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Background: Parkinson’s disease patients’ voice data collected via the mPower application can
be classified into three groups: Just after taking medication (at their best condition), Immediately
before taking medication (at their worst condition), and somewhere in between medication doses
(neither best nor worst condition).

Objectives: Our goal for this investigation is to validate voice as an accurate classifier of

medication status in patients with Parkinson’s Disease.



Methods: After data pre-processing, logistic regression, support vector machines (SVM),
decision trees, Gaussian Naive Bayes and Multi-layer Perceptron (MLP) is applied for model
training.

Results: Comparing across the entire groups, the accuracy is relatively low at 0.51 on average
for just best and worst condition and it increases to 0.55 for Gaussian Naive Bayes if the
condition between best and worst is also included. If we just consider the data for a single PD
patient, the performance of the model can increase to 0.82.

Conclusions: The result shows that there is connection between voice and Parkinson’s Disease
conditions. However, the difference between the condition for the whole population might not be

larger than the difference between each individual.

Introduction:

Parkinson's disease (PD) is a neurodegenerative disorder that affects mainly the motor system. It
was first discovered in 1817 by James Parkinson, who described the pattern of motor signs he
observed as “shaking palsy” (Parkinson, 2002). Later, more clinical manifestations for PD
patients were found, including behavioral alterations, memory impairment, rest tremor, rigidity,
and balance impairment (Savitt et al., 2006). Genetically, genome-wide significant association
studies have identified twenty-six loci for the occurrence of PD (Nalls et al., 2014) (Chang et al.,
2017). To characterize this disease pathologically, scientists have found the relationship between
the nosologic classification of Parkinson’s syndrome and the concentration of dopamine (DA) in
the striatum (Bernheimer et al., 1973). Although scientists have discovered the annual decreasing

uptake-rate of DA in the striatum is around 6%-13% for PD patients comparing with 0-2.5% for



control groups of the same age group (Parkinson Study Group, 2002), it can be difficult for

clinicians to assess if the disease is progressing within a short period (Harel et al., 2004).

Since PD is a chronic disease, patients may not be aware of the severity of the symptom
progression. Current clinical care for patients involves regular, but infrequent, visits with their
specialist on the order of every 3-12 months (Guneysel et al., 2008). At these visits, based on the
history and clinical exam, changes to medications and the treatment plan may be recommended
(Cosentino et al., 2005). Patients present for their scheduled appointments typically regardless of

their unique symptom course (APRN, 2017).

Hypokinetic dysarthria is known as the speech production problem of PD, which affect the
intensity, pitch and duration of patients’ voice (Schulz and Grant, 2000)(Canter, 1963). Scientist
have already discovered the changes in fundamental frequency (Fo) for a single PD patient’s
voice five years prior to diagnosis (Harel et al., 2004). This suggests that voice variation may be

one of the indicators for detecting the symptom severity of PD patients.

Our goal is to explore novel features, specifically in voice, to use in detection and management
of PD signs and symptoms. These features can then be used to build up models for distinguishing
the voice data of PD patients before they take the medicine from after they take the medicine.
Based on these differences, we are able to manage and monitor treatment. The primary aim of

this work was to validate use of voice features in detection of medication effect.



In the following sections of this paper our methods for data pre-processing, feature extraction,
model selection, and model evaluation are discussed. The goal of this investigation is to
demonstrate feasibility for using voice as a measureable marker for medication status in PD

patients.

Methods:

The raw voice data was collected from synapse where both the recording of PD patients and the
sound during the countdown are included. There are 5826 participants and 65,022 samples in
total. The participants are divided into two groups: PD participants and non-PD participants. The
medication timing for non-PD participants is “I don't take Parkinson medications”, while for PD
patients, the situation for their medication timing is more complex. Based on whether these PD
patients take medication, they are divided into three categories: “I don't take Parkinson
medications” for those who does not take Parkinson medication, “nan” for those who have no
idea about this question, and those who take Parkinson medication. For those who take Parkinson
medication, they are further classified based on when their audio sample was submitted relative
to their medication timing: “Immediately before Parkinson medication”, where patients are
classified as the time at which their symptoms were at their worst; “Just after Parkinson
medication (at your best)”, where patients are classified as the time at which their symptoms
were at their best; “Somewhere in between medication doses”, where the patients submitted the

audio neither at their best nor their worst.



To extract audio features from the raw audio data, an openly available utility was used. It

extracted features directly from raw audio using the Python Audio Analysis Library, which was

capable of extracting 34 audio features, shown in table 1 (Giannakopoulos, 2015). By applying a

frame size of 50 milliseconds and a frame step of 25 milliseconds (50% overlap), the features for

an audio signal could be extracted.

Feature
ID

9-21

22-33

34

Feature
Name

Zero Crossing
Rate

Energy

Entropy of
Energy

Spectral
Centroid

Spectral
Spread

Spectral
Entropy

Spectral Flux

Spectral
Rolloff

MFCCs

Chroma
Vector

Chroma
Deviation

Description

The rate of sign-changes of the signal during the duration of
a particular frame.

The sum of squares of the signal values, normalized by the
respective frame length.

The entropy of sub-frames' normalized energies. It can be
interpreted as a measure of abrupt changes.

The center of gravity of the spectrum.

The second central moment of the spectrum.

Entropy of the normalized spectral energies for a set of sub-
frames.

The squared difference between the normalized magnitudes
of the spectra of the two successive frames.

The frequency below which 90% of the magnitude
distribution of the spectrum is concentrated.

Mel Frequency Cepstral Coefficients form a cepstral
representation where the frequency bands are not linear but
distributed according to the mel-scale.

A 12-element representation of the spectral energy where
the bins represent the 12 equal-tempered pitch classes of
western-type music (semitone spacing).

The standard deviation of the 12 Chroma coefficients.



Table 1. Short-term feature extraction using audioFeatureExtraction.py.

After feature extraction, we first extracted the data of Parkinson’s disease patients based on the
medication timing: those who submitted audio “Immediately before Parkinson medication”, and
“Just after Parkinson medication (at your best)”. The length of the audio vectors for each patient
was slightly different due to the variation in phonation length. At a sampling rate of 40 per
second, each vector contained 400 data points if the phonation was a full 10 seconds. However,
for a minority of samples, phonation was much shorter leading to vectors with fewer than 400
data points, and these samples were discarded. For the remaining samples with at least 400 data

points, everything beyond the first 400 data points were discarded.

To identify pertinent voice features from those extracted and enhance generalization by reducing
overfitting, Support vector machine Recursive feature elimination (SVM-RFE) with cross-
validation was applied for feature extraction (Formisano et al., 2008). It trained on the whole
datasets and found the importance of each feature by applying criteria derived from the
coefficients in SVM models (Yan and Zhang, 2015). By recursively removing features with the
smallest importance and re-train, desired number of features were selected. This process was
recursively repeated until the desired number of features were selected. For the label of our voice
data was binary, stratified K-fold cross validation was selected, with 10 folds (Pedregosa et al.,

2011).

Next, for each selected feature, the datasets for patients with medication timing of “Immediately

before Parkinson medication”, and “Just after Parkinson medication (at your best)”” were merged



and feature scaling was applied. Machine learning algorithms did not perform well when the
attributes of the input numeric had very different scales. The standardization package in scikit-
learn was applied to this combined dataset, which subtracted the mean value and then divided by
the variance, so the resulting distribution would have unit variance (Géron, 2017) (Pedregosa et

al., 2011).

Once the most discriminant features were chosen and feature scaling was done, we applied the
data for PD patients to build various machine learning models, evaluating these models based on
medication time point labels by calculating the ratio of correct predictions. Initially, only the
samples collected Immediately before and after medication administration are pooled together

and used to provide a labelled training and testing set.

We first trained on six several models: logistic regression, support vector machine (SVM),
decision trees, Gaussian Naive Bayes and Multi-layer Perceptron (MLP). By applying stratified
K-fold cross validation, with 10 folds, we could calculate the accuracy scores of these models by
making predictions on each fold for the selected model by training the remaining folds
(Pedregosa et al., 2011). We also drew the receiver operating characteristic (ROC) curve for
these models, which ploted the true positive rate against the false positive rate. The area under

the curve (AUC) using the trapezoidal rule was also calculated.

Next, we explored the effect of adding the “Somewhere in between medication doses point”

group to our models. To get a brief idea about this medication time points, we applied the



matplotlib package to visualize the mean value of spectral flux line for these three datasets based

on time points to get a brief idea about the “Somewhere in between medication doses point”.

We trained all the selected six models using all three groups (“Immediately before Parkinson
medication”, “Just after Parkinson medication (at your best)”, and “Somewhere in between
medication doses point”) after feature scaling and analyzing them in two different combinations.
First we combined those samples submitted having taken medications at “Somewhere in between
medication doses point” with those who are submitted “Immediately before Parkinson
medication”. Then, we combine those samples submitted having taken medications at
“Somewhere in between medication doses point” with those who are submitted “Just after
Parkinson medication (at your best)”. By applying this method, we could tell the relationship

between these three medication time points.

Finally, we applied the six models to two PD patients, one male and one female, for their audio
files submitted “Immediately before Parkinson medication” and “Just after Parkinson medication
(at your best)”. We first applied six models on a single feature, which performed best for the
population datasets. After selecting the model with the highest accuracy score, we used more
features for each patient instead of just applying all the selected features for the whole
population. By using the feature and model with best performance for each PD patient, we
randomly selected audio samples in descending order, which allowed us to find the desired

number of audio files needed for predicting the medication time points for each single patient.

Results:



Feature selection:

The desired number of selected features, and the name for these features are shown in Figure 1
and Table 2. Figure 1 is a plot of number of features vs. the cross-validation scores for all
features for audio files submitted “Immediately before Parkinson medication” and “Just after
Parkinson medication (at your best)” using the Support vector machine Recursive feature
elimination (SVM-RFE) with cross-validation, with 10 folds. From the plot, five features have

the highest cross-validation score.

For the ranking of these 34 features in Table 2, we selected the following five features: the 1%
and 6" MFCC, the 4™, and 6™ of Chroma Vector, and Spectral Flux. Mel Frequency Cepstral
Coefficients (MFCCs) was first described by Davis and Mermelstein in 1980 (Davis and
Mermelstein, 1980). It is a kind of spectrum-based feature, which is able to provide specific
information for the speaker (Murty and Yegnanarayana, 2006). Chroma Vector was first
introduced by Fujishima in 1999 (Fujishima, 1999). Each parameter of the Chroma vector
represents a spectral energy of a semi-tone on the chromatic scale (Oudre et al., 2011). Spectral
Flux is a feature for measuring the degree of variation of the power spectrum of a signal. Since
voice is a slow-changing signal, it will not change rapidly from one frame to another. This could
be an important quality for distinguishing the voice of a participants from another (Sadjadi and

Hansen, 2013).
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Figure 1: the cross-validation score corresponding to the number of selected features

Feature Name Ranking Feature Name Ranking

Spectral Spread 11 Zero Crossing Rate 17
Spectral Entropy 20 Energy 25
Spectral Flux 1 Entropy of Energy 12
Spectral Rolloff 14 Spectral Centroid 10
MFCC 1 1 Chroma Vector 1 30
MFCC 2 2 Chroma Vector 2 6
MFCC 3 5 Chroma Vector 3 3
MFCC 4 24 Chroma Vector 4 1
MFCC 5 29 Chroma Vector 5 15
MFCC 6 1 Chroma Vector 6 1
MFCC 7 21 Chroma Vector 7 8

MFCC 8 9 Chroma Vector 8 28



MFCC 9 16 Chroma Vector 9 27

MFCC 10 26 Chroma Vector 10 22
MFCC 11 23 Chroma Vector 11 18
MFCC 12 4 Chroma Vector 12 13
MFCC 13 7 Chroma Deviation 19

Table 2: the ranking of 34 features based on Recursive feature elimination with cross-validation,

the selected features (estimated as best) were assigned as 1

Evaluation model for two types of medication time points:

For the whole population, we first considered the audio files submitted “Immediately before
Parkinson medication” (n = 4991) and “Just after Parkinson medication” (n = 5369) only. By
applying cross-validation for stratified K-fold cross validation, with 10 folds, the accuracy scores
for the six selected models are shown in Table 3. The receiver operating characteristic (ROC)

curve is given in Figure 2.

From the Table 3 and Figure 2, we found that there was no significant difference between these
models as well as the selected features. The accuracy scores for almost all of them are around
0.52. Among these five features, spectral flux has a relatively higher accuracy score. From the
ROC curve, we found that for all the models, they just performed slightly better than random
guessing.

Spectral Chroma Chroma
MFCC 1 MFCC 6 Flux Vector 4 Vector 6



SVM 0.49 0.50 0.50 0.51 0.52

Random
Forest 0.50 0.51 0.51 0.51 0.50

Logistic
Regression 0.51 0.53 0.55 0.52 0.52

Decision
Tree 0.52 0.52 0.53 0.52 0.52
Gaussian 0.51 0.53 0.55 0.52 0.52
MLP 0.53 0.52 0.54 0.53 0.51

Table 3: accuracy score for standardized datasets collected when medication time points were

“Immediately before Parkinson medication” and “Just after Parkinson medication”
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Figure 2: receiver operating characteristic (ROC) curve and the corresponding Area Under the

Curve (AUC) for the selected six models



Evaluation model for three types of medication time points:

To get a brief idea about “Somewhere in between medication doses” (n = 10229), the mean value
of spectral flux based on time was calculated. The feature spectral flux was chosen since it had
the highest accuracy score when only the audio files submitted “Immediately before Parkinson

medication” and “Just after Parkinson medication” were considered.

Figure 3 shows the changes of spectral flux with time during the 10 seconds of recording for
three different medication statuses. A clear trend can be seen from Figure 3, where the average
values of spectral flux for PD patients with different medication time points increases rapidly
within the first second and then drops down from second one to five. Later, it increases slightly
for the last five seconds. We can see a clear gap between the average value of spectral flux for
audios submitted “Immediately before Parkinson medication” and the rest two situations. This
indicates that comparing with the voice audios submitted “Immediately before Parkinson
medication”, voice audios submitted “Somewhere in between medication doses” seem to relate
more to the voice audios submitted “Just after Parkinson medication”. At the same time, PD
patients who recorded the audio files neither immediately before nor after Parkinson medication
have a worse performance after recording for five seconds comparing with PD patients who
recorded immediately after taking the Parkinson medication, even though these two groups of

patients share almost the same performance in the first five seconds.
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Figure 3: mean value of spectral flux for three groups: “Somewhere in between medication

doses”, “Immediately before Parkinson medication ”, and “Just after Parkinson medication”

However, the accuracy scores shown in Table 4 and 5 do not imply significantly that the voice
files for PD patients who submitted the recording “Somewhere in between medication doses” has
a closer relationship with the voice files submitted “Just after Parkinson medication”. In Table 4,
we combined the voice data recorded “Somewhere in between medication doses” with the data
recorded “Just after Parkinson medication” together, and compared with “Immediately before
Parkinson medication”. For each group, we randomly selected the same number of vocal files,

making it an un-skewed dataset. The accuracy scores are around 0.53. In Table 5, we combined



the voice data recorded “Somewhere in between medication doses” with the data recorded
“Immediately before Parkinson medication” together, and compared with “Just after Parkinson
medication”. The accuracy scores are around 0.51 and the results are slightly better than random
guessing. This is the same situation for considering only data recorded “Immediately before
Parkinson medication” and “Just after Parkinson medication”. Therefore, the accuracy scores for
Table 4 is slightly better than the scores for Table 5. Although this might not be a significant
improvement, this might indicate a closer relationship between audio submitted “Somewhere in

between medication doses” and the audio submitted “Just after Parkinson medication” together.

Spectral Chroma Chroma
MFCC 1 MFCC 6 Flux Vector 4 Vector 6
SVM 0.50 0.50 0.52 0.51 0.51
Random
Forest 0.50 0.51 0.51 0.52 0.51
Logistic
Regression 0.50 0.53 0.53 0.53 0.53
Decision
Tree 0.50 0.50 0.54 0.52 0.51
Gaussian 0.51 0.54 0.53 0.53 0.55
MLP 0.51 0.54 0.53 0.53 0.53

Table 4: accuracy score for standardized datasets collected when medication time points were
“Immediately before Parkinson medication”” and combined datasets for “Somewhere in between

medication doses” and “Just after Parkinson medication”

Spectral Chroma Chroma
MFCC 1 MFCC 6 Flux Vector 4 Vector 6



SVM 0.50 0.51

Random
Forest 0.50 0.50

Logistic
Regression 0.51 0.52

Decision
Tree 0.51 0.51
Gaussian 0.50 0.50
MLP 0.50 0.51

0.50

0.51

0.53

0.52

0.51

0.52

0.49 0.51
0.51 0.50
0.51 0.52
0.50 0.52
0.52 0.51
0.50 0.51

Table 5: accuracy score for standardized datasets collected when medication time points were

“Just after Parkinson medication” and combined datasets for “Somewhere in between

medication doses ” and “Immediately before Parkinson medication”

The accuracy result for the total population did not work well. Therefore, we tried to calculate

the accuracy score for a single PD patient. We selected two PD patients, one male and one

female, for building a binary classifier.

The accuracy scores shown in Table 6 imply that different models have various performance for

different individuals. By considering voice data recorded “Immediately before Parkinson

medication” and “Just after Parkinson medication” only, for this single male, Gaussian Naive

Bayes has the highest accuracy score; while for this single female, Random Forest has the

highest accuracy score.

SVM
Random Forest
Logistic Regression
Decision Tree

Male

0.60
0.50
0.67
0.60

Female

0.56
0.83
0.63
0.60



Gaussian 0.71 0.62
MLP 0.66 0.57

Table 6: accuracy scores for two PD patients’ spectral flux data collected when medication time

’

points were “Just after Parkinson medication”, and “Immediately before Parkinson medication’

Therefore, we applied Gaussian Naive Bayes for this single male PD patient and Random Forest
for this single female PD patient. In Table 7, the accuracy scores of Gaussian Naive Bayes for
the voice features of this male patient and the accuracy scores of Random Forest for the female
patient are shown. For this male patient, vocal feature “entropy of energy” has the best

performance; and for this female patient, spectral flux has the highest accuracy score.

Male Female
Entropy of Energy 0.82 0.78
Spectral Rolloff 0.56 0.55
Spectral Entropy 0.7 0.36
Spectral Flux 0.71 0.83
MFCC 1 0.68 0.51
MFCC 2 0.7 0.67
MFCC 3 0.56 0.44
MFCC 4 0.6 0.57
MFCC5 0.62 0.27
MFCC 6 0.51 0.51
MFCC 12 0.73 0.41
Chroma Vector 2 0.62 0.46
Chroma Vector 3 0.69 0.77
Chroma Vector 4 0.6 0.48
Chroma Vector 6 0.56 0.4

Table 7: accuracy scores of Gaussian Naive Bayes for the male patient and Random Forest for

the female patient



To understand the relationship between number of samples collected and the accuracy of
classification within an individual, we randomly selected a decreasing number of audio samples
for both medication time points (“Just after Parkinson medication” and “Immediately before
Parkinson medication”). Figure 4 shows a plot of medication classification accuracy for each
number of samples. After sample number selection for both medication time points, we applied
stratified K-fold cross validation, with 3 folds (due to the limited number of samples for each
patient). This procedure was repeated 100 times and the mean value of the accuracy score was
calculated. Figure 4 represents the variation of accuracy for each number of voice samples.
Fewer number of samples included in the analysis yields lower accuracy scores. A relative
maximum accuracy is found using 12 voice samples for the male subject, and 11 for the female

subject, for both before and after medications.
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Figure 4: variation of accuracy scores for single PD patients with selected features and models

with decreasing number of input datasets

Discussion:

From the results for the medication time points of “Just after Parkinson medication”, and
“Immediately before Parkinson medication” for the whole population, the models do not predict

the group of medication time points for the testing datasets.

Due to the poor model accuracy result, we tried to find out if there existed some control variables
that influenced the correlation between the medication status and the voice features. One of them
might be gender. Thus, we separated the PD patients by male (2723 files recorded “Immediately
before Parkinson medication”, and 2978 files recorded “Just after Parkinson medication™) and
female (2268 files recorded “Immediately before Parkinson medication”, and 2391 files recorded
“Just after Parkinson medication”) and re-calculated the accuracy of the six models: logistic
regression, support vector machine (SVM), decision trees, Gaussian Naive Bayes and Multi-
layer Perceptron (MLP). However, the result did not improve significantly. For the male
population, the highest accuracy score was 0.56. This score was achieved by applying logistic
regression model for the male spectral flux feature. For the female population, the highest
accuracy score was 0.53, which was calculated from the vocal feature MFCC6 by applying

decision trees and Gaussian Naive Bayes.



The major limitation of this study was the large number of control variables that would affect the
relationship between medication status and value of selected vocal features. The only control
variable we had considered was gender. There might be some other control variables including
the severity of the disease, the age, the distance between the recording equipment and the patient,
the emotion of the participants during recording, the smoking situation of the patient, and the
type of voice recording equipment (Sorensen and Horii, 1982) (Van den Stock et al., 2007). By
considering all the possible control variables, a high accuracy score might be achieved. However,
our data did not include these variables and we could not divide the participant based on these

variables.

Therefore, instead of training on the whole population, we built models for single PD patients.
Different patients had different novel features and models. This is the reason for the low

accuracy result for the whole population of PD patients.

Despite the limitations, our study confirmed the vocal differences in individual PD patients who
recorded “Immediately before Parkinson medication”, and “Just after Parkinson medication” at a
theoretical level. To get more than 75% of accuracy, at least twelve data files for each
medication status were needed. This indicates that the voice for PD patients may be helpful for
them to identify their physical condition at that time point and determine if they need to take
medication or not. For further study, categorical models are needed to predict the possibility for

this single patient to take medication.

Conclusion:



Our findings suggest that the medication status of a PD patient will influence their vocal features.
If we are considering building models for the whole population, more control variables are
needed besides gender. Based on current findings, we can figure out that different people have
different novel vocal feature and model for medication time point prediction. Thus, continuing
research on single PD patient is more likely to lead to new insights into measuring the current

severity of disease for this PD patient and assist medical decision-making.
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