10.1016/j.brainresbull.2024.111165

112.	Yan J, Wang Z, Li Y, Li R, Xiang K. m6A-related genes and 

their role in Parkinson’s disease: Insights from machine 
learning and consensus clustering. Medicine (Baltimore). 
2024;103(45):e40484.

	 doi: 10.1097/MD.0000000000040484

113.	Yang W, Xu S, Zhou M, Chan P. Aging-related biomarkers for 
the diagnosis of Parkinson’s disease based on bioinformatics 
analysis and machine learning. Aging (Albany NY). 
2024;16(17):12191-12208.

	 doi: 10.18632/aging.205954

114.	Yu E, Larivière R, Thomas RA, et al. Machine learning 
nominates the inositol pathway and novel genes in 
Parkinson’s disease. Brain. 2024;147(3):887-899.

	 doi: 10.1093/brain/awad345

115.	Pietrucci D, Teofani A, Unida V, et al. Can gut microbiota 
be a good predictor for Parkinson’s disease? A machine 
learning approach. Brain Sci. 2020;10(4):242.

	 doi: 10.3390/brainsci10040242

116.	Qian Y, Yang X, Xu S, et al. Gut metagenomics-derived 
genes as potential biomarkers of Parkinson’s disease. Brain. 
2020;143(8):2474-2489.

	 doi: 10.1093/brain/awaa201

117.	Lubomski M, Xu X, Holmes AJ, et al. Nutritional intake and 
gut microbiome composition predict Parkinson’s disease. 
Front Aging Neurosci. 2022;14:881872.

	 doi: 10.3389/fnagi.2022.881872

118.	Nie S, Wang J, Deng Y, Ye Z, Ge Y. Inflammatory microbes 
and genes as potential biomarkers of Parkinson’s disease. 
NPJ Biofilms Microbiomes. 2022;8(1):101.

	 doi: 10.1038/s41522-022-00367-z

119.	Nishiwaki H, Ito M, Hamaguchi T, et al. Short chain fatty 
acids-producing and mucin-degrading intestinal bacteria 
predict the progression of early Parkinson’s disease. NPJ 
Parkinsons Dis. 2022;8(1):65.

	 doi: 10.1038/s41531-022-00328-5

120.	Sánchez XR. Machine Learning on Gut Microbiome Reveals 
Potential Biomarkers for Parkinson’s Diagnosis. Bachelor’s 
Degree in Bioinformatics (UPF-UPC-UB-UAB) Final Grade 
Project, School of International Studies, Universitat Pompeu 
Fabra (UPF), Barcelona, Spain; 2022. Available from: https://
repositori.upf.edu/server/api/core/bitstreams/ddb33240-
c4a2-4725-999b-ddfeba0e646a/content [Last accessed on 
2025 Apr 21]. 

121.	Boodaghidizaji M, Jungles T, Chen T, et al. Machine 
learning based gut microbiota pattern and response to fiber 
as a diagnostic tool for chronic inflammatory diseases. BMC 
Microbiol. 2025;25(1):353. 

	 doi: 10.1186/s12866-025-04072-7

122.	Dhatrak M. Application of Supervised Learning Classifiers on 

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.1016/j.stemcr.2022.09.001
http://dx.doi.org/10.3389/fnmol.2023.1274268
http://dx.doi.org/10.1016/j.ejmp.2023.102647
http://dx.doi.org/10.3389/fgene.2023.1231707
http://dx.doi.org/10.1371/journal.pone.0294984
http://dx.doi.org/10.1016/j.compbiomed.2024.108407
http://dx.doi.org/10.31083/j.fbl2901004
http://dx.doi.org/10.2147/IJGM.S486214
http://dx.doi.org/10.1016/j.brainresbull.2024.111165
http://dx.doi.org/10.1097/MD.0000000000040484
http://dx.doi.org/10.18632/aging.205954
http://dx.doi.org/10.1093/brain/awad345
http://dx.doi.org/10.3390/brainsci10040242
http://dx.doi.org/10.1093/brain/awaa201
http://dx.doi.org/10.3389/fnagi.2022.881872
http://dx.doi.org/10.1038/s41522-022-00367-z
http://dx.doi.org/10.1038/s41531-022-00328-5
http://dx.doi.org/10.1186/s12866-025-04072-7


Artificial Intelligence in Health AI and biomarkers in PD detection

Volume 3 Issue 1 (2026)	 53� doi: 10.36922/AIH025210048 

Gut Microbial Data to Predict Parkinson Disease. Doctoral 
Dissertation. National College of Ireland; 2023. Available 
from: https://norma.ncirl.ie/7181/1/madhuridhatrak.pdf

123.	Li M, Liu J, Zhu J, et al. Performance of gut Microbiome as 
an independent diagnostic tool for 20 diseases: Cross-cohort 
validation of machine-learning classifiers. Gut Microbes. 
2023;15(1):2205386.

	 doi: 10.1080/19490976.2023.2205386

124.	Romano S, Wirbel J, Ansorge R, et al. Machine learning-
based meta-analysis reveals gut microbiome alterations 
associated with Parkinson’s disease. Nat Commun. 
2025;16(1):4227. 

	 doi: 10.1038/s41467-025-56829-3

125.	Zhang JD, Xue C, Kolachalama VB, Donald WA. Interpretable 
machine learning on metabolomics data reveals biomarkers 
for Parkinson’s disease. ACS Cent Sci. 2023;9(5):1035-1045.

	 doi: 10.1021/acscentsci.2c01468

126.	Li Y, Ren HX, Chi CY, Miao YB. Artificial intelligence-
guided gut-microenvironment-triggered imaging sensor 
reveals potential indicators of Parkinson’s disease. Adv Sci 
(Weinh). 2024;11(23):e2307819.

	 doi: 10.1002/advs.202307819

127.	Zhao Z, Chen J, Zhao D, et al. Microbial biomarker discovery 
in Parkinson’s disease through a network-based approach. 
NPJ Parkinsons Dis. 2024;10(1):203.

	 doi: 10.1038/s41531-024-00802-2

128.	Rojas-Velazquez D, Kidwai S, Liu TC, et al. Understanding 
Parkinson’s: The microbiome and machine learning 
approach. Maturitas. 2025;193:108185.

	 doi: 10.1016/j.maturitas.2024.108185

129.	Yu B, Zhang H, Zhang M. Deep learning-based differential 
gut flora for prediction of Parkinson’s. PLoS One. 
2025;20(1):e0310005.

	 doi: 10.1371/journal.pone.0310005

130.	Aijaz M, Ramesh Kumar A, Ahmad S, Raja MS, Gupta RK, 
Yadav R. The role of Artificial Intelligence in Parkinson’s 
disease: A comprehensive review. World J Adv Pharm Med 
Res. 2024;10(9):270-279.

131.	 Ienca M, Ignatiadis K. Artificial intelligence in clinical 
neuroscience: Methodological and ethical challenges. AJOB 
Neurosci. 2020;11(2):77-87.

	 doi: 10.1080/21507740.2020.1740352

https://dx.doi.org/10.36922/AIH025210048
http://dx.doi.org/10.1080/19490976.2023.2205386
http://dx.doi.org/10.1038/s41467-025-56829-3
http://dx.doi.org/10.1021/acscentsci.2c01468
http://dx.doi.org/10.1002/advs.202307819
http://dx.doi.org/10.1038/s41531-024-00802-2
http://dx.doi.org/10.1016/j.maturitas.2024.108185
http://dx.doi.org/10.1371/journal.pone.0310005
http://dx.doi.org/10.1080/21507740.2020.1740352

