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Abstract

Objective: Respiratory illnesses have information-rich acoustic biomarkers, such as cough, that can potentially play an
important role in screening populations for disease risk. To realize that potential, datasets of paired acoustic-clinical samples
are needed for the development and validation of acoustic screening models, and protocols for collecting acoustic samples
must be efficient and safe. We collected cough acoustic signatures at a high-throughput SARS-CoV-2 testing site on a college
campus. Here, we share logistical details and the dataset of acoustic cough signatures paired with the gold standard in
SARS-CoV-2 testing of SARS-CoV-2 genomic sequences using gRT-PCR.

Methods: Cough recordings were collected in winter-spring 2021 at a rural residential college (Sewanee, TN, USA), where
approximately 2000 students were tested for SARS-CoV-2 on a weekly basis. Cough collection was managed by student
volunteers using custom software.

Results: 4302 coughs were recorded from 960 participants over 11 weeks. All coughs were COVID-19 negative. Approximately
30 s were required to check-in a participant and collect their cough.

Conclusion: The value of acoustic screening tools depends upon our ability to develop and implement them reliably and
quickly. For that to happen, high-quality datasets and logistical insights must be collected and shared on an ongoing basis.
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Introduction

The field of acoustic epidemiology—the objective record-
ing and analysis of sounds’ acoustic features for human
disease screening, diagnosis, and surveillance—is rapidly
expanding.' Sound has been used for respiratory disease
diagnostics for centuries,4 but recent advances in acoustic
modeling and machine learning have compounded what
we can learn by listening to patients cough, sneeze,
wheeze, breathe, speak, and snore.”™ Those behaviors all
have information-rich acoustic signatures that can be used

'Sewanee: The University of the South, Sewanee, TN, USA

’Hyfe, Inc., Wilmington, DE, USA

*Department of Microbiology, Infectious Diseases and Immunology,
Université de Montréal, Montréal, Québec, Canada

“Immunopathology Axis, Centre de Recherche du Centre Hospitalier de
I’Université de Montréal, Montréal, Québec, Canada

Corresponding author:

Eric Keen, Sewanee: The University of the South, 735 University Avenue,
Sewanee, TN 37375, USA.

Email: emkeen@sewanee.edu

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial
s 1,0 License (https:/creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work
without further permission provided the original work is attributed as specified on the SAGE and Open Access page (https://us.sagepub.com/en-us/nam/

open-access-at-sage).


https://orcid.org/0000-0002-3053-3612
https://orcid.org/0000-0003-3646-1573
mailto:emkeen@sewanee.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/dhj

DIGITAL HEALTH

to screen for the probability of infection or pathology (e.g.
TB,'° COVID-19,""~'5 and speech pathology™'®'®). Those
sounds can also be aggregated at population level to
monitor or predict disease activity.'® With accurate
models, mass acoustic screening could be an important
means of early detection, resource triage, cost savings,
and epidemic control, particularly in urban centers, where
diseases spread rapidly, and in areas where recording
devices such as smartphones are more ubiquitous than con-
ventional diagnostic platforms.?***

Acoustic epidemiology remains a nascent field in which
statistical software and their deployment strategies need to
be stress-tested, both logistically and analytically. In order
to build up a training dataset to develop and evaluate an
accurate acoustic classification model, sound samples
must be paired with conventional clinical tests, thus com-
pounding the logistical complexity of data collection.
Access to such data is a perennial limitation in this
work,'*'**> ‘and its urgency has been highlighted in
recent scrutiny of acoustic screening models for
SARS-CoV-2 infection.'>** Sound collection must also
be non-intrusive and safe for patients and staff, especially
in the context of transmissible diseases.

To facilitate the rapid development of these acoustic
screening methods, we present an open-access dataset of
4302 cough recordings, all of which have been confirmed
negative for SARS-CoV-2 infection using the highly sensi-
tive RT-PCR assay. All cough recordings were collected
from participants providing informed consent for their
cough and associated metadata to be released in open-
access repositories and used by the research community.
The data collection protocols we present here emulate a
biosafe mass screening approach which could be deployed
in current and future pandemics.

Methods

Screening occurred during the spring academic semester (1
February—12 May, 2021) at the University of the South, a
residential liberal arts university in the mid-Cumberland
region of Tennessee, USA, where rates of COVID-19
cases were highest in the state’s rural sectors.”® Weekly
COVID-19 testing was required of all undergraduate and
graduate students (approx. 2000), faculty, and staff were
also required to be tested on a monthly basis, yielding
2900 potential participants.

COVID-19 testing occurred on the central campus at the
university gymnasium, 10 am to 2 pm on Monday to
Thursday, with the capacity to accommodate more than
180 self-collected tests per hour. Participants used a
floxed swab to collect from the anterior nares region of
the nose and these samples were then assessed for three
genes (ORFlab, N, and S) from the SARS-CoV-2 virus
to detect possible COVID-19 disease. Tests were analyzed
at a CLIA high complexity clinical laboratory located on

campus using the Applied Biosystems TagPath
COVID-19 RT-PCR kit (Cat.# A47817). This COVID-19
testing program was accompanied by standard public
health recommended infection control measures including
quarantining of PCR-positive cases.

On 21 February, three weeks into the semester, an acous-
tic screening station was established at the exit of the
COVID-19 testing center. This station consisted of a table
for participant enrollment, a kiosk for participant sign-in,
and a portable recording apparatus that was moved
outside during testing hours and placed under an open-air
10-ft x 10-ft tent immediately outside of the exit door
(Figure 1). The recording location was outside, well-
ventilated by a constant breeze, and away from regular
motor traffic.

The recording apparatus consisted of a computer
monitor and microphone (Movo PC-M6, www.
movophoto.com) mounted upon a tripod speaker stand
(Pyle universal mount, www.pyleaudio.com). The micro-
phone was held in an articulating swivel arm (Movo
ASM-5, www.movophoto.com) braced to the speaker
stand. The monitor and microphone communicated with
the kiosk laptop (Hewlett-Packard laptop running
Windows 10) via 15-ft USB and HDMI cables bound
together with plastic ties. This apparatus was designed to
be high-quality but affordable (<$100 USD, excluding the
laptop and monitor).

To raise awareness for this study, the university Public
Health Office emailed the student body the week prior to
the start of the acoustic screening, with subsequent remin-
ders in the second and third weeks of the study. At the
testing center, large-print signs were placed near the exit
to direct students to the station. The volunteer at the enroll-
ment table invited students to consider participation before
they exited.

At the “cough station,” each participant approached the
kiosk and provided their identification information and pro-
vided informed consent (Figure 1). A participant-specific
URL for a web-based screening app, developed for this
study by Hyfe Inc. (www.hyfe.ai), was used to record
their cough (a generic version of that app is available at
https:/hyfe-general.web.app/). Participants were directed
out the door to the acoustic recording apparatus to initiate
recording, where they were instructed to stand close to
the microphone without touching it. The computer
monitor, which was mirroring the volunteer’s laptop
screen, displayed instructions and a countdown specifying
when to produce a single cough (mask off), then displayed
confirmation that the cough was recorded successfully. If a
cough was not recognized, the participant was asked to try
again with a maximum of three attempts possible. During
this cough collection episode, the screening website
recorded a 5-s WAV file (sampling rate 44.1 kHz) to
Hyfe’s encrypted, HIPAA-compliant servers. Equipment
was disinfected after each day of use.
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Figure 1. Cough collection system at university Sewanee COVID-19 testing site. Staff members (individuals 1 and 2) guide participants from
(step 1) the nose-swab testing area to (2) the cough collection station’s consent table, then to (3) the sign-in kiosk and (4) cough collection

monitor, then to (5) the exit.

At the sign-in kiosk, a laptop with a custom dashboard
application was used to keep pace with the rate of partici-
pant traffic (an open-source example of this dashboard,
developed in the R environment®’° is available at
https:/github.com/hyfe-ai/hyfer). This dashboard refer-
enced a “master” spreadsheet linking the student’s identify-
ing information to an anonymized ID code and unique
URL. These ID codes protected the medical information
of the participants such that only the Principal
Investigators could pair the cough recordings with the
COVID-19 lab results.

The screening station was attended by two staff
members. One was stationed at the participant enrollment
table while the other coordinated cough collection at the
sign-in kiosk (Figure 1). A coordinator (author EJT) was
hired to recruit, train, and manage the staff. This study
received approval by Sewanee’s Institutional Review
Board (IRB, proposal number 16), which was expedited
due to the minimal risks to participants.

Results

Over the course of 11 weeks (22 February—5 May, 2021),
4302 coughs were recorded from 960 participants
(Figure 2a,c). Every cough collected in this study was asso-
ciated with a negative PCR test for COVID-19. The univer-
sity detected only 23 positive cases in the entire semester,
and none of those cases occurred in participants within
two weeks of a visit to the cough collection station.

An average of 124 coughs (SD =68) were sampled per
day (Figure 2d), equivalent to 31 coughs per hour. When

the testing center was busiest (during lunch hours), the
cough collection station was able to check in a student
and collect their cough within 30 s (Figure 3).

Sixty-five percent of participants enrolled in the first
week, but recruitment continued throughout the study
(Figure 2a). Participation rates were highest early in the
study, then dwindled into May (Figure 2b). Seventy-five
percent of participants participated in the study for at least
two weeks, and 47% of participants were retained for at
least five weeks. Forty-five participants (5% of cohort)
were active for 9 out of the study’s 11 weeks. All collected
cough sounds were uploaded to a repository at FAIRsharing
(https:/beta.fairsharing.org/3619) and are now publicly
available.*

Discussion

The COVID-19 pandemic has added urgency to the devel-
opment of systems for acoustic health screening.''™'%*
Development of acoustic analysis models—as with any
machine learning model—depends upon the volume and
quality of data used to train them, as well as the availability
of external datasets for evaluating their performance. To
make such tools easier to develop and evaluate, high-
quality datasets must be made publicly available on an
ongoing basis.

Other pandemic diseases, such as influenza and tubercu-
losis, would also benefit from high-performance cough
classification software and standard operating procedures
for acoustic screening in centers of high population
density (e.g. college campuses, prisons, and urban
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Figure 2. Cough collection at COVID-19 testing center in Sewanee, TN, USA, Feb to May 2021. (a) participant enrollment over the course of
the study; (b) participant retention, showing the number of participants who visited the cough station in 1, 2, ..., 9 weeks of the 11-week
project; (c) cumulative coughs sampled; (d) daily breakdown of cough collection.

centers) and large event spaces (e.g. airports, stadiums, and
concert halls).lg’ZL23 In contexts like these, robust and
affordable acoustic screening could be an important mitiga-
tion measure.''!

For future similar acoustic screening initiatives, either
for dataset building or clinical use, we recommend the fol-
lowing improvements to our protocol: (1) incentivize par-
ticipant retention through loyalty programs; (2) establish
identical screening stations at quarantine sites in order to
increase the collection of disease-positive coughs; (3) sim-
ultaneously collect medical history and health-related habits
to enable the development of multivariate models; and (4)
consider expanding to settings that are either demographic-
ally diverse or homogenous in other ways to further enrich
public acoustic datasets. As a result of our remote university
setting, most of our participants had a similar profile—
young and healthy, in general—which can be a two-edged

sword in model training and validation. We encourage
acoustic epidemiologists and machine learning experts to
use our open-access cough dataset for training and valid-
ation purposes in conjunction with other diversified acous-
tic data sources.
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