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ABSTRACT

Introduction Cough is a common symptom of COVID-19
and other respiratory illnesses. However, objectively
measuring its frequency and evolution is hindered by the
lack of reliable and scalable monitoring systems. This can
be overcome by newly developed artificial intelligence
models that exploit the portability of smartphones. In

the context of the ongoing COVID-19 pandemic, cough
detection for respiratory disease syndromic surveillance
represents a simple means for early outbreak detection
and disease surveillance. In this protocol, we evaluate the
ability of population-based digital cough surveillance to
predict the incidence of respiratory diseases at population
level in Navarra, Spain, while assessing individual
determinants of uptake of these platforms.

Methods and analysis Participants in the Cendea de Cizur,
Zizur Mayor or attending the local University of Navarra
(Pamplona) will be invited to monitor their night-time cough
using the smartphone app Hyfe Cough Tracker. Detected
coughs will be aggregated in time and space. Incidence of
COVID-19 and other diagnosed respiratory diseases within
the participants cohort, and the study area and population
will be collected from local health facilities and used to carry
out an autoregressive moving average analysis on those
independent time series. In a mixed-methods design, we
will explore barriers and facilitators of continuous digital
cough monitoring by evaluating participation patterns and
sociodemographic characteristics. Participants will fill an
acceptability questionnaire and a subgroup will participate in
focus group discussions.

Ethics and dissemination Ethics approval was obtained
from the ethics committee of the Centre Hospitalier

de I'Université de Montréal, Canada and the Medical
Research Ethics Committee of Navarre, Spain. Preliminary
findings will be shared with civil and health authorities
and reported to individual participants. Results will be
submitted for publication in peer-reviewed scientific
journals and international conferences.

Trial registration number NCT04762693.

INTRODUCTION
Real-time tracking of the COVID-19
pandemic and detection of the emergence
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Strengths and limitations of this study

» This is the first study to evaluate the utility of arti-
ficial intelligence models and smartphone applica-
tions for cough detection at population level.

» The studied approach has the potential to be rapidly
scalable even within underdeveloped public health
systems.

» Qualitative methods will improve the understand-
ing of barriers and facilitators affecting the uptake
of cough detection on smartphone applications and
participation in acoustic surveillance programmes.

» Recorded coughs will be annotated with clinical di-
agnoses (when available) and will contribute to the
training of cough-based disease-specific screening
and diagnostic tools.

» Success of this study is contingent on large-scale
enrolment and high participant retention since a
small sample size might not be sufficient to ap-
propriately correlate the study population’s cough
trends and their relationship with the incidence of
respiratory diseases at population level.

of novel variants or other respiratory patho-
gens represent challenges for public health
authorities globally. Nonetheless, under-
standing local epidemiology is essential to
disease control efforts. This is particularly
true now that the world has moved into a
COVID-19 endemic phase, with periodical
outbreaks in multiple locations superimposed
over ongoing community transmission. The
ability to appropriately monitor disease inci-
dence, however, is frequently limited by a lack
of testing capacity, delays in health-seeking
behaviours, as well as complexities related to
timely aggregation of actionable surveillance
data by public health authorities.

Although asymptomatic cases of COVID-19
and other respiratory communicable diseases
are well described, cough remains a common
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symptom of COVID-19." * A meta-analysis including
data from over 24000 adults with confirmed COVID-19
revealed cough as the second most prevalent symptom,
being reported by 57% (CI: 54% to 60%) of all patients.”
Additionally, cough is a key event in the transmission of
COVID-19 and other respiratory pathogens.*

Given the intrinsic subjectivity of existing cough moni-
toring tools, mostly based on self-reported questionnaires,
there is a great interest in developing an automated
system to objectively register coughs. Attempts to achieve
this date back to the 1950s, but until recently, important
technological constraints limited significant advances.”

Even now, detecting and classifying sounds as coughs
without the input of a human observer still represent a
remarkable challenge. However, automatically detecting
cough is now possible thanks to the development of acous-
tics and artificial intelligence (AI) models which can be
incorporated into wearable devices. This has allowed the
development of several alternatives, whose widespread
deployment beyond a research context remains limited
due to problems related to portability, the need to contin-
uously record sound (which may compromise patients’
privacy), inconsistent sensitivity and specificity, high false
positivity rates and little financial incentives.”

Some of these limitations might be addressed by incor-
porating similar systems on smartphone applications,
an approach that has just recently begun to be widely
explored.® 7 In brief, putative cough sounds (mani-
fested as short and explosive noises) are recognised and
captured by smartphones. Machine learning models
trained on hundreds of thousands of annotated sounds
are then used to distinguish cough from other sounds.

We propose that COVID-19 surveillance and early
outbreak recognition can be enhanced by digitally moni-
toring cough and detecting changes in its incidence at
population level. We hypothesise such changes precede
individual symptoms recognition, healthcare seeking
behaviours, diagnosis and data aggregation within
conventional disease surveillance systems. Indeed, digital

November 2020 December 2020

cough monitoring data can be aggregated in real time
providing constantly updated information on the emer-
gence and activity of communicable respiratory diseases
within populations. This approach would be of particular
value in low-income and middle-income countries where
(a) capturing passive data through health services is insuf-
ficient given unequal access to healthcare, and (b) active
case detection and contact tracing capacity is limited.®?

To our knowledge, digital cough monitoring for early
detection of respiratory disease outbreaks has never been
performed. Provided the participation of a critical mass
of active users is achieved, monitoring of aggregated
cough data could provide a simple and inexpensive surro-
gate indicator for overall respiratory infection incidence,
similar to, but more accurate than wastewater moni-
toring."” This information could in turn guide public
health interventions. If proven successful in the specific
case of COVID-19, this study would establish a template
for early and disease-agnostic detection of emerging
pathogens, therefore contributing to health system’s
epidemic preparedness.

Primary research question
Can digital cough surveillance predict the incidence of
respiratory diseases at population level in Navarra, Spain?

METHODS

Study design

This is a prospective observational study which will
take place between November 2020 and October 2021
(figure 1). Participants will be recruited in (a) the Cendea
de Cizur, a municipality composed by a cluster of villages
south of the city of Pamplona, (b) the neighbouring town
of Zizur Mayor, in the Chartered Community of Navarra
(Spain), as well as (c) in the different campuses of the
University of Navarra (Pamplona), which collides with
the municipalities.

October 2021 Nowvember 2021

Enrcliment and monitoring

>
Data analysis

Recruitment activities in Cizur
Menor, Cizur Mayor, and the
University of Navarra
1
Participants are asked to monitor their
night-time coughs for one manth, with
the possibility of extending it to three

and six months.

]
Monthly contacts for
feedback and sharing
of preliminary results
1
Extraction of incidence
figures of respiratory
diseases in the cohort
and the study area

Figure 1

Construction of cough heatmaps

Correlation of cough frequency
with climatological variables

Correlation of cough frequency
with incidence of respiratory
diseases in the cohort

Correlation of cough frequency
with incidence of COVID-19 in
the study area

Study design, timeline and monitoring plan for the study’s primary objective.

2 Gabaldon-Figueira JC, et al. BMJ Open 2021;11:¢051278. doi:10.1136/bmjopen-2021-051278



All these communities are located within a 5km range
from each other, and there is a considerable geograph-
ical and social overlap between them, as the University
of Navarra is the second most important employer in the
area.

The 4000 people living in the Cendea de Cizur are
served by a public health centre which receives 45000
outpatient visits per year. Of these, approximately 12%
are associated with respiratory diseases. Furthermore,
the Clinica Universidad de Navarra is the main private
healthcare provider in the region and offers medical
care to a significant proportion of the population, as well
as university students and workers. Both centres offer
COVID-19 PCR testing. Together, those two healthcare
facilities cover most of the population’s healthcare needs
and have digitalised medical record systems that facilitate
the retrieval of medical data concerning the diagnosis of
respiratory diseases among participants.

Recruitment strategies will include direct solicitation,
community meetings, videos and advertisements in social
media and university communication platforms. Those
willing to participate will attend individual sessions with a
study coordinator for counselling and training using the
Hyfe Cough Tracker (Hyfe) application, and for obten-
tion of informed consent. Information consent forms for
adults and minors are available as online supplemental
materials 1 and 2, respectively. Participants will consent
to be contacted regularly via email and telephone by the
study team and will also fill an enrolment questionnaire
(online supplemental material 3) where demographic
and respiratory disease medical data will be collected.

Primary objective

To assess the value of digital cough monitoring and
acoustic surveillance in predicting COVID-19 and other
respiratory disease incidence at population level.

Secondary objective

To assess barriers and facilitators to participation in an
acoustic surveillance programme using a smartphone-
based digital cough monitoring application.

Eligibility criteria

To be included in the study, participants must (1) be 13
years old or older, (2) own a smartphone, (3) be willing to
install and use the Hyfe digital cough monitoring appli-
cation, (4) accept and comply with Hyfe privacy policy
and terms of use, and (5) grant access to their medical
records. To optimise population representativity, partic-
ipants also need to (6) visit the University of Navarra on
a regular basis, either as a student, worker or patient of
the university clinic, or (7) have a general interest in the
study, and (8) currently reside in Navarra. These criteria
aim at ensuring a large sample size and the availability
of needed medical records while concentrating recruit-
ment in a geographically focused area. Accounting for
differences between smartphone models’ capabilities,
on recruitment, participants will also have to complete

a microphone calibration process within the applica-
tion. This is to make sure their smartphones can accu-
rately detect cough-like sounds. Participants who fail to
complete this process will be excluded from the study.

Participant retention

To ensure participants’ retention and promote contin-
uous cough recording, we will use videos posted on social
media, as well as emailed to participants, text messages
and regular push notifications sent via the Hyfe applica-
tion on participants’ smartphones. Participants will also
receive monthly emails with information regarding the
current stage of the study and high-level preliminary
results.

Digital cough monitoring

The cough detection application used in this study is
Hyfe Cough Tracker (Hyfe) (https://www.hyfeapp.
com/). Hyfe runs in the background of smartphones’
operating systems, listens for and records short snippets
(<0.55) of explosive, putative cough sounds and then clas-
sifies them as cough or non-cough, using a convolutional
neural network model. Cough sounds are automatically
matched with time and Global Positioning System coordi-
nates which can be jittered to ensure participants’ privacy.
Hyfe is a research tool that has collected over 5million
putative cough sounds, of which over 1000000 have been
classified as coughs or not by a human listener in order to
train the Al model.

The analytical performance of Hyfe for cough detec-
tion (referred to whether the application is sensitive and
specific for the classification of recorded sounds as coughs
or non-coughs) was confirmed using this study’s prelimi-
nary results from a subgroup of participants recruited in
the Cendea de Cizur between November and December
2020.

Approximately 500 participants were contacted from
an existing mailing list used in a previous epidemiolog-
ical study, of these, 57 were enrolled. While participants
were initially requested to keep Hyfe running contin-
uously, they were later instructed to restrict their use to
at least 6hours during night-time, for 30 days, following
complaints of increased battery consumption.

During this period, nearly 700000 putative cough
sounds were registered, of which 119876 were classified
by human observers, revealing a sensitivity of 96.34%
and a specificity of 96.54%, when using a cough-positivity
threshold of 0.85 (figure 2).

These values, however, must be interpreted carefully, as
specificity measured at the explosive sound level does not
necessarily provide a full picture of diagnostic accuracy,
particularly in loud environments, where the probability
of an explosive sound being a cough is lower, and the false
positivity rate might be considerably higher. Similarly,
sensitivity does not account for non-explosive sounds that
are not captured by the system, and of which a non-zero
number might be coughs.
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AUC of 0.995 on 119,876 human-validated sounds
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Figure 2 Receiver operating characteristic analysis showing
an area under the curve (AUC) of 0.995 for the classification
of cough in participants recruited between November and
December 2020.

On enrolment, a study coordinator will assist partici-
pants in installing the Hyfe application. Once turned on,
it will continuously monitor participants’ cough. Partici-
pants can turn the application on and off at will but will
be instructed to keep it active for at least 6 hours or while
they sleep, every day for a minimum period of 30 days. In
an adaptive design aimed at improving retention, partici-
pants will have the possibility of extending their participa-
tion to a 3-month and 6-month period.

Local epidemiology of respiratory disease

Digital medical data systems at the Zizur’s health centre
and the Clinica Universidad de Navarra will be reviewed
monthly to establish the incidence of the following respi-
ratory or cough-associated diseases in the cohort of partic-
ipants: COVID-19, influenza, respiratory syncytial virus,
pneumonia, asthma, bronchitis, pharyngitis, chronic
cough, chronic obstructive pulmonary disease, gastro-
oesophageal reflux disease, other non-specific respira-
tory tract infections. Specifically, for COVID-19, daily
incidence figures for the study area (Cendea de Cizur,
Zizur Mayor and Pamplona) and regional population will
also be obtained from local health authorities. Data will
be aggregated and used to build local epidemic curves of
respiratory diseases during the study period.

Barriers and facilitators to participation

A participation cascade informing on the number of
solicited, enrolled and actively recording participants will
be tracked in real time throughout the study. The total
number of user-hours using Hyfe will also be monitored
in real time.

All participants will be asked to fill a satisfaction survey
in which they will be asked about the usability of the app,
the problems that they ran into and their likelihood of
using the app in the future. We will follow up with a group
of 25 participants who are willing to attend a focus group
discussion (FGD) to better understand the barriers and
facilitators affecting participation in the cough surveil-
lance system. The 25 participants will include some of
whom deleted the application early on, who stopped
using it after a month and who had low satisfaction scores.

Patient and public involvement

This study pilots an experimental syndromic surveillance
approach at population level. The municipal authorities
of Cendea de Cizur were informed about the nature of
the study and provided feedback on the best approach
to recruit local participants. Similarly, representatives of
the University of Navarra’s medical services collaborated
on the design of the study protocol including the review
of recruitment strategies as well as data collection, aggre-
gation and reporting plans. No anticipated participants
were involved in the study design. Study findings are to be
reported in both English and Spanish to participants and
key stakeholders at individual, municipality and univer-
sity levels during the surveillance phase.

Data analysis and sample size calculations

Syndromic surveillance as a surrogate marker of respiratory
disease activity

Given the uncertainty around the incidence of the various
respiratory diseases including COVID-19, throughout the
study period, it is impossible to establish a target sample
size sufficient to either confirm or confute with statistical
significance that cough monitoring at population level
can predict incidence of respiratory diseases. We will
endeavour to recruit the highest number of participants
possible in order to achieve the best representation of the
population.

First, cough data will be aggregated in time and space to
create cough incidence curves and geospatial heat maps
reflecting the frequency and density of cough among the
studied population (figures 3 and 4). Second, epidemic
curves reflecting the incidence of targeted respiratory
illnesses within the cohort of participants and the number
of COVID-19 cases diagnosed in the study area and
population will be generated with data collected from
the Clinica Universidad de Navarra and Zizur’s health
centre, as well as aggregated epidemiological records
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Figure 3 Coughs per person-hour registered in participants
recruited between November 2020 and January 2021.
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Figure 4 Heat map of registered cough episodes in
the municipalities of Zizur Mayor, Cendea de Cizur, and
Pamplona between November 2020 and March 2021
(Cendea de Cizur is an incontiguous municipality).

obtained from regional health authorities, respectively.
Coughs per person-hour and clinical diagnoses data will
be superposed in time. Finally, we will carry out an autore-
gressive moving average (ARIMA) analysis to compare
the incidence of confirmed and forecasted respiratory
diseases (including COVID-19) with the frequency of
cough among study participants, measured as coughs
per person-hour. ARIMA analysis is a type of time series
analysis that uses past data to forecast the likely future
behaviour of a variable. In brief, the variable of interest
is regressed to its own lagged values, and autoregression
and partial autocorrelation functions are used to model
the stochastic nature of a time series.'’ Comparison and
prediction analyses will be performed using epidemic
curves from both the cohort of participants and in the
entire study area and population.

Perceptions and willingness to participate in syndromic
surveillance

Mixed methods will be used to assess individual barriers
and facilitators to participation in an acoustic surveillance
programme. Among all eligible individuals in the Cendea
de Cizur, Zizur Mayor and in the University of Navarra
who are invited to participate in the study, we will assess
how many do install the cough detection application and
keep using it through the course of the study. Participants
corresponding to specific user profiles based on dura-
tion and regularity of cough recording will be identified.
We will then descriptively analyse the sociodemographic
characteristics and baseline health conditions of partici-
pants belonging to the different user profiles.

A subsample of participants will be contacted once a
month, by telephone or text messaging, to obtain feed-
back from their experience using the app.

To assess population uptake of Hyfe, as well as barriers
and facilitators to participation, a convenience subsample
of 25 participants will be recruited for FGDs. Following
similar designs, FGDs will consist of two parts.'* The first
one will be aimed at understanding a participant’s aware-
ness of their cough frequency and temporality patterns,
as well as the perceived importance of measuring these
elements. Questions asked in this part will include: (1)
How much attention do you pay to your coughs on a daily
basis?; (2) How importantis it for you to know the number
of times you cough per day?; (3) Will keeping track of
your coughs help you improve your health? The second
one will focus on the participant’s experience using Hyfe,
as well as possible recommendations for developers to
improve it. This part will include the following general
questions: (1) What do you like about the app?, (2) What
do you think of this app compared with other health
apps?, (3) What doesn’t work well?, (4) What keeps you
committed (or not) to using the app?, (5) What do you
think the purpose of the app is?, (6) What advice do you
have for the developers?

Risks and privacy

Recording sounds implies specific ethical and privacy
concerns. These are, however, addressable at different
levels. First, sound snippets recorded are too short
(<0.5s) to capture conversations or background sound.
Participants can withdraw from the study at any time, and
the application can be turned off or removed from smart-
phones freely. Our consent process explicitly describes
exactly what is and what is not recorded. The use of pre-
generated unique identifiers to install and use the smart-
phone application ensures that only investigators can
link cough data to personal identifiers. Contact informa-
tion collected from participants will be kept in physical
forms stored under lock and password-protected files at
the University of Navarra. Only the principal investigator,
study coordinator and research assistant will have access
to this information. Data transferred to other researchers
will only include unique identifiers for individual partic-
ipants, but no other personal information. All acoustic
data and metadata collected by the application are stored
in encrypted servers physically located in the USA. Data
storage and access protocols are compliant with General
Data Protection Regulation, and only non-identifiable
data information is stored by Hyfe.

ETHICS AND DISSEMINATION

This study protocol was approved by the ethics committee
of the Centre Hospitalier de 1’Université de Montréal,
Canada (reference numbers 2021-9247 20.253 and 2021-
9270 20.226) and the Medical Research Ethics Committee
of Navarra, Spain (reference number PI107/2020). Any
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modifications to the approved protocol would be resub-
mitted to both committees.

Preliminary summary results of this study will be regu-
larly shared with participants via email and through focal
meetings. Final results will also be disseminated in open-
access scientific journals and international conferences. A
two-page summary of results will be prepared in Spanish
and posted on the municipal and university website, and
shared with local civil and health authorities, as well as
with individual participants.

DISCUSSION

The current COVID-19 pandemic highlights the inca-
pacity of existing surveillance networks to rapidly curb
the impact of emerging respiratory pathogens in the
current globalised world."? This is particularly true in low-
income and middle-income countries, where diagnostic
and contact tracing efforts are limited by their crippling
costs, and where epidemiological data aggregation infre-
quently translates into actionable information because
of delays inherent to disaggregated and poorly digital-
ised health information systems. Continuous, individual-
based, and passive monitoring of cough among entire
populations could represent inexpensive large-scale
surveillance networks contributing to the early detection
of outbreaks and enabling prioritised and focal delivery
of limited resources.

Al, and more specifically machine learning models, are
increasingly used in disease surveillance and can maxi-
mise the impact of limited available resources.'* Integra-
tion of such models with accurate digital epidemiological
data was shown to provide reliable, near real-time estima-
tions of influenza disease incidence.'”” The widespread
distribution of smartphones coupled with the develop-
ment of Al-enabled sound classification models now
represent another new potential breakthrough in public
health and epidemic preparedness. Beyond being able to
detect cough, most smartphones have integrated geolo-
cation functions. This allows the integration of acoustic
records with geospatial and temporal data and increases
the range of applications of acoustic surveillance systems
for disease control.'®

Apart from participating in a collective disease tracking
and eradication effort, participants monitoring their
cough also benefit from objective feedback on their own
symptomatology. During a pandemic, such feedback
could trigger appropriate healthcare seeking behaviours
and self-quarantine further helping to limit disease trans-
mission at community level.

Implementing such an innovative approach to disease
surveillance is contingent on overcoming substantial chal-
lenges. Evidence suggests that users are typically willing to
install mobile apps with a clearly perceived health benefit.
But this is often limited by issues such as increased battery
drainage, or disruption of daily activities by alerts and
notifications.'” Specifically, for acoustic surveillance apps,
protecting user’s privacy must also be a priority, in order

to create the social trust needed to achieve a high uptake
of these systems. To guarantee this, users must be able
to clearly understand the nature of these applications, as
well as to control their functioning at will. This means
that the quality of the data recorded will greatly depend
on individual behaviours.

Despite proven technical capacity and tremendous
potential in complementing surveillance systems,
whether listed challenges can be overcome and whether
digital cough monitoring can provide actionable public
health information remain unknown. This study will
address those questions. It will also generate operational
expertise and qualitative knowledge on the facilitators to
be exploited, and the barriers to be addressed in order to
maximise uptake and impact prior to implementation on
a wider scale.

Limitations and potential challenges

Enrolment and retention are expected to represent the
major limitations of this project. Acoustic syndromic
surveillance tools might be perceived as threatening for
the privacy of potential participants. Furthermore, the
quantity of cough data recorded will heavily rely on the
regular use of the system by participants. The diversity of
respiratory and non-respiratory conditions that can cause
cough, as well as the consumption of medications to
treat them, can make it difficult to link changes in cough
frequency with epidemiological data. Finally, asymptom-
atic or mild infections of SARS-CoV-2 and other respi-
ratory pathogens mean that a proportion of infected
patients will not contribute to the cough-based surveil-
lance system and are unlikely to seek medical attention,
reducing available cough and epidemiological data neces-
sary for the analysis. Those limitations and challenges
reflect well the impediments to larger scale deployment
of cough-based syndromic surveillance for any respiratory
disease hence making this innovative study an ideal stress
test for such approach.
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