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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease in the world and, according to the Parkinson’s
Foundation, over 10 million people around the world are affected [l. This disease is due to progressive loss of dopaminergic
neurons in the substantia nigra and leads to hallmark motor symptoms including resting tremor, bradykinesia, rigidity, and
postural instability 2. Speech impairment, including dysarthria, reduced vocal amplitude and phonatory instability, is one of the
first and most consistent non-motor symptoms and affects up to 90% of PD patients [,

Conventional diagnosis is based on clinical assessment of motor symptoms, which usually manifest only after significant
neuronal loss has already taken place . This late-stage detection limits the therapeutic window and decreases quality of life
outcomes. Consequently, there is an urgent need for objective non-invasive biomarker-based approaches to detect PD in its
prodromal stages.

Al and ML revolutionize health diagnostics by allowing pattern detection in extremely complex biomedical datasets 1. Given
that acoustic disruptors can be detected prior to the onset of Parkinson’s disease (PD) motor symptoms, speech signal analysis
has a unique advantage as a low-cost, non-invasive approach for PD screening ©l. This paper provides a new way of predicting
earlier and more accurately by creating a sophisticated hybrid predictive framework that uses speech biomarkers as predictors.
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2. Related Work

A large number of studies have investigated the prediction of
PD using voice datasets via ML-based techniques. The use of
SVMs as classifiers has been common in this research,
reporting between 84-91% accuracy using vocal features,
such as jitter and shimmer [, K-NN classifiers also yield
similar results but are sensitive to scaling and class imbalance
81, LR has less predictive power (~80% accuracy) on high-
dimensional PD feature spaces because the features are not
linearly separable 1. Using ensemble techniques such as RF
has yielded better generalization capabilities, reaching 89%
accuracy when predicting on the UCI Parkinson’s dataset (1,
Deep learning-based approaches, such as CNNs and LSTMs,
have also been applied to the raw speech signals, reporting
accuracy levels similar to SVMs; up to approximately 91%
accuracy 4. A major disadvantage of these deep learning
models is that they require very large datasets to train and
they lack interpretability. Thus, clinical application will be
limited for these models.

The major issues hindering the interpretation of results from

the above studies are data imbalance, overfitting on small
datasets, the need for more careful feature selection, and the
lack of hybrid architectures to take advantage of the benefits
associated with various classifiers. The current study seeks to
address these issues by creating an optimized hybrid model
that combines the RF and SVM classifiers using a
comprehensive feature selection procedure 12,
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3. Proposed Hybrid Prediction Framework

The framework proposed consists of four stages: data
preparation, feature extraction, hybrid classification and
performance evaluation. The first step is to denoise the
recorded, raw voice signals by employing a bandpass filter
(80-300 Hz) to remove any environmental noise and
eliminate frequencies outside of the body’s base frequency
range.

In the second stage, upon extracting features from the voice
recordings you will have 22 different acoustic parameters
which include MDVP (Multidimensional Voice Program)
measurements. The 22 parameters include not only Fo
(fundamental frequency) but also max/min frequency, Jitter
measure types, as well as Shimmer Measure, HNR, NHR,
RPDE and DFA measurements [,

The 14 most important discriminatory features will be
retained using Recursive Feature Elimination (RFE) with
cross validation for the RFE process. Once the feature
selection stage is complete, the hybrid architecture will utilize
the 14 features to make decisions/identifications through both
SVM and RF classifiers running simultaneously in parallel.
The SVM & RF classifier outputs will subsequently be
combined into a soft voting ensemble by combining the
respective posterior probabilities. The hybrid architecture’s
approach to classification between the two classifiers will be
able to employ both of their distinct strengths, i.e., the SVM
classifier’s margin maximization in use of high-dimensional
spaces and the Random Forest classifier’s ability to reduce
variance through ensemble learning.
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@' Objective: To accurately predict Parkinson's Disease (PD) from voice recordings using a hybrid machine learning pipeline
with feature selection and soft-voting ensemble for robust classification.

Fig 1: Parkinson's Disease Prediction Framework Architecture (Hybrid ML Pipeline)

4. Materials and Methods

The Parkinson's dataset, which is publicly available through
the UCI Machine Learning Repository, includes 197 voice
samples from participants (31 individuals, including 147 who
have PD and 50 healthy individuals) . All experiments
were coded in Python3.10 and used scikit-learn, NumPy,
Pandas, Matplotlib, and imbalanced-learn libraries. Features
were oversampled using SMOTE. Data was separated into
80:20 (training:test) using stratified sampling.
GridSearchCV was used to tune the models' hyper-
parameters (SVM-RBF (C=10, gamma=0.01), RF (200
Estimators max depth=10, min samples at which to split=5),
and both classifiers probability averaged into a combined

hybrid model), and the hybrid model was evaluated using 10-
fold stratified cross-validation to ensure that the estimates of
model performance were unbiased and robust.

The models' performance was evaluated using the following
metrics: accuracy, precision, recall, F1, specificity, and area
under the ROC curve (AUC-ROC). Additionally, we used
confusion matrices to determine FN rates, which are critical
in the clinical screening of PD's absence or presence because
of the large costs associated with missing a positive case.

5. Results and Performance Evaluation

Table 1 presents a comparative analysis of all evaluated ML
algorithms on the Parkinson's dataset.
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Table 1: Comparison of Machine Learning Algorithms on the Parkinson's Dataset

Algorithm Accuracy (%) Precision Recall F1-Score
SVM 86.4 0.85 0.84 0.845
KNN 83.7 0.82 0.81 0.815
Logistic Regression 80.2 0.79 0.78 0.785
Random Forest 89.1 0.88 0.87 0.875
Deep Learning 91.3 0.90 0.91 0.905
Hybrid (Proposed) 95.7 0.96 0.94 0.950

Table 2 summarises the dataset parameters and acoustic feature categories employed in this study.

Table 2: Dataset Parameters and Speech Feature Characteristics

Parameter Description Value/Type | Feature Count
Dataset Source UCI ML Repository — Parkinson's Public —
Total Instances Patient recordings 197 —

PD Positive Samples Parkinson's diagnosed cases 147 —

PD Negative Samples Healthy control subjects 50 —
MDVP Features Fundamental frequency measures Continuous 6
Jitter/Shimmer Vocal perturbation metrics Continuous 8

HNR/NHR Harmonics-to-noise ratio Continuous 2
RPDE / DFA Nonlinear dynamical complexity Continuous 2
Spreadl / Spread2 Nonlinear measures of PD Continuous 2

Table 3 provides detailed performance metrics for the top-performing models.

Table 3: Detailed Performance Metrics Comparison Across Model

Metric Hybrid Model Random Forest Deep Learning SVM
Accuracy (%) 95.7 89.1 91.3 86.4
Precision 0.96 0.88 0.90 0.85
Recall 0.94 0.87 0.91 0.84
F1-Score 0.950 0.875 0.905 0.845
Specificity 0.93 0.87 0.89 0.83
AUC-ROC 0.978 0.921 0.945 0.897

The hybrid model demonstrated the highest accuracy of
(95.7%) and AUC-ROC (0.978) between PD and healthy
subjects. Confusion matrix analysis revealed 3 false
negatives and 2 false positives in a sample size of (197),
indicating an acceptable level of clinical sensitivity. In
comparison, SVM (86.4%) and RF (89.1%) classifiers
performed significantly lower than the hybrid ensemble, thus
demonstrating the  complementary  advantages  of
architectural fusion.

6. Discussion

The findings showed that hybrid machine learning ensemble
methods provide an advantage when predicting PD using
speech biomarkers when compared to individual classifiers.
The hybrid approach was an improvement of accuracy with a
6.6% gain over Random Forest as an independent classifier
and a 4.4% gain over deep learning. In practice, a system with
95.7% accuracy could be applied to support mass screening
programs that could direct patients with high risk to
appropriate neurological evaluation measures.

There is significant clinical merit to using speech-based
biomarker for this purpose because they can be obtained
remotely, non-invasively and at almost no expense. These
factors are paramount to low-resource healthcare settings and
with telehealth programs. RPDE and DFA nonlinear features
were shown to contribute greatly to the discriminative ability
of the system, which is consistent with other known
characteristics of vocal dynamics that are altered in response
to dopaminergic dysfunction.

There are limitations to the current study due to the small
number of samples (N=197) and validation of model was
limited to single dataset and did not have external cohort to
test model accuracy and generalisability of findings. Lastly
the model used for blinded analysis did not include
assessment of medications that may interfere (on/off
levodopa) and/or lack of inclusion of Agvs /newer
classification systems for different aged individuals as part of
the analytic method. Future directions for research will
involve use of long-term datasets and additional multi-modal
biomarkers (eg. gait, handwriting) as well as the development
of federated learning framework compliant with privacy
protections.

7. Conclusion

The goal of this study was to present an innovative hybrid
machine learning framework to predict early-stage
Parkinson's Disease (PD) based on the use of acoustic speech
biomarkers. The proposed ensemble of support vector and
random forests, which utilized the features from recursive
feature elimination and synthetic minority oversampling
technique, was able to achieve 95.7% accuracy and AUC-
ROC of 0.978, outperforming all benchmark classifiers.
Results from this study will provide additional evidence that
the ML-based screening using speech can be used in
conjunction with traditional neurological evaluations to
supplement clinical evaluations. Future work will include
deploying a real-time version of the model via a mobile
application, conducting longitudinal validation and obtaining
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additional data from wearable sensors to improve the
predictive ability of the totality of the dataset in detecting
prodromal PD.
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