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1 ABSTRACT

Current COVID-19 testing processes present many barriers such as high cost, lack of availability,
and time delay in the results. While the use of audio signals as biomarkers for COVID-19 detection
has shown promise in recent work, there is still room for improvement in both signal analysis and
classification performance for COVID-19 audio data. Through feature extraction and analysis of
multiple audio modalities, this project attempts to provide a signal-level understanding of COVID-
19 biomarkers in audio, allowing for better feature selection and classification performance going
forward. To accomplish this, COVID-19 audio samples from breathing, cough, and speech record-
ings were obtained through the Coswara dataset [Sharma et al.| (2020)]. Features outlined in the
INTERSPEECH 2013 Computational Paralinguistics Evaluation baseline [Schuller et al.| (2013)]
were extracted, including a set of low-level features along with their statistical functionals. Features
were ranked and selected from each modality according to a two-part selection process. Finally,
an in-depth analysis of the optimal features was performed in order to provide further insight into
effective features for COVID-19 classification.

2 INTRODUCTION

Acoustic features can serve as effective biomarkers for various conditions, including Parkinson’s
[Tanaka et al.| (2011)], Coronary Artery Disease [Schmidt et al.| (2015)], PTSD [Marmar et al.
(2019)], and others. Detection of COVID-19 through audio has the following benefits: early diag-
nosis, affordable, widely available, and unobtrusive. The three widely used modalities for diagnosis
of COVID are cough, breathing and speech. Brown et al.| (2020) explores the effects of COVID on
only breath and cough sounds achieving an AUC score above 80%. As an extension,|Chetupalli et al.
(2021) combines various modalities along with symptoms information collected from the subject.
Quatieri et al.|(2020) proposes a signal processing framework based on the neuromotor coordination
across speech subsystems involved in activities motivated by COVID. Finally, Ismail et al. (2020)
provides a brief analysis of vocal folds for diagnosis of coronavirus. Following this section, we
present a signal-level understanding of COVID-19 biomarkers in audio, allowing for better feature
selection and classification performance.

3 DATASET

In our project, we have worked with the Coswara Dataset [Sharma et al.|(2020)], which is composed
of contributions from 1699 participants (after preprocessing and filtering we have a total of 1411
samples with 135 positives). Most of the participants are from India (89%). Additionally, the dataset
is highly gender-biased with the majority of participants being male (73%). Some of the samples
were collected from crowd sourcing and some with the help of hospitals, where each participant
contributed 9 audio recordings, namely, (a) shallow and deep breathing, (b) shallow and heavy
cough, (c) sustained phonation of three vowels /ae/, /i/, and /u/, and (d) fast and normal pace 1-20
number counting. Alongside this, each participant also recorded current health status (COVID-19
infection, symptoms, and co-morbidity, if any), gender, age, and broad geographical location. Our
project focuses on an analysis of three sound categories: (i) breathing-deep (breathing), (ii) cough-
heavy (cough), and (iii) counting-normal (speech).
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3.1 PREPROCESSING

Since the dataset was crowd sourced, some preprocessing was necessary prior to performing any
analysis. To begin with, all the sound samples were standardized to a sampling rate of 44.1 kHz
via re-sampling. Additionally, each sample in the dataset is normalized to =+ 1. If any sample
was less than 100 msec or peak amplitude less than 10~* are discarded. Finally, any initial and
trailing silences in the audio files (greater than 50 msec on either side) are removed using a threshold
amplitude value of 1074,

4 FEATURE EXTRACTION

This project uses low-level descriptors (LLDs) found in the ComParE2016 Feature Set [Schuller
et al.[| (2016)]. These descriptors broadly quantify the energy, spectral, and voicing attributes in an
acoustic signal. We further quantify statistical properties of each of the LLDs over time (and/or
frequency) approximating to 100 statistical measures quantified for each LLD. Every sound sample
is represented by a 6373 dimensional feature vector. The same set of features are derived for all
categories of the acoustic signals namely, cough, breathing and speech. An exact list of all features
can be found her These features were extracted using the open source library called OpenSmile
[Eyben et al.|(2010)].

5 FEATURE SELECTION

An important step in any classification process that utilizes signal features is a robust selection
process. This allows for the model to utilize features that provide the most telling information as
to whether the subject may be infected with COVID-19 or not. Here we present a two-step process
for feature selection that takes advantage of both the difference in the signal feature distributions
(bottom-up) as well as the classification performance of only that feature in a logistic regression
model (top-down). Through this, we aim to achieve high performance while also maintaining an
understanding of the feature differences for COVID and non-COVID subjects.

5.1 BoTrTOM-UP SELECTION

The first step in the feature selection process involved the comparison between the low-level signal
feature distributions of COVID and non-COVID audio recordings. The benefit of this method is that
it allows for feature ranking according to feature differences which can be observed and analyzed
directly - hence providing a signal-level understanding.

The Z-test was used as the bottom-up selection method, as it takes into account both the mean and
spread of the distributions being compared. The Z-test equation is shown below:

7— X (1
% — 0%,

where X is the mean and ¢ is the standard deviation of the feature distribution. A Z-score was
obtained for each low-level feature, and features were ranked according to Z-score magnitude. A
higher Z-score indicated a larger difference in the feature set between the COVID and non-COVID
condition.

It is important to note that the Z-test relies on two main assumptions: sample independence and
normally distributed data. Although there were no formal tests performed to confirm the latter
assumption, we accept the Z-score metric as a parameter in the feature selection process but do
not accept or reject any hypotheses based on this analysis. We simply use the Z-test as a tool for
selection and better analysis of feature distributions.

2Extracted Feats: https://drive.google.com/file/d/1w21GP3EEDLLIJWnkvtZgx3gp0g2l20owKn/
view?usp=sharing
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5.2 TopP-DOWN SELECTION

The next step of the feature selection process involved the comparison between different low-level
features (and their summary statistics) on their ability to classify between COVID and Non-COVID
audio recordings. The benefit of this method is that it will give us the idea for each modality,
which features play a significant role in classification. Therefore, rather than using all the features
generated by OpenSmile we can just use the subset of them.

We used the Linear Regression (LR) classifier for the binary classification task, where we computed
the area under the receiver operating characteristic curve (ROC). This is also referred to as the area
under the curve (AUC) metric. The training dataset is randomly divided into 80-20% split (s.t dev
set-1125 samples (106 COVID) and test set-286 (29 COVID)). We perform 5 fold cross-validation
to tackle the problem of class imbalance. For best fit we apply hyperparameter tunning, and choose
the best hyperparameter with the best AUC. Then using the hyperparameter, the classifier is trained
on the entire dev set and evaluated on the test set. To further address the challenge of data imbalance,
"balanced loss" was used for training. In the balanced loss setting, the loss value for the positive
class samples is weighted by the ratio of the number of negative class samples to positive class
samples in the training set.

For each modality, we passed all the features extracted from Opensmile to the classifier to see the
performance for all features. Then we grouped each low-level feature and its functionals and passed
them through the model, and for each modality selected the top performing low-level feature de-
scriptors.

6 FEATURE ANALYSIS

In the following sections, analysis of each audio modality is presented, highlighting the best-
performing features, signal-level differences, and possible biological driving forces that may explain
the COVID and non-COVID feature differences.

6.1 BREATHING ANALYSIS

[
[

w N I H

o o o o o

MAGNITUDE SPECTRUM [in A.U]
W N
MAGNITUDE SPECTRUM [in dB]

o

o 1000 2000 3000 4000 5000 6000 7000 8000 o 1000 2000 3000 4000 5000 6000 7000 8000
frequency [in Hzl frequency [in Hzl

Figure 1: Non-COVID Breathing Spectra
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Figure 2: COVID Breathing Spectra

Existing literature discusses the importance of breath duration, an obvious feature as shortness of
breath is a common symptom of COVID-19 [[O"Horo et al|| (2021)]. Signal energy is another com-
mon feature that is naturally affected as COVID-19 infection can lead to lower air velocity from the
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lungs and thus lower acoustic energy [Quatieri et al.| (2020)]. Here, the feature selection process
yields three additional features that display discriminatory characteristics in the dataset: Spectral
Roll-Off, Spectral Centroid, and FFT Magnitude from 1000-4000 Hz.

As discussed in the previous section, bottom-up selection was performed in order to get an idea
of each low-level feature distribution. For the breathing modality, spectral features dominated the
bottom-up selection Z-score ranking. Further analysis of the average spectrograms for both COVID
and non-COVID uncovered visually obvious differences in the way that signal energy was dis-
tributed across frequencies. Figure[2]shows a comparison of the average frequency spectrum of 100
breathing recordings for both COVID and non-COVID conditions.

In Figure 2]it can be seen that the average non-COVID spectrum is characterized by a more gradual
rolloff in frequency, as well as a flatter distribution of signal energy over frequency. The average
COVID spectrum displays a much harsher roll-off around 500-750 Hz, illustrating a key difference
that is captured in the three aforementioned features.

This information was also captured in the bottom-up selection process, as the distributions of
frequency-related features indicated similar differences. As for the top-down selection, the FFT
magnitude from 1000 — 4000 Hz achieved the best AUC performance of all low-level features with
a score of (.77, followed by spectral roll-off at 0.72 AUC. Thus the classification performance sup-
ported the signal-level observations, confirming the effectiveness of spectral features that capture
this easily-seen distinction between the two average spectra.

6.2 COUGH ANALYSIS

Cough is a powerful reflex mechanism for clearance of the central airways from unwanted materials.
Over the years cough has proved to be a valuable modality in the detection of diseases that alter the

vocal tract system [Brown et al.| (2020)), [Chetupalli et al.| (2021)), [Quatieri et al| (2020), [Avila et al.
(2021), [Lee et al.|(1993)].

Typically, coughing is composed of initial inspiration, leading to glottal closure and development of
high thoracic pressure, followed by an explosive expiratory flow of air. Unlike breathing, the glottis
vibrates with continued expiratory effort towards the end of the cough [Thorpe et al.|(2001)]. The
resulting cough sound is a mix of air turbulence and vibration [Polverino et al.[{(2012)].
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Figure 3: Non-COVID Cough Spectra
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Figure 4: COVID Cough Spectra
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In our analysis ZCR and RMS energy features (along with their functionals) came out to be the
prominent features. Additionally, as can be seen from Figure[d] a higher proportion of signal energy
lies in the higher frequency range for the Non-COVID spectrum as compared to the COVID-19
spectrum. Secondly, the roll-off/decay in the energy of the spectrum was much more prominent in
Covid patients compared to Non-Covid patients. Therefore, during feature analysis and selection
in cough, all the features which capture this information seemed to be quite prominent like the
RASTA-PLP feature, spectral roll-off, spectral centroid.

6.3 SPEECH ANALYSIS

Studies suggest that lung diseases change lung volumes and breathing patterns for speech production
(1993)]. The problem of vocal fatigue is not uncommon in people with voice disorders.
Phonation threshold pressure defined as the minimal lung pressure required to initiate and sustain
vocal fold oscillation, is correlated with vocal fatigue [Chang & Karnell (2004)]. It has been sug-
gested that a speaker’s perception of increased phonatory effort associated with periods of prolonged
voice use is related to increased lung pressure required to initiate and sustain phonation.

Mel Frequency Cepstral Coefficients (MFCCs) are one of the most common features used in speech
analysis. During the top-down selection we realized MFCCs play a vital role in classification for
COVID and Non COVID. Box plots of 14 MFCCs suggest more concentration of information in
lower coefficients. The figure [6]illustrates a higher density of values in the lower frequency range
and a less gradual decrease in the spectral roll off. Both approaches suggest MFCCs as an important
feature in discriminating between COVID and Non-COVID.
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Figure 5: Non-COVID Speech Spectra

10

"
N

o

"
o

—10

—20

—30

—4a0

MAGNITUDE SPECTRUM [in A.U]
MAGNITUDE SPECTRUM [in dB]

—50

e

—60
o 1000 2000 3000 4000 5000 6000 7000 8000 o 1000 2000 3000 4000 5000 6000 7000 S000

frequency [in Hz] frequency [in Hz]

Figure 6: COVID Speech Spectra

Another intuitive feature for discrimination is pitch, however for the task of COVID detection the
fundamental frequency did not play an important role as inferred from the bottom-up analysis. As
shown in[Asiaee et al.| (2020), analysis on pitch presented no variation in terms of COVID and non-
COVID subjects. In contrast, the variation of pitch across the sample duration as represented by the
functionals of the pitch showed potential in classification and performed with an AUC of 0.75. Still,
no gender-specific analysis was performed in our study, meaning no significant conclusions can be
made.
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Features Breathing Cough Speech
Spectral Roll-Off 0.72 0.61 0.74
Spectral Centroid 0.66 0.51 0.64
FFT Mag. Spectrum 1000-4000 Hz  0.77 0.63 0.56
Zero Crossing Rate 0.67 0.70 0.67
RASTA Auditory Spectrum 0.71 0.70 0.75
RMS Energy 0.67 0.63 0.66
MFCC 0.68 0.66 0.82
MFCC Delta 0.65 0.63 0.75
FO(Pitch) 0.63 0.53 0.75

Table 1: Feature-Wise AUC Performance Results Across Modalities

7 DISCUSSION

In this project, we presented a detailed analysis of auditory features across different modalities in
order to gain a better signal-level understanding of acoustic biomarkers for COVID-19 detection.
This involved the study of three modalities: breathing, cough, and speech. Features were extracted
for each modality, and ranked according to a two-part feature selection process. The best perform-
ing features were analyzed, including a comparison of the low-level feature distributions and their
statistical functionals for COVID and non-COVID conditions.

Overall, we found the results of the study to be relatively encouraging. Analysis for each modality
resulted in multiple features that could be useful in a COVID-19 classification task. Interestingly,
some features worked well for one modality while not providing significant information for an-
other modality. The resulting table shows the results of highest performing features across the three
modalities.

One common trend observed for each of the three modalities was a difference in the spectral en-
velope of the signal for COVID and non-COVID conditions. Specifically, this phenomenon was
characterized by a higher concentration of signal energy in the low frequency bands for the COVID
condition when compared to non-COVID observations. As expected, this meant the non-COVID
condition was characterized by a flatter, more widely distributed frequency spectrum as compared
to the COVID.

Further study involving these features extracted from other datasets could provide information on the
extent to which these observations hold true. However, consistency in frequency distribution across
modalities shows promise for this type of analysis. Other work in wet/dry cough provides support
as well from a biological viewpoint, as COVID-19 is typically dominated by dry cough symptoms
which display similar spectral characteristics [Xaviero et al.| (2016)].

8 FUTURE WORK

Overall, we see potential in the use of various frequency-related features in the classification of
COVID-19 through breathing, cough, and speech. Still, many challenges and unanswered questions
remain. While there appeared to be a significant difference in the spectral content of COVID and
non-COVID recordings in this study and others, to our knowledge there is no comprehensive study
that examines the robustness of features across datasets. Further, our study did not examine dif-
ferences in features according to gender or geographic location, largely due to an imbalance in the
dataset. Analysis of subgroups like these could allow for more specific classification models that
take into account more data outside of the recording. Finally, use of audio for COVID-19 classi-
fication in any real-world scenario will require studies that examine differences not only between
COVID and non-COVID conditions, but also between COVID and other respiratory diseases that
may display similar feature differences.

From these observations, future directions of this work include but are not restricted to: Feature
Comparison Pre and Post COVID using Novel Methods like i-vectors; Feature Comparison across
Datasets; Development of Datasets with More/Cleaner Data; and Deep Learning Methods.
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