Table S1: Summary of the Included Studies Organized by Subject Area

	Authors
	Title 
	Year
	Population
	Acoustic data analysis method
	Summary
	Peer Reviewed?

	Cough Detection

	T. Salmi, A. R. A. Sovijärvi, P. Brander, P. Piirilä
	Long-term recording and automatic analysis of cough using filtered acoustic signals and movements on static charge sensitive bed
	1988
	7 female adult human subjects aged 39-65 with "disturbing cough" (diagnoses of chronic bronchitis, acute bronchitis, radiation-induced fibrosis, and asthma)
	Unspecified cough detection algorithm. Audio signals amplified and high-pass filtered.
	A dynamic directing microphone was mounted in the center of a paraboloid acoustic glass-fiber mirror, placed at the foot of a hospital bed where patients were sitting or lying, and used to record continuous audio including reflexive coughs while patients were free to move and speak. Body movements were siultaneously recorded using a static charge-sensitive bed. A cough sound was identified only if spikes in body movement and audio signal were detected simultaneously. Validated by comparison to a manual cough count by a researcher; movement and audio together yielded 98.1% positive predictivity, while audio alone yielded only 90.6%.
	✓
	
	

	S. Takahashi, T. Morimoto, S. Maeda, N. Tsuruta
	Cough detection in spoken dialogue system for home health care
	2004
	4 healthy adult male human subjects (aged 21-23 years)
	ML (two different hidden Markov algorithms). Band-pass filtered and unfiltered signals used in parallel.
	Subjects' speech and voluntary coughs were recorded in a "comparatively quiet room" with unknown recording methodology; "cough-only," "speech-only," and "speech-with-cough" data sets were created for training and testing the model. Researchers found more success with two acoustic models used concurrently - band-pass filtered and unfiltered.
	✓
	
	

	J. A. Smith, J. E. Earis, A. A. Woodcock
	Establishing a gold standard for manual cough counting: video versus digital audio recordings
	2006
	8 male and female adult human subjects with asthma, rhinitis, GERD, or idiopathic cough, recruited from an outpatient lung clinic
	Manual cough detection and counting using CoolEdit2000
	Subjects wore a lapel microphone attached to a Nicam stereo video recorder and digital audio recorder while they slept; reflexive cough sounds were detected from continuous recording. Video recordings were concurrently taken using an infrared light source and a monochrome security camera. Researchers demonstrated strong agreement between manual cough counts from video and audio recording, suggesting that audio recording could replace video as gold standard for cough counting.
	✓
	
	

	A. Kelsall, S. Decalmer, D. Webster, N. Brown, K. McGuinness, A. Woodcock, J. Smith
	How to quantify coughing: Correlations with quality of life in chronic cough
	2008
	70 male and female adults with chronic unexplained cough, recruited from an outpatient clinic in Manchester, England
	Manual cough detection and counting using CoolEdit2000
	Patients wore a lapel microphone, connected to either a modified MP3 player or a custom-built recording device, for 24 hours. A trained observer quantified patient's reflexive cough waveforms by number of explosive phases, number of seconds containing at least one cough (cough seconds), and number of periods of continuous coughing (cough epochs). Patients also completed cough visual analogue scales and the Leicester Cough Questionnaire after their day of recording. Number of explosive phases and cough seconds were extremely strongly correlated, and were both related to patients' subjective assessments of cough; cough epochs were less tightly correlated.
	✓
	
	

	J. Martinek, M. Tatar, M. Javorka
	Distinction between voluntary cough sound and speech in volunteers by spectral and complexity analysis
	2008
	20 healthy male and female adult human subjects, aged 18-66 years
	ML (classification tree algorithm, spectral and complexity analysis)
	An omnidirectional condenser microphone, connected to a portable digital recorder, was attached to the subject's chest and covered with plastic foam to eliminate sounds from the environment. Subjects were recorded for about 20 minutes while they read text from a book and produced voluntary coughs at moments indicated in the text. Some reflexive coughs were also evoked from some subjects. Cough detection ultimately achieved a median sensitivity of 100% and median specificity of 95%, as compared with manually detected coughs.
	✓
	
	

	S.-H. Shin, T. Hashimoto, S. Hatano
	Automatic detection system for cough sounds as a symptom of abnormal health condition
	2009
	84 adult human subjects, including 51 people over 65 years old
	ML (artificial neural network and a hidden Markov model)
	143 voluntary cough sounds from 84 subjects were recorded in a soundproof room with an unspecified recording methodology. Algorithm sought to detect coughs amid pink noise, and to distinguish cough sounds from environmental sounds (e.g. dogs barking, musical instrument sounds, noises from appliances) extracted from sound effect CDs.
	✓
	
	

	E. Vizel, M. Yigla, Y. Goryachev, E. Dekel, V. Felis, H. Levi, I. Kroin, S. Godfrey, N. Gavriely
	Validation of an ambulatory cough detection and counting application using voluntary cough under different conditions
	2010
	12 male and female healthy adult human subjects
	Unspecified cough detection algorithm
	A proprietary recording system, called PulmoTrack, was used; it consists of a recording device placed inside a backpack, two Phonopneumography piezo-electric sensors attached to the anterior neck (over the trachea) and chest, and a pneumogram belt placed at the xiphoid level. Subjects performed a series of tasks for 5 minutes each while the device recorded continuously: laying supine, sitting, sitting with strong ambient noise, walking, and climbing up and down stairs. In each 5-minute period, the subject did not cough for 2 minutes, voluntarily coughed for 2 minutes, then performed voluntary coughs interspersed with throat clearing and speech. Algorithm achieved 90% positive predictive value in detecting cough sounds.
	✓
	
	

	J. Martinek, T. Zatko, M. Tatar, M. Javorka
	Distinction of cough from other sounds produced by daily activities in the upper airways
	2011
	20 male and female healthy adult human subjects, aged 20-60 years, with FEV1 < 80% predicted
	ML (classification tree algorithm, spectral and complexity analysis)
	An omnidirectional condenser microphone, connected to a portable digital recorder, was attached to the subject's chest and covered with plastic foam to eliminate sounds from the environment. Subjects were instructed to perform voluntary coughs, voluntary throat and nasopharyngeal clearing, voluntary forced ventilation and snoring, laughing, eructation, swallowing, and nose blowing. Reflexive coughs were also induced via inhalation of aerosolized capsaicin, and reflexive sneezes were induced via intranasal histamine solution. Algorithm was successful in identifying coughs, but had difficulty distinguishing voluntary from reflexive coughs.
	✓
	
	

	S. Larson, G. Comina, R. H. Gilman, B. H. Tracey, M. Bravard, J. W. López
	Validation of an automated cough detection algorithm for tracking recovery of pulmonary tuberculosis patients.
	2012
	15 male and female adult human subjects with tuberculosis in Lima, Peru. 4 patients were HIV positive, and 1 was multi-drug resistant.
	ML (sequential minimal optimization)
	An Audiot-Technica sub-mini microphone was attached to the patient's lapel, and was connected to a Marantz handheld recorder. Continuous audio (including reflexive coughs) was captured for 24 hours on day 0 (start of treatment) and day 14; two 30-minute subsets were randomly selected for analysis, from each patient on each day. Only a small subset of data was used to train the algorithm, whose testing was verified with manual review. Notably, the algorithm also was able to automatically flag audio sections of low quality or high background for further review. The algorithm correctly identified 75.5% of cough episodes with a specificity of 99.6%, and correctly tracked the decrease in cough in TB patients after treatment.
	✓
	
	

	T. Drugman, J. Urbain, N. Bauwens, R. Chessini, C. Valderrama, P. Lebecque, T. Dutoit
	Objective study of sensor relevance for automatic cough detection
	2013
	32 male and female healthy adult human subjects
	ML (artificial neural network). 
	This study used six different sensors to detect coughs: disposable ECG monitoring electrodes, a nasal thermocouple flow sensor, a piezo respiratory effort belt, a dual axis accelerometer, a contact omnidirectional microphone placed on the throat, and a lapel electret omnidirectional microphone. Subjects performed a scripted set of tasks, included high, intermediate, and low volume voluntary coughs, a voluntary coughing fit, forced expiration, throat clearing, speaking, and laughing; subjects were split into groups performing these tasks either sitting in a quiet environment, sitting in a noisy environment, or ascending/descending a stepladder. Leave-four-out cross-validation was used for training and testing; combined sensors achieved 92.9% classification rate, which the audio microphone performing the best as a single sensor, with a classification rate of 93.17%.
	✓
	
	

	Y. Zigel, A. Goldbart, T. Freud, A. Erew, M. A. Leil, Y. Tocker, I. Levi, J. Urkin
	Diurnal and seasonal variation of cough episodes in healthy young adults
	2015
	70 healthy male and female adult human subjects, both smokers and non-smokers, all students at a university in Israel
	ML (Gaussian mixture model)
	Subjects wore a lapel microphone attached to a portable digital recording device for 24 hours; they were able to pause and restart the recording when privacy was desired. Data from 17 subjects were used to train the model, which was evaluated on the remaining data. Reflexive coughs were detected with 88.5% sensitivity and 95.6% specificity. Researchers also found trends in cough frequency related to the season, time of day, and subjects' smoking status. Publication provides some demographic data.
	✓
	
	

	J. Amoh, K. Odame
	Deep neural networks for identifying cough sounds
	2016
	14 male and female healthy adult volunteers, aged 21-30 years; ethnicities including African, Asian, Caucasian
	ML (convolutional neural network, recurrent neural network)
	A wearable sensor attached to the chest with medical-grade foam adhesive collected continuous recordings while subjects spoke and produced voluntary cough sounds. Researchers found that a recurrent neural network was more sensitive in identifying cough sounds from speech, breath sounds, and other background noise, whereas a convolutional neural network was more specific.
	✓
	
	

	P. A. Marsden, I. Satia, B. Ibrahim, A. Woodcock, L. Yates, I. Donnelly, L. Jolly, N. C. Thomson, S. J. Fowler, J. A. Smith
	Objective cough frequency, airway inflammation, and disease control in asthma
	2016
	89 male and female adult human subjects with asthma in South Manchester, England
	Manual cough detection and counting. Audio analysis in Adobe Audition.
	Patients' reflexive coughs were recorded using VitaloJak, a proprietary product that consists of a lapel microphone and a chest wall monitor connected to a recording device worn on a belt or in a pocket; patients wore the device for 24 hours. Coughs were manually detected and counted by researchers. The study demonstrated that increased cough frequency was correlated with worse asthma control, measured by the GINA criteria and the ACQ score. Demographic and clinical information provided by publication.
	✓
	
	

	M. G. Crooks, A. den Brinker, Y. Hayman, J. D. Williamson, A. Innes, C. E. Wright, P. Hill, A. H. Morice 
	Continuous cough monitoring using ambient sound recording during convalescence from a COPD exacerbation
	2017
	19 adult male and female human patients with COPD, all recently admitted for an exacerbation, recorded following discharge
	ML (proprietary software, semi-supervised ML approach). Algorithm modified for each subject due to unique acoustics in each home.
	Two laptop computers with attached external microphones were placed in subjects' homes; one in the bedroom and the other in a second room where patients reported spending most of their day. Recording took place continuously for 45 days following hospital discharge, and reflexive cough sounds were captured. Subjective cough scores were also reported by patients. Demograhpic and clinical data included in publication.
	✓
	
	

	J. Monge-Álvarez, C. Hoyos-Barcelo, P. Lesso, P. Casaseca-de-la-Higuera
	Robust detection of audio-cough events using local hu moments
	2018
	13 male and female adult human patients with symptom of cough (4 with bronchiectasis, 3 with asthma, 6 with COPD), aged 48-72 years, recruited from an outpatient clinic in Edinburgh
	ML (k-nearest-neighbor classifier and support vector machine). Pre-proccessing included framing using Kaiser window.
	Reflexive cough sounds were recorded by internal microphones of two smartphones - a Samsung Galaxy S6 Edge placed on a table in the center of the room, and a Sony Xperia Z2 placed in the pocket or handbag of the patient. One hour of audio was collected for each patient in three different settings: low-noise and noisy environments with patients sitting and speaking, and one condition with the patient moving around and performing activities. Model was also trained on publicly available cough sounds of unknown recording methodology. K-nearest-neighbor performed better than support vector machine.
	✓
	
	

	P. Klco, M. Kollarik, M. Tatar
	Novel computer algorithm for cough monitoring based on octonions.
	2018
	18 male and female adult human subjects (aged 33-80 years) with frequent cough, recruited from a hospital in Slovakia. Diagnoses included lung cancer, COPD, acute bronchitis, pneumonia, chronic cough hypersensitivity syndrome, and asthma.
	ML (octonionic neural network, standard neural network). Pre-processing included Fast Fourier Transformation and Hamming window.
	A portable digital recorder was attached to a miniature condenser microphone, which was affixed to the subject's chest and covered by a plastic foam membrane. Continuous 5-hour recordings were obtained, during which the patients went through normal daily activities, and reflexive cough sounds were collected. Separate subsets of data were used for training and testing the model, whose performance was compared to manual cough counts by researchers. Study found that octonionic neural network outperformed standard neural network at identifying cough sounds, with a median sensitivity of 96.8% and specificity of 98.4%.
	✓
	
	

	J. Monge-Álvarez, C. Hoyos-Barcelo , L. M. San-José-Revuelta, P. Casaseca-de-la-Higuera
	A machine hearing system for robust cough detection based on a high-level representation of band-specific audio features
	2019
	13 male and female adult human subjects with bronchiectasis, asthma, or COPD in outpatient setting in Edinburgh
	ML (mean and standard deviation and supervised "bag of audio words": supervised vector machine classifiers). Input audio downsampled and split into frames.
	Use of built-in microphone in Samsung S6 Edge smartphones to record reflexive cough sounds in both quiet and noisy settings. Microphone was placed in the center of the room while patient performed different activities, in the presence or absence of ambient noise from a hallway or a nearby TV. Mean and standard deviation performed better than supervised bag of audio words. Publication provides age and gender demographic information.
	✓
	
	

	Y. Ren, C. Wang, Y. Chen, J. Yang, H. Li
	Noninvasive fine-grained sleep monitoring leveraging smartphones
	2019
	9 male and female adult human subjects recruited from a university
	ML (support vector machine). Bandpass filter removed high and low frequency background.
	An Apple iPhone 4 was used with connected Apple earbuds to record continuous audio overnight; participants' sleeping positions, the position of the earbuds relative to the participants, and the amount of background noise were adjusted in different conditions over the course of six months of data collection. The proposed system aimed to detect breathing rate, as well as sleep events including snoring, reflexive coughing, and movement. Accelerometer data was incorporated into some versions of the algorithm, which improved performance in detecting sleep events.
	✓
	
	

	F. Al Hossain, A. A. Lover, G. A. Corey, N. G. Reich, T. Rahman
	FluSense: a contactless syndromic surveillance platform for influenza-like illness in hospital waiting areas
	2020
	An undisclosed number of adult and pediatric human subjects in 4 waiting rooms of a university health service
	ML (convolutional neural network, linear regression, random forest). 
	Model was trained on publicly available datasets, primarily Google Audioset for cough sounds and several others for background noise and speech. ReSpeaker Microphone Array, including 4 microphones, were used to record continuous audio, including reflexive coughs, in the waiting rooms. Cough detection algorithm achieved 84-91% accuracy in identifying coughs, depending on the specific waiting room. Cough detection data was combined with ML analysis of thermal imaging data to generate a model that could predict daily counts of patients presenting with influenza-like illness with a Pearson correlation coefficient of 0.95.
	✓
	
	

	M. Sterling, H. Rhee, M. Bocko
	Automated cough assessment on a mobile platform
	2014
	29 adolescent pediatric human subjects (13-17 years old) with asthma, with active asthmatic symptoms within 24 hours of enrollment, recruited from emergency departments and outpatient clinics
	ML (hidden Markov model Viterbi decoder). Preprocessing consisted of dividing audio into frames.
	A lapel microphone attached to a shirt collar, connected to a digital recorder carried in a pocket or carrying case, was used to collect respiratory sounds and reflexive cough sounds from adolescent asthmatic subjects as they went about daily routines. Subjects could pause the recording when privacy was desired. Recorder and microphone were placed near the head of the bed at night. Each individual provided at least 10 hours of data; model sought to divide silence, background noise, and cough sounds.
	✓
	
	

	Y. A. Amrulloh, U. R. Abeyratne, V. Swarnkar, R. Triasih, A. Setyati
	Automatic cough segmentation from non-contact sound recordings in pediatric wards
	2015
	24 male and female pediatric human subjects, 3-71 months of age, admitted to an Indonesian hospital with respiratory complaints (18 diagnosed with pneumonia, one each with rhinopharyngitis, nasopharyngitis, tonsillopharyngitis, pulmonary hypertension, bronchiectasis, and bronchitis)
	ML (artificial neural network). Pre-processed using a high pass filter and a power spectral subtractions filter to reduce background noise.
	A low-noise microphone with a cardioid beam pattern, connected to a pre-amplifier and an A/D converter, was placed 50 cm from the mouth of subjects and used to record reflexive cough sounds onto a laptop computer. Recordings were acquired with normal hospital ambient noise; 4-6 hours of material was obtained from each subject. Model was trained on data from 10 subjects, and tested with recordings from the other 14; model ultimately achieved 97.3% accuracy, 92.8% sensitivity, and 97.5% specificity.
	✓
	
	

	A. Murata, N. Ohota, A. Shibuya, H. Ono, S. Kudoh
	New non-invasive automatic cough counting program based on 6 types of classified cough sounds.
	2006
	12 human subjects of unspecified age with cough (etiologies were acute bronchitis, pneumonia, COPD, and bronchial asthma) recruited from a hospital
	Slice level algorithm
	A memory stick IC recorder was placed 50cm away from the subject's head at their bedside, and continuous audio, including reflexive coughs, was recorded while the subject slept (up to 12 hours). Data from 2 initial subjects were used to create the algorithm, which was then tested on 10 additional subjects. Algorithm was designed to identify and subsequently count cough sounds, and ultimately achieved a 90.2% sensitivity and 96.5% specificity.
	✓
	
	

	S. Matos, S. S. Birring, I. D. Pavord, D. H. Evans
	Detection of cough signals in continuous audio recordings using hidden Markov models
	2006
	19 human subjects of unspecified age recruited from an outpatient cough clinic, with diagnoses of cough variant asthma, eosinophilic bronchitis, GERD, idiopathic cough, postviral cough, bronchiectasis, chronic bronchitis, or COPD
	ML (hidden Markov model). Raw audio was high-pass filtered with a second-order digital Butterworth filter.
	A miniature condenser microphone attached to the subject's chest was connected to a portable digital audio recorder; recordings started in the morning and collected continuous audio, including reflexive cough sounds, for an average of 6 hours, during which subjects performed their usual routines. Separate datasets were used for training and testing the model, which ultimately detected 71% of coughs, though it performed better with higher energy cough sounds.
	✓
	
	

	S. Matos, S. S. Birring, I. D. Pavord, D. H. Evans
	An automated system for 24-h monitoring of cough frequency: the Leicester cough monitor
	2007
	28 male and female human cough patients of unspecified age (etiologies included asthma, gastro-esophageal reflux, eosinophilic bronchitis, chronic bronchitis, postviral, pulmonary fibrosis, bronchiectasis, COPD, or idiopathic) recruited from a specialized cough clinic, and 9 female healthy human volunteers
	ML (hidden Markov model). Recordings compressed before analysis to reduce file size.
	Two different recording methodologies were included to detect reflexive cough sounds. The first used a miniature condenser microphone attached to the subject via double-sided adhesive rings, connected to a portable digital audio recorder with a maximum recording time of 8 hours - this setup was used to record continuously for an average of 6 hours, and represented the majority of the data. For 5 additional recordings, a necklace type strap was used for the microphone, and a smaller, lighter recording device with a 28-hour battery life was used to create 27-hour recordings. All recordings were started in the morning, and subjects were instructed to perform their usual daily routines. Algorithm was tested on a separate subset of the data than was used for training, with a median sensitivity of 85.7%, median PPV of 94.7%, and median specificity of 99.9%.
	✓
	
	

	R. D. Turner, G. H. Bothamley
	How to count coughs? Counting by ear, the effect of visual data and the evaluation of an automated cough monitor
	2014
	13 human subjects of unspecified age with a symptom of cough (etiologies included sarcoidosis, asthma, COPD, tuberculosis, non-TB mycobacterial infection, idiopathic pulmonary fibrosis, pneumonia, and uncertain cause), recruited from inpatient and outpatient settings
	Manual cough counting and proprietary PulmoTrack® software
	Continuous recordings including reflexive coughs were made using the PulmoTrack® system, which consists of two contact microphones placed over the neck and chest and a respiratory belt. Recordings on average were 19.6 hours long. 15 respiratory physicians without specific cough-counting instruction listened to 3 selections of 14-22 minutes in length and manually counted coughs, with or without concurrent visual representation of sound waves; these counts were compared to the PulmoTrack® cough detection software. Researchers found good agreement between listeners, with a standard deviation of 7.3% in listening alone and 6.4% when also using visual representation. PulmoTrack® performance was significantly different from manual listening, with a positive predictive value of 60% and sensitivity of 32%.
	✓
	
	

	H. Huang, Y. Sun
	S3H: a symptom surveillance system in high spatial resolution using smartphones
	2016
	Unspecified number of human subjects of unspecified age in a library at Michigan Tech University
	ML (k-nearest neighbor). Audio filtered and down-sampled before analysis.
	The built-in microphone of an Apple iPhone 5S was placed in a "studying zone" of a university library, and 5 minutes of continuous audio, including reflexive coughs, were recorded at each of three times: 10 am, 1 pm, and 5 pm. A cough detection algorithm was combined with thermal imaging-based body temerature readings to create a proposed model of symptom surveillance.
	✓
	
	

	L. Cesnakova, V. Boza, P. Dubec, M. Majernik, J. Bogar, J. Jamison, J. C. Goldsack, D. J. Kimmel, D. R. Karlin
	Continuous sound collection using smartphones and machine learning to measure cough
	2019
	46 publicly available cough recordings from YouTube and SoundSnap; contained cough sounds from 20 male and female human subjects of unspecified age
	ML (convolutional neural network)
	Publicly available cough sounds of unknown recording methodology were combined with publicly available background noises to train and test a novel smartphone app for iOS called HealthMode Cough. The goal of the app is to continuously record sound and identify cough sounds.
	✓
	
	

	M. M. Rahman, V. Nathan, E. Nemati, K. Vatanparvar, M. Ahmed, J. Kuang
	Towards reliable data collection and annotation to extract pulmonary digital biomarkers using mobile sensors
	2019
	131 human subjects of unspecified age; 91 "pulmonary patients" and 40 healthy controls
	ML (random forest) and manual annotation
	Voluntary cough sounds were recorded using built-in microphones of a Samsung Galaxy Note 8 smartphone and a Samsung Gear Sport Smartwatch. A Nuance PowerMic III microphone was also used for validation. Additional data was collected via the phone and watch, including movement (via accelerometer) and photoplethysmography. Patients also wore a chestband for breathing ground-truth data. Subjects performed a series of tasks, including PFTs, silent breathing while sitting and supine, voluntary cough, "ah" vowel sound, speech on any topic, and reading standard passages. The publication details several approaches to breath counting and analysis of breathlessness. With regard to cough, researchers used a crowdsourced pool of annotators to manually annotate cough sounds and demonstrated that a ML cough detection model performed better when using pre-annotated data.
	✓
	
	

	M. Y. Ahmed, M. M. Rahman, J. Kuang
	Deeplung: smartphone convolutional neural network-based inference of lung anomalies for pulmonary patients
	2019
	131 healthy, asthmatic, or COPD human patients of unspecified age
	ML (three-dimensional convolutional neural network). Audio windowed and normalized by smartphone.
	Use of built-in microphones in Samsung Galaxy 8 smartphones, held in direct contact with the chest, to collect voluntary cough sounds from asthma/COPD patients and healthy individuals in 40-minute intervals. Researchers also analyzed wheeze sounds, and worked to eliminate speech sounds for privacy purposes. Phone inertial sensors were used to detect respiratory pattern.
	✓
	
	

	G. Augustinov, P. Fischer, V. Gross, U. Koehler, K. Sohrabi, S. A. H. Tabatabaei
	Automatic detection and classification of cough events based on deep learning
	2020
	48 human subjects of unspecified age 
	ML (convolutional neural network). Windowed, zero-padded signals converted to spectrogram using Fourier transform.
	Reflexive cough sounds were recorded using the LEOSound Lung-Sound-Monitor, which consists of three bioacoustics sensors placed on the neck and back of the subject. 48 patients were monitored for at least 8 hours each; recordings were then broken into 30-second windows for analysis.
	✓
	
	

	Q. Zhou, J. Shan, W. Ding, C. Wang, S. Yuan, F. Sun, H. Li, B. Fang
	Cough recognition based on mel-spectrogram and convolutional neural network
	2021
	Publicly available datasets of cough and speech sounds from human subjects of unspecified age group, as well as environmental sounds
	ML (convolutional neural network, Mel-spectrogram). Audio inputs clipped to 1 second each.
	Over 34,000 cough sounds from publicly available datsets of unknown recording methodology were used; 10% of sounds were reserved to test the model. The model, named the cough recognition network (CRN), correctly recognized 98% of cough sounds.
	✓
	
	

	D. Moshou, A. Chedad, A. Van Hirtum, J. De Baerdemaeker, D. Berckmans, H. Ramon
	Neural recognition system for swine cough
	2001
	4 male and female pigs in a laboratory setting
	ML (probabilistic neural network, multi–layer perceptrons). Spectra normalized by dividing by Euclidian norm.
	Pigs were placed one by one into an enclosed metallic chamber, where reflexive coughs were induced via nebulized citric acid. Recordings were made using a unidirectional condenser microphone placed 0.4 to 1 m from the animal, and recorded onto a computer; roughly 30 minutes of sound was recorded for each animal. Algorithm was tested on separate data not included in training set, and achieved a 94.8% positive cough-recognition; coughs were more successfully differentiated from grunts and other noise than from metal clanging sounds.
	✓
	
	

	A. Van Hirtum, D. Berckmans
	Fuzzy approach for improved recognition of citric acid induced piglet coughing from continuous registration
	2003
	Six male and female healthy piglets in a laboratory
	ML (fuzzy c-means clustering). Fast Fourier transformation used in initial analysis.
	Piglets were placed one by one into an enclosed metallic chamber, where reflexive coughs were induced via nebulized citric acid. Recordings were made using a unidirectional condenser microphone placed 0.4 to 1 m from the animal, and recorded onto a computer. A total of 11 experiments were performed on 6 animals. Algorithm sought to distinguish cough from non-cough sounds.
	✓
	
	

	A. Van Hirtum, D. Berckmans
	Considering the influence of artificial environmental noise to study cough time–frequency features
	2003
	10 cough sounds from piglets in a laboratory
	High-pass filtering, wavelet analysis, and de-noising
	Reflexive coughs were induced by inhalation of nebulized citric acid, and recorded onto a "standard multi-media microphone." Researchers also individually recorded various mechanical sounds present in the background of cough recordings, from equipment necessary to control ventilation and evaporate citric acid solution. The study evaluates different methodologies for removing background noise from the cough sound recordings, ultimately making various recommendations depending on the specific acoustic environment.
	✓
	
	

	J.-M. Aerts, P. Jans, D. Halloy, P. Gustin, D. Berckmans
	Labeling of cough data from pigs for on-line disease monitoring by sound analysis
	2005
	10 piglets in a laboratory in Belgium
	Manual in-person observation and analysis using Cool Edit Pro.
	A "standard multimedia microphone" was placed 0.3 m above a 2 m x 5 m pen where all 10 animals were housed. In one version of the experiment, a live observer would count reflexive coughs during one hour each day, which would be compared to a separate researcher's count based only on the audio recording of that hour. Next, the live observer would produce a "ping" sound by hitting a glass bottle with a metal stick as they detected a cough, and the listener could use the "ping" as an indicator of a cough event. Researchers found up to a 94% "miss rate" in experiments without the "ping," which decreased to 10% with the "ping," emphasizing the value of a live observer in properly detecting coughs.
	 
	
	

	M. Guarino, P. Jans, A. Costa, J.-M. Aerts, D. Berckmans
	Field test of algorithm for automatic cough detection in pig houses
	2008
	44 coughing pigs, within a barn of 352 pigs on a farm in Northern Italy
	Dynamic time warping classification algorithm. Audio was band pass filtered with third order Butterwoth filters.
	A condenser microphone was connected to a portable computer, and moved around the barn by an operator to be within 20-50 cm of a reflexively coughing animal. 44 coughing attacks were recorded from 44 different animals, for a total of 4 hours of audio. Algorithm output was compared to manual cough classification, which was tested on 10% of the data (not used for training); average accuracy in classifying cough sounds was 86.2%.
	✓
	
	

	M. Silva, S. Ferrari, A. Costa, J.-M. Aerts, M. Guarino, D. Berckmans
	Cough localization for the detection of respiratory diseases in pig houses
	2008
	350 pigs in a farm stable in Milan, Italy
	Data processed in Matlab; algorithm designed to localize sounds based on delays for different microphones. Pre-processed using band pass filtering.
	8 electret microphones, connected via preamplifiers to a Soundscape eight-channel interface unit, were hung 1.2 m from the floor and placed at varying locations in a barn. Reflexive cough sounds were detected from continuous recording; 15-minute recordings were made in 5 possible microphone position setups, and a 3-hour recording was made in a 6th setup. Algorithm used delays of cough sounds reaching each microphone to attempt to localize cough sounds to particular areas of the barn, and achieved a 95% confidence interval of 0.5-1 m in localizing coughs.
	✓
	
	

	S. Ferrari, R. Piccinini, M. Silva, V. Exadaktylos, D. Berckmans, M. Guarino
	Cough sound description in relation to respiratory diseases in dairy calves
	2010
	28 male and female dairy calves in a farm stable
	Proprietary semi-automatic labeling tool to identify high amplitude sounds, which are then manually analyzed.
	An omnidirectional microphone, connected to a laptop, was carried around the stable to approach reflexively coughing calves. Recording was continuous in 30 min - 2 hour intervals, for a total of 8 hours of recording. Nasal swabs and blood were collected from calves for serological analysis to determine infectious agents, but this was not part of the cough detection algorithm. Researchers found significant differences across three variables - Root Mean Square normalized pressure, fundamental frequency, and duration - between cough sounds and metal rack sounds.
	✓
	
	

	L. Chen, K. Lai, J. M. Lomask, B. Jiang, N. Zhong
	Detection of mouse cough based on sound monitoring and respiratory airflow waveforms
	2013
	40 female BALB/c mice in a laboratory
	Proprietary software called Finepointe, as well as manual real-time analysis.
	Mice were placed one at a time into a plethysmograph and exposed to aerosolized capsaicin for 3 minutes. Sound was recorded for a total of 6 minutes by a "mini-microphone" mounted to the lateral aperture of the plethysmograph; pressure changes within the plethysmograph were also recorded. Reflexive cough sounds were positively identified when a researcher identified a cough sound in real time that agreed with Finepointe automated detection of pressure changes. Researchers showed definitively that mice can cough, and demonstrated effectiveness of anti-tussives on reducing coughs in mice.
	✓
	
	

	J. Vandermeulen, C. Bahr, D. Johnston, B. Earley, E. Tullo, I. Fontana, M. Guarino, V. Exadaktylos, D. Berckmans
	Early recognition of bovine respiratory disease in calves using automated continuous monitoring of cough sounds
	2016
	62 male calves housed in 3 calf houses on a farm in Ireland
	ML (Euclidian distance classification). Background noise was removed by subtracting average of adjacent windows.
	One diaphragm condenser microphone was placed in each of three calf houses; exact positioning not specified. Sound was recorded continuously for 60 days. Agorithm was trained to detect reflexive cough sounds using 66% of data from one house and was tested on remaining data; a calibration step was necessary in algorithm design to control for differences in each house. Clinical assessment and blood sampling of calves was used to identify calves with bovine respiratory disease as a comparator to algorithm performance. Algorithm ultimately achieved 50.3% sensitivity and 99.2% specificity in detecting coughs.
	✓
	
	

	L. Carpentier, D. Berckmans, A. Youssef, D. Berckmans, T. van Waterschoot, D. Johnston, N. Ferguson, B. Earley, I. Fontana, E. Tullo, M. Guarino, E. Vranken, T. Norton
	Automatic cough detection for bovine respiratory disease in a calf house
	2018
	139 bovine calves in a calf house on a research farm in Ireland
	ML (support vector machine). Pre-processed using spectral subtraction.
	4 condenser microphones attached to sound cards were used to record continuous audio including reflexive cough sounds; each microphone was placed 2.75 m above the center of one of 4 compartments within a shared space, open on one side and enclosed on the other three. Sound cards were placed in a sealed box and microphones were covered by a flexible plastic cover to protect equipment. 2 separate experiments were conducted, each for roughly 2 months, resulting in a total of 17,280 hours of data. Blood samples were also collected to assess the prevalence of bovine respiratory disease. 3-fold cross validation used for training and testing; 445 minutes of data were selected for analysis. The algorithm ultimately achieved sensitivity of 41.4% and precision of 94.2%. The number of coughs detected by the algorithm correlated positively with the prevalence of bovine respiratory disease in the population over time.
	✓
	
	

	J. Zhao, X. Li, W. Liu, Y. Gao, M. Lei, H. Tan, D. Yang 
	DNN-HMM based acoustic model for continuous pig cough sound recognition
	2020
	10 pigs - 5 with respiratory disease as assessed by veterinarians, and 5 healthy - on a pig farm at a Chinese university
	ML (deep neural networks-hidden Markov model). Wiener speech-enhancement algorithm used for preprocessing.
	A recording pen recorded continuous audio, including reflexive coughs, for 24 hours with an unspecified recording setup. 5-fold cross-validation was used for training and testing, with word error rate used as the measure of model effectiveness; average word error rate was 8.03%.
	✓
	
	

	L. Liu, B. Li, R. Zhao, W. Yao, M. Shen, J. Yang
	A novel method for broiler abnormal sound detection using WMFCC and HMM
	2020
	20,000 chickens in a commercial broiler building
	ML (wavelet transform Mel frequency cepstrum coefficients, correlation distance Fisher criterion, and hidden Markov model). Spectral subtraction with minimum mean square error used to remove background noise.
	Four network microphones positioned 80cm from the floor to detect reflexive cough and snore sounds from 20,000 30-day-old white feather broiler chickens (chickens raised for meat).
	✓
	
	

	W. Shen, D. Tu, Y. Yin, J. Bao
	A new fusion feature based on convolutional neural network for pig cough recognition in field situations recognition in field situations
	2020
	Pigs in a farm pig house
	ML (convolutional neural network; SoftMax and support vector machine). Original sound pre-processed with pre-emphasis and pass-band filter, then framed and windowed.
	A directional cardiod microphone, suspended 1.4 m from the ground, either near the door or in the center of of the pig house, was connected to a computer for recording. 4551 reflexive cough and non-cough sounds were recorded for training the model, and 383 cough and non-cough sounds were used for testing. Support vector machine performed better than SoftMax.
	✓
	
	

	Y. Yin, D. Tu, W. Shen, J. Bao
	Recognition of sick pig cough sounds based on convolutional neural network in field situations
	2020
	Pigs in commercial farm in China
	ML (convolutional neural network). Short-time Fourier transformation used to construct spectrograms for analysis.
	A cardioid electret microphone connected to a laptop was suspended 1.4 m from the ground, near the door of the piggery. Sound was recorded continuously for 8 days; 2675 reflexive coughs and 1805 other sounds including screams, metal clangs, water flowing, and human sounds, were recorded. Data was split into a training and testing set; model achieved a 96.8% cough accuracy on the test set.
	✓
	
	

	Cough Quality Classification

	C. Freestone, R. Eccles
	Assessment of the antitussive efficacy of codeine in cough associated with common cold
	1997
	82 male and female human adults from Cardiff, Wales with cough from upper respiratory tract infection within 3 weeks of enrollment (otherwise healthy as determined from medical history)
	Computer based audio analysis
	A double-blind, placebo-controlled clinical trial evaluating the effects of codeine on upper respiratory tract infection-induced cough using three metrics: cough sound-pressure levels, cough frequency, and subjective scores of cough severity. Reflexive coughs were recorded through two microphones: a condenser microphone attached to the subject's throat with a neck band and connected to a sound-meter (to measure cough sound-pressure levels), and a separate microphone placed on the floor in front of the subject connected to a ink-pen recorder. Subjects were instructed to make no other sound besides cough for 10-minute recording periods, which took place on two separate days, one before and one after codeine or placebo administration. Cough sounds were analysed with a spectrography and computer based software. The study found codeine to be no more effective than placebo. No demographic information provided, limiting generalizability of the study.
	✓
	
	

	M. J. Doherty, L. J. Wang, S. Donague, M. G. Pearson, P. Downs, S. A. T. Stoneman, J. E. Earis
	The acoustic properties of capsaicin-induced cough in healthy subjects
	1997
	13 male and female healthy adult subjects (aged 18-55 years), including 3 current smokers, all with normal spirometry
	Manual spectral analysis after Hanning window and Fast Fourier Transformation
	A unidirectional microphone connected to a tape recorder was placed 225 mm from the subject at a 45º angle. 5 reflexive coughs were induced from each subject using nebulized capsaicin inahled to total lung capacity; each subject underwent 3 iterations of the capsaicin cough test. Recordings of speech were also collected from each subject. Researchers introduced novel analysis of cough sounds, including spectrogram, overall spectral energy, and root mean square pressure plots, which can be used to compare coughs between individuals and establish an individual's "cough signature."
	✓
	
	

	A. Murata, Y. Taniguchi, Y. Hashimoto, Y. Kaneko, Y. Takasaki, S. Kudoh
	Discrimination of productive and non-productive cough by sound analysis
	1998
	5 healthy male adult human subjects, and 5 male and female adult human subjects with chronic bronchitis
	Manual analysis; Fourier transformation and acoustic analytic software called Sound Scope II were used.
	An electret condenser microphone connected to a digital tape recorder were used to record vowel sounds and voluntary cough sounds after maximal inspiration. The microphone was placed 50 cm from the mouth of the subject at a 45º upward angle. Recordings were done in an isolated room to avoid background noise. Coughs were divided into 2-3 phases, and characteristics of phases 2 and 3 were distinctive for productive vs. non-productive cough.
	✓
	
	

	A. Van Hirtum, D. Berckmans
	Automated recognition of spontaneous versus voluntary cough
	2002
	3 pathological and 9 healthy non-smoking adult human subjects between ages 20-30
	ML (nearest neighbor classification, learning vector quantization, and fuzzy C-means clustering).
	A "standard multi-media" microphone was used to record voluntary and reflexive coughs in an "ordinary" 6m x 4m x 3m room. Speech and laughter sounds were also recorded. Algorithm sought to differentiate reflexive from voluntary coughs.
	✓
	
	

	Y. Hashimoto, A. Murata, M. Mikami, S. Nakamura, E. Yamanaka, S. Kudoh
	Influence of the rheological properties of airway mucus on cough sound generation
	2003
	24 male and female adult human subjects, 15 with chronic productive cough (diagnoses of diffuse panbronchiolitis, COPD, lung cancer, bronchiectasis, Kartagener's syndrome, and pigeon breeders disease) and 9 with dry cough after upper respiratory infection, recruited from an outpatient clinic
	Manual analysis of spectrograms. Raw audio was high-pass filtered and a Hamming window was applied.
	A unidirectional electret condenser microphone was placed 225 mm from the subject at 45º and connected to a digital tape recorder. Chronic productive cough patients were asked to produce three voluntary coughs and expectorate sputum. Sputum was collected and analyzed. Control patients were asked to cough once each from tidal volume, half of vital capacity, and full vital capacity. Researchers found significant correlations between acoustic properties of cough sounds and rheological properties of sputum, and identified differences between productive and dry coughs. Some demographic and clinical data provided in publication.
	✓
	
	

	P. M. Olia, P. Sestini, M. Vagliasindi 
	Acoustic parameters of voluntary cough in healthy non-smoking subjects
	2005
	24 male and female adult, healthy (confirmed by spirometry), non-smoking human subjects
	Short-time Fast Fourier Transformation
	24 subjects were instructed to inhale deeply at vital capacity and produce voluntary coughs 70 cm from a unidirectional microphone, connected to a computer, in an echo-free room. A total of 234 coughs were analyzed by breaking cough sounds into discrete parts; significant differences in length, loudness, and frequency distribution of these parts were found between male and female subjects. Limited demographic and clinical information provided in publication.
	✓
	
	

	W. T. Goldsmith, A. M. Mahmoud, J. S. Reynolds, W. G. McKinney, A. A. Afshari, A. A. Abaza, and D. G. Frazer
	A system for recording high fidelity cough sound and airflow characteristics
	2009
	4 healthy (confirmed by spirometry) adult human subjects in outpatient hospital setting in West Virginia
	Custom software. Sampling frequency and time, as well as frequency filtering, were adjusted manually.
	A 6.35mm condenser microphone was mounted at a 90º angle to a cylindrical mouthpiece placed in a subject's mouth. Cough sounds and air flow through flexible tubing attached to the mouthpiece were recorded; subjects produced 7 groups of 3 voluntary coughs. Sound and flow data were analyzed with a computer based-audio analysis model.
	✓
	
	

	S. T. Kulnik, N. M. Williams, L. Kalra, J. Moxham, S. S. Birring
	Cough frequency monitors: Can they discriminate patient from environmental coughs?
	2016
	5 male and female adult human subjects hospitalized in an inpatient acute stroke unit
	Leicester Cough Monitor (semi-automated cough monitor) and manual analysis.
	Subjects wore a Leicester Cough Monitor (LCM) - consisting of a Digital Voice Tracer recording device worn in a pouch or pocket, and a small lapel microphone clipped as close as possible to the anterior neck - for 15 minutes. The LCM recorded continuously, while a researcher observed the subject and counted reflexive and voluntary cough sounds from the patient and from the environment. Researchers compared manual cough counts to the LCM semi-automated output for identification of patient, as opposed to environmental, coughs, and found good agreement between manual counting and LCM, with the latter achieving a 94% sensitivity. Robust demographic information provided in publication.
	✓
	
	

	K. K. Lee, S. Matos, K. Ward, G. F. Rafferty, J. Moxham, D. H. Evans, S. S. Birring
	Sound: a non-invasive measure of cough intensity
	2017
	32 male and female adult human subjects; 15 healthy controls and 17 individuals with chronic cough (etiologies included asthma, GERD, eosinophilic bronchitis, post-infectious, bonrchiectasis, and idiopathic)
	Custom script in MATLAB used to calculate parameters of cough. Manual analysis using Spike 2 software
	A free-field microphone was placed 20 cm inferior to the mouth, and a piezo-electric contact microphone was placed over the larynx. Subjects also wore a full-face mask attached to a Fleisch type pneumotachograph to measure air flow, and a balloon catheter was inserted nasally and positioned within the lower esophagus to measure esophageal pressure. All subjects were instructed to perform at least 10 voluntary coughs at maximum strength, and then an additional 10 coughs at each of the following: 0-20%, 21-40%, 41-60%, 61-80%, and 81-100% of maximum strength. Subsets of the subjects also a) performed additional coughs 1 week later to assess repeatability, b) performed additional coughs while microphone position was adjusted, and c) performed coughs at any desired strength and then subjectively ranked the strength of the cough. One subject was monitored for 30 minutes and reflexive coughs were recorded. Researchers correlated various cough measurements with cough flow, finding that sound power and energy correlated the most strongly. Demographic and clinical data provided by publication.
	✓
	
	

	Y. Umayahara, Z. Soh, K. Sekikawa, T. Kawae, A. Otsuka, T. Tsuji
	A mobile cough strength evaluation device using cough sounds
	2018
	33 young adult, and 25 elderly adult, male and female healthy human subjects
	CPF (cough peak flow) estimation model. Cough sounds digitized by smartphone and filtered by frequency.
	Use of built-in microphone in Apple iPhone 6 smartphones to measure voluntary cough sounds from young and elderly healthy adults. Subjects were instructed to hold the bottom of the smartphone in right hand with elbow flexed to 90º, shoulder at 0º, and elbow internally rotated to 45º, with screen directed towards patient's mouth. Cough sounds were used to calculate cough peak flow, which were compared to direct measurements by a face mask with a flow sensor. Body weight, BMI, and height factored into analysis. Study determined that using cough sounds to estimate cough peak flow requires accounting for age.
	✓
	
	

	F. Barata, P. Tinschert, F. Rassouli, C. Steurer-Stey, E. Fleisch, M. A. Puhan, M. Brutsche, D. Kotz, T. Kowatsch
	Automatic recognition, segmentation, and sex assignment of nocturnal asthmatic coughs and cough epochs in smartphone audio recordings: observational field study
	2020
	94 adult male and female human subjects (aged 18-89 years) with asthma
	ML (convolutional neural network). Decibel filter was used to define silence.
	Samsung Galaxy A3 smartphones were placed next to subjects' beds and their built-in microphones were used to record continuous data including reflexive nocturnal cough sounds over 28 nights. Recordings were made by a proprietary chat-based app called Clara, which was based on the open-source MobileCoach behavioral intervention program; the program also asked subjects each morning whether they slept alone. Subjects were split into training and test datasets; model achieved 99.7% accuracy for cough recognition, and 74.8% accuracy for sex recognition of cough sounds; the latter of which was designed to distinguish subject coughs from partner coughs.
	✓
	
	

	L. J. Toop, K. P. Dawson, C. W. Thorpe
	A portable system for the spectral analysis of cough sounds in asthma
	1990
	3 pediatric human subjects with asthma
	Manual spectral analysis
	A contact microphone attached by suction to the posterior chest wall below the scapula and a non-contact condenser microphone in front of the mouth were used to record voluntary cough sounds from pediatric patients with asthma; air flow data was collected concurrently using a face mask attached to a flow meter. The system is attached via a preamplifier, filter, and analog to digital converter to a computer. Researchers describe qualitative differences in spectrograms from wheezes and coughs of three different asthmatic children; two children underwent exercise tests prior to recording.
	✓
	
	

	C. William Thorpe, W. R. Fright, L. J. Toop, K. P. Dawson
	A microcomputer-based interactive cough sound analysis system
	1991
	Pediatric human subjects with asthma
	Spectrography. Raw audio filtered by frequency and gain adjusted.
	A contact microphone (on the posterior chest wall) and a non-contact microphone in front of the mouth were used to record voluntary cough sounds from pediatric patients with asthma; air flow data was collected concurrently using a face mask attached to a flow meter. Data were collected at two-minute intervals after an exercise test; the presence of cough events was manually recorded by clinician.
	✓
	
	

	S. Subburaj, L. Parvez, T. G. Rajagopalan
	Methods of recording and analysing cough sound
	1996
	2 human subjects of unspecified age
	Manual analysis using ASYST software
	An electret condenser microphone was mounted onto the front of a subject's face and positioned just above the lateral aspect of the left nostril. The microphone was connected via a preamplifier to a tape recorder, in turn connected to a computer via an analog-to-digital converter. Audio was recorded continuously for 4 hours, and reflexive coughs were manually identified and labeled by researchers listening to the recordings. Researchers then analyzed waveforms of cough sounds to differentiate qualities of coughs, including wet vs. dry.
	✓
	
	

	J. Plevkova, T. Buday, N. Kavalcikova-Bogdanova, L. Kovacikova, R. Ruzinak
	Role of gender in basic cough research
	2016
	24 male and female guinea pigs in a laboratory 
	Manual analysis using Sonic Visualizer software
	Animals were placed one by one in a plethysmograph consisting of a head and body chamber. A microphone was placed in the roof of the head chamber and connected to a preamplifier and MP3 recorder. Reflexive coughs were induced using nebulized citric acid; 10 minutes of data were recorded - including simultaneous airflow measurements using apneumotachograph - for each animal. Experiment was repeated 4 times, one week apart, for each animal. Researchers found increased number of coughs and decreased cough latency in female guinea pigs compared to males.
	✓
	
	

	J. Zhuang, L. Zhao, X. Gao, F. Xu
	An advanced recording and analysis system for the differentiation of guinea pig cough responses to citric acid and prostaglandin E2 in real time
	2019
	21 guinea pigs in a laboratory setting
	Spectrography using fast discrete Fourier transformation. Cough events identified manually and analyzed visually.
	Guinea pigs were individually placed in plethysmograph chambers with a Sony electret condenser lavalier microphone mounted on the roof. Video cameras were used to monitor body posture, and a pneumotachograph was used to measure respiratory flow. All data was recorded continuously while reflexive coughs were stimulated by aerosolized citric acid & PGE2 for 10 minutes, with an additional 20 minutes of observation after delivery. Coughs evoked by each chemical were found to be acoustically distinct, with different cough rate and interval.
	✓
	
	

	Cough Diagnosis Classification

	P Piirilä, A. R. Sovijärvi
	Differences in acoustic and dynamic characteristics of spontaneous cough in pulmonary diseases
	1989
	31 male and female adult human subjects, aged 24-68 years, with spontaneous cough in the context of various pulmonary diseases
	Manual spectrograph analysis
	Cough sounds were recorded using a condenser microphone mounted in a plastic piece attached to the chest at the level of the manubrium. The microphone was connected to a tape recorder. Patients were seated in an acoustically isolated room, and breathing air was measured through a pneumotachograph. Spectrographs of cough sounds and air flow were analyzed to distinguish etiologies of cough, with certain patterns of differences identified.
	✓
	
	

	J. Knocikova, J. Korpas, M. Vrabec, M. Javorka
	Wavelet analysis of voluntary cough sound in patients with respiratory diseases
	2008
	65 male and female adult human subjects; 26 healthy controls, 17 asthma patients, and 22 COPD patients
	Manual analysis after wavelet transform
	Each subject produced three voluntary coughs with maximal effort after mximal inspiration. Recordings were made by a condenser microphone placed a "constant" but unspecified distance from the patient's mouth, in a quiet echo-free room. The single cough sound with maximal intensity from each subject was chosen for analysis. Researchers found significant differences between coughs from control, asthmatic, and COPD subjects.
	✓
	
	

	A. A. Abaza, J. B. Day, J. S. Reynolds, A. M. Mahmoud, W. T. Goldsmith, W. G. McKinney, E. Lee Petsonk, D. G. Frazer
	Classification of voluntary cough sound and airflow patterns for detecting abnormal pulmonary function
	2009
	112 male and female adult human subjects in West Virginia; 52 normal and 60 with obstructive or restrictive lung disorders (diagnosed by pulmonologist)
	ML (deep neural network, principal component analysis). Upper and lower limit frequency filtering applied.
	Subjects were trained to produce optimal voluntary coughs, detected with a microphone attached to a mouthpiece in subject's mouth during recording. Sound data combined with pressure and airflow data from each cough. Dataset included three coughs - each analyzed separately - from each individual. Model's goal was to identify pathologic coughs relative to healthy coughs. Demographic and clinical information available in publication.
	✓
	
	

	R. V. Sharan, U. R. Abeyratne, V. R. Swarnkar, S. Claxton, C. Hukins, P. Porter
	Predicting spirometry readings using cough sound features and regression
	2018
	322 adult human subjects, healthy or with obstructive, restrictive, or mixed respiratory conditions, presenting to a respiratory function laboratory; diagnoses made by physicians and confirmed with lung function tests
	ML (time-delay deep neural network, linear and nonlinear regression models). Background noise filtered using bandpass filter.
	The built-in microphone of an Apple iPhone 6S was held 20-50 cm away from the mouth of the subject at approximately 45º to record mostly voluntary, but some reflexive cough sounds. Recording was done using an app developed by ResApp Health Limited. Recordings were made by research nurses, with ambient background noise. Algorithm was tested on recordings from 49 individuals not included in training set; achieved sensitivity of 84.95% and 98.51% in predicting spirometry results based on cough sounds. Moderately robust demographic data included in publication.
	✓
	
	

	P. Porter, S. Claxton, J. Brisbane, N. Bear, J. Wood, V. Peltonen, P. Della, F. Purdie, C. Smith, U. Abeyratne
	Diagnosing chronic obstructive airway disease on a smartphone using patient-reported symptoms and cough analysis: diagnostic accuracy study
	2020
	252 male and female adult human subjects, with or without COPD, recruited from an emergency department, inpatient wards, and outpatient settings of a hospital in Western Australia
	ML (SoftMax neural network)
	Five voluntary coughs were recorded using the built-in microphone of an Apple iPhone 6, held 50 cm from the subject at a 45º angle. Recordings included ambient noise of the clinical environment, but care was taken to avoid other people's coughs and voices. The algorithm also included 4 pieces of clinical data: participant age, smoking pack-years, and participant-reported presence of acute cough or fever. Output of the model was compared to diagnosis by a specialist physician, ultimately achieving positive percent agreement of 93.8% and negative percent agreement of 77.0%. Robust demographic and clinical information provided in publication.
	✓
	
	

	L. Lonini, N. Shawen, O. Botonis, M. Fanton, C. Jayaraman, C. K. Mummidisetty, S. Y. Shin, C. Rushin, S. Jenz, S. Xu, J. A. Rogers, A. Jayaraman
	Rapid screening of physiological changes associated with COVID-19 using soft-wearables and structured activities: a pilot study
	2021
	29 adult human subjects; 10 inpatient COVID-19 positive, 5 home-quarantining COVID-19 positive, and 14 healthy controls
	ML (support vector machine)
	Subjects wore a soft wearable sensor attached to the suprasternal notch, which recorded respiratory rate, heart rate, physical activity, and reflexive and voluntary cough sounds (microphone specifics not provided). Subjects were instructed to perform a 2-minute sequence of activities (a "snapshot"), during which the wearable device collected data. Model was created to combine all collected data modalities (including cough) to diagnose COVID-19. Robust demographic and clinical data included in publication.
	✓
	
	

	J. Korpas, M. Vrabec, J. Sadlonova, D. Salat, L. A. Debreczeni
	Analysis of the cough sound frequency in adults and children with bronchial asthma
	2003
	20 human male and female adult patients and 21 human male and female pediatric patients with bronchial asthma, and 25 human male and female adult healthy volunteers, in Slovakia
	Spectral analysis with fast Fourier transformation. Recordings smoothed using PASCAL's Triangle.
	A microphone connected to a tape recorder recorded voluntary cough sounds from all patients and healthy volunteers. Cough sound spectra in pediatric and adult bronchial asthma patients were distinct from healthy volunteers.
	✓
	
	

	R. X. A. Pramono, S. A. Imtiaz, E. Rodriguez-Villegas
	A cough-based algorithm for automatic diagnosis of pertussis
	2016
	38 publicly available recordings of human pediatric and adult cough sounds
	ML (support vector machine). Cough and whoop events isolated from full recording then classified.
	Use of publicly available cough recordings (of unknown recording methodology) to diagnose pertussis, using cough detection and classification along with whoop detection.
	✓
	
	

	C. Brown, J. Chauhan, A. Grammenos, J. Han, A. Hasthanasombat, D. Spathis, T. Xia, P. Cicuta, C. Mascolo
	Exploring automatic diagnosis of COVID-19 from crowdsourced respiratory sound data
	2020
	6,613 male and female, adult and pediatric human subjects crowdsourced through an Android and web app; 235 subjects reported having current COVID-19 infection. 141 COVID-infected individuals, 298 healthy non-smoking controls, 32 COVID-negative individuals with cough, and 20 individuals with asthma were selected for analysis in this publication.
	ML (logistic regression, gradient boosting trees, support vector machines)
	App users submitted demographic information, medical history, hospitalization status, COVID-19 test status, and current symptoms; they then coughed voluntarily 3 times, took 3-5 deep breaths through the mouth, and read a sentence 3 times. Curated set of data (collected through May 22, 2020) was used for training and analysis of model, given imbalance of COVID-19 positive users in overall dataset. Healthy controls were selected from countries where COVID-19 was not prevalent at the time of data collection: Albania, Bulgaria, Cyprus, Greece, Jordan, Lebanon, Sri Lanka, Tunisa, and Vietnam. Data was separated into training and test sets. Algorithm achieved 80% ROC-AUC in distinguishing COVID-positive individuals from healthy controls (using cough and breath sounds), 82% ROC-AUC in distinguishing COVID-positive individuals from individuals with non-COVID cough (using cough sounds alone), and 80% ROC-AUC in distinguishing COVID-positive individuals from asthmatic individuals (using breath sounds alone).
	✓
	
	

	A. Kumar, K. Abhishek, C. Chakraborty, N. Kryvinska
	Deep learning and internet of things based lung ailment recognition through coughing spectrograms
	2021
	112 pedatric and adult human patients from an outpatient practice in India, including healthy controls and patients with common cold, tonsillitis, adenoids, foreign body in throat, laryngotracheobronchitis, croup, asthma, pneumonia, pleural effusion, COPD, and tuberculosis
	ML (deep convolutional neural network)
	Cough sounds were recorded from subjects through an unknown recording methodology. Vital signs were also collected. Authors designed a deep learning and Internet of Things (IoT) based model for diagnosing respiratory illnesses using cough spectrograms. Results of model in determining etiology of cough sounds were mixed, with some diseases well-classified and others not.
	✓
	
	

	M. S. Al-Ani, T. S. Mohammed, A. I. Sultan, H. I. Sultan, K. M. A. Alheeti, K. M. Aljebory
	Detection and diagnostic approach of COVID-19 based on cough sound analysis
	2021
	38 adult and pediatric male and female human subjects, recruited from a primary care center in Iraq; patients were either COVID-19 positive or previously diagnosed with other respiratory diseases
	ML (discrete wavelet transform). Background noise removed using Kaiser and Savitzky-Golay filters.
	Patients were instructed to breathe deeply and produce a voluntary cough sound, which was recorded using an HONOR 8x smartphone. ML model sought to differentiate COVID-19 cough patterns from those of other respiratory illnesses.
	✓
	
	

	N. M. Manshouri
	Identifying COVID-19 by using spectral analysis of cough recordings: a distinctive classification study
	2021
	16 male and female adult and pediatric human subjects (15 adults and 1 adolescent), with or without COVID-19 (confirmed by PCR), in inpatient and outpatient settings
	ML (support vector machine). Short-time Fourier transform used as initial processing.
	Recordings were made using "Virufy" mobile app with unspecified recording methodology. Model was trained and tested using leave-one-out and hold-out cross-validation; peak accuracy achieved across different versions of the algorithm was 87.7% in differentiating coughs from COVID-19 positive and negative patients. Some demographic and clinical data provided in publication.
	✓
	
	

	J. Hirschberg
	Acoustic analysis of pathological cries, stridors and coughing sounds in infancy
	1980
	180 pediatric (infant) human subjects with 40 different diseases seen over a 17-year period, and 20 healthy control infants, in inpatient hospital setting
	Sound spectrography, fundamental frequency meter and the minimal-time-interval spectra technique
	Condenser microphone was placed 15 cm from infant's mouth and connected to a tape recorder. Respiratory noises and reflexive cough sounds were recorded in noiseless surroundings, at rest or after a painful stimulus. Sound events were manually selected from recordings for analysis. Different qualities of infant cries, coughs, and stridor were identified and analyzed, and correlated to diagnoses, determined from pediatric and otorhinolaryngological examinations, as well as X-rays, endoscopies, enzyme and genetic studies, and angiography, among other diagnostic techniques.
	✓
	
	

	L. J. Toop, C. W. Thorpe, R. Fright
	Cough sound analysis: a new tool for the diagnosis of asthma?
	1989
	Two pedatric human subjects, one with asthma (determined from case notes and pulmonary function testing) and one healthy control
	Spectrographic analysis using fast Fourier transformation
	Voluntary coughs were recorded before and after exercise tests using a condenser lapel microphone connected to a tape recorder. Reflexive nocturnal coughs were also recorded from the asthmatic child. Study found differences in spectrography between post-exercise coughs in the asthmatic vs. healthy child, but not between coughs at rest. The nocturnal cough from the asthmatic child was similar to the post-exercise cough.
	✓
	
	

	K. P. Dawson, C. W. Thorpe, L. J. Toop
	The spectral analysis of cough sounds in childhood respiratory illness
	1991
	3 pediatric human subjects with pertussis, infective exacerbation of cystic fibrosis, or bronchiolitis
	Manual spectral analysis following Fourier transformation
	Reflexive cough sounds were recorded using the built-in microphone of a tape recorder; recordings were then transferred to a computer for analysis. Researchers describe qualitative differences in the cough spectrograms between the cough sounds of 3 different etiologies in 3 different children.
	✓
	
	

	C. W. Thorpe, L. J. Toop, K. P. Dawson
	Towards a quantitative description of asthmatic cough sounds
	1992
	17 male and female pediatric human subjects, 12 with asthma and 5 healthy controls
	Manual spectral analysis following Hamming window and Fourier transformation.
	Subjects produced voluntary coughs into a custom-built pneumotachograph, with a microphone attached to the exhaust end. One cough per subject was collected at baseline, and then after 2, 4, 6, 8, 10, and 15 minutes after a 6 minute free running exercise test (total of 7 coughs per subject). Researchers extracted a multitude of features from cough spectrograms and compared asthmatic vs. non-asthmatic coughs, finding significant differences. By adding multiple variables into a multivariate analysis, researchers could classify asthmatic vs. non-asthmatic coughs with an error rate as low as 18%. Demographic and clinical information provided by publication.
	✓
	
	

	J. Urkin, Y. Ishay, N. Bilenko, Y. Bar-David, E. Gazala, A. Mijalovsky, V. Lapidus
	Night-time cough in children with acute wheezing and with upper respiratory tract infection
	2008
	49 pediatric human subjects with either upper respiratory tract infection or acute wheezing, recruited from outpatient clinics
	Proprietary cough detection software, verified by manual listening
	An unspecified "cough monitoring instrument," which included a voice recorder and unspecified microphone connected to a laptop with installed proprietary software, was placed near the child's bed and recorded continuous audio from 11 pm to 6 am, collecting reflexive coughs while the child was sleeping. Proprietary software detected and analyzed cough sounds, with verification by a researcher who removed "cough-like sounds" from analysis. Analysis ultimately found significant statistical differences in cough sounds between the children with acute wheeze and those with upper respiratory tract infections.
	✓
	
	

	M. Al-khassaweneh, R. B. Abdelrahman
	A signal processing approach for the diagnosis of asthma from cough sounds
	2013
	32 pediatric human male and female, asthmatic and non-asthmatic subjects, at health centers in Jordan
	Wigner distribution & Wavelet transform
	Cough sounds were recorded from asthmatic and non-asthmatic pediatric patients using a Sony IC recorder in noise-free rooms at health centers in Jordan. Patient age and gender were also collected, and used in conjunction with analysis of cough sounds to diagnose asthma.
	✓
	
	

	U. R. Abeyratne, V. Swarnkar, A. Setyati, R. Triasih
	Cough sound analysis can rapidly diagnose childhood pneumonia
	2013
	Pediatric human subjects with pneumonia, bronchiolitis, bronchitis, asthma, and rhinopharyngitis in a Respiratory Medicine Unit of an Indonesian hospital
	ML (logistic regression model)
	Two directional cardioid microphones were placed at the subject's bedside, one pointed directly towards the subject and the other in the opposite direction (to facilitate background noise differentiation). Continuous recordings (ranging from 11 min to 12 hours 34 min, average duration 4hours 3 min) included reflexive cough sounds from patients with pneumonia or non-pneumonia respiratory diseases. Cough sounds were manually isolated from recordings. Age, presence of fever, and breathing rate were also incorporated into algorithm. Separate datasets were used for training and testing of model, called Pneumonic Cough Index; model achieved sensitivity of >90% with specificity of >85% in diagnosing pneumonia.
	✓
	
	

	K. Kosasih, U. R. Abeyratne, V. Swarnkar, R. Triasih
	Wavelet augmented cough analysis for rapid childhood pneumonia diagnosis
	2015
	91 male and female pediatric human subjects (aged 1 month - 15 years) recruited from the Respiratory Medicine Unit of an Indonesian hospital; 63 patients with pneumonia and 28 with other respiratory conditions including bronchitis, asthma, or rhinopharyngitis
	ML (logistic regression model following wavelet analysis). Cough sounds were manually identified and segmented before analysis.
	Two cardioid microphones were placed at the bedside, one at 40-70 cm from the patient's mouth, and the other pointing away from the patient to identify background noise. Audio was recorded continuously, including reflexive coughs, for an average 4 hours and 3 minutes. Data was separated into training and testing groups. Algorithm achieved 94% sensitivity and 63% specificity in classifying pneumonia using wavelet features alone; combining with other cough sound features yielded an increase inspecificity to 88%.
	✓
	
	

	R. V. Sharan, U. R. Abeyratne, V. R. Swarnkar, P. Porter
	Automatic croup diagnosis using cough sound recognition
	2018
	479 male and female pediatric human subjects (aged 0-192 months) with pneumonia, asthma, bronchiolitis, croup, and upper respiratory tract infection, in two hospitals in Western Australia
	ML (logistic regression model, support vector machine).
	An Apple iPhone 6S was placed 50 cm from the mouth of the subject at approximately a 45º angle to record voluntary and reflexive cough sounds in ambient hospital background noise. Cough sounds from 364 patients (43 with croup, 321 without) were used to train the model, which was then tested on the remaining 115 (13 with croup, 102 without). Diagnoses, clinical findings, laboratory and imaging results, and demographic information was also collected, though was not incorporated into algorithm. Multiple models were tested, with accuracies ranging from 77.20% to 96.70% in diagnosing croup. Limited demographic data (age, gender) provided in publication.
	✓
	
	

	H. I. Hee, B. T. Balamurali, A. Karunakaran, D. Herremans, O. H. Teoh, K. P. Lee, S. S. Teng, S. Lui, J. M. Chen 
	Development of machine learning for asthmatic and healthy voluntary cough sounds: a proof of concept study
	2019
	89 male and female pediatric human subjects with asthma, recruited from an inpatient ward and emergency department of a hospital in Singapore, and 89 male and female healthy pediatric subjects recruited from the Day Surgery Unit of the same hospital
	ML (Gaussian mixture model - universal background model). Pre-processing included detrending, rescaling, and down-sampling.
	Voluntary coughs were recorded using a Samsung 6 smartphone in the presence of ambient background noise; each child produced 8-15 coughs. Inpatient asthmatics were recorded on each day of their admission. Separate data sets were used for training and testing the model, which achieved 83.76% accuracy in differentiating coughs from healthy vs. asthmatic children. Robust demographic and clinical information provided in publication.
	✓
	
	

	P. Porter, U. Abeyratne, V. Swarnkar, J. Tan, T. Ng, J. M. Brisbane, D. Speldewinde, J. Choveaux, R. Sharan, K. Kosasih, P. Della
	A prospective multicentre study testing the diagnostic accuracy of an automated cough sound centred analytic system for the identification of common respiratory disorders in children
	2019
	585 inpatient and outpatient male and female human pediatric patients with respiratory disease (rhinorrhea, cough, wheeze, stridor, increased work of breathing, or shortness of breath) from two hospitals in Western Australia from 2015-2018.
	ML (SoftMax neural network). Audio pre-processed by proprietary app developed by ResApp Health.
	Built-in microphones on Apple iPhone 6 smartphones were held 25-50cm away from a subject's mouth with the microphone angled towards the subject at 45º. Recordings were made by pediatric research nurses including hospital background noise, and included 5-10 reflexive or voluntary coughs from each subject. Demographics, medical history, vital signs and other clinical findings, and responses to treatment were collected from hospital charts for review by four pediatric clinicians for clinical diagnosis, which was compared to algorithm output. Algorithm was trained on 852 patients independent of 585 test subjects; results from test population showed positive and negative percent agreements between 77%-98% for different diseases and age groups. Despite the strength of the study, very limited demographic information is provided, limiting generalizability of the algorithm.
	✓
	
	

	Balamurali B. T., H. I. Hee, O. H. Teoh, K. P. Lee, S. Kapoor, D. Herremans, J.-M. Chen
	Asthmatic versus healthy child classification based on cough and vocalised /ɑ:/ sounds
	2020
	71 asthmatic pediatric human subjects recruited from inpatient and outpatient settings, and 135 healthy pediatric human subjects recruited from a surgical unit, all from one hospital in Singapore
	ML (Gaussian mixture model). Coughs and vocalized sounds were detrended and normalized prior to analysis.
	Cough sounds were collected from asthmatic (voluntary and reflexive cough sounds) and healthy (voluntary cough sounds) children using a built-in smartphone microphone in ambient noise typical of a clinical setting. Each child coughed on average 10-12 times; each cough was segmented manually for separate analysis. Long "a" sounds (as in Father) were also collected. Models were tested using separate subjects than were used for training; models using cough sounds were more effective (95.6% sensitive, 95% specific) than vowel vocalizations (82.2% sensitive, 70% specific) in classifying asthmatic vs. healthy sounds. Limited demographic information provided.
	✓
	
	

	N. Bisballe-Müller, A. B. Chang, E. J. Plumb, V. M. Oguoma, S. Halken, G. B. McCallum
	Can acute cough characteristics from sound recordings differentiate common respiratory illnesses in children?: A comparative prospective study.
	2021
	148 male and female pediatric human subjects (aged 2 weeks-16 years); 118 hospitalized with asthma, bronchiolitis, pneumonia, or other acute respiratory infections, and 30 healthy controls, in Australia. 50% of subjects were First Nations children.
	Sounds analyzed manually by clinicians using Adobe Audition
	A Sony ICD-PX470 Digital Voice Recorder was attached to the subject's bed or around the subject's neck using a lanyard, and used to record continuously for 24 hours, including reflexive cough sounds. Demographic data, as well as cough questionnaires administered to caregivers, were also collected. Clinicans manually listened to recordings to identify and characterize cough sounds; one randomly extracted cough from each subject was separately characterized manually by clinicians, who provided their suspected diagnosis. Assessors were blinded to each other, clinical data, and child's diagnosis. Neither cough frequency, cough sound, or cough characteristics (wet/dry) could differentiate between diagnoses when assessed by clinicians. Study includes robust demographic data.
	✓
	
	

	R. V. Sharan, S. Berkovsky, D. F. Navarro, H. Xiong, A. Jaffe
	Detecting pertussis in the pediatric population using respiratory sound events and CNN
	2021
	42 publicly available YouTube recordings of pediatric subjects with pertussis, asthma, bronchiolitis, croup, and pneumonia
	ML (convolutional neural network)
	Recordings were made with unknown methodology, though authors speculate most were recorded using built-in smartphone microphones and took place in a variety of settings. Recordings were of varying quality; some had signal to noise ratios as low as 16 dB. Six recordings not used for training were used to test the model's ability to diagnose pertussis; model achieved an accuracy of 90.48%.
	✓
	
	

	V. R. Swarnkar, U. Ranjith Abeyratne, J. Tan, T. W. Ng, J. M. Brisbane, J. Choveau
	Stratifying asthma severity in children using cough sound analytic technology
	2021
	224 pediatric human subjects (aged 29 days - 12 years), 103 without acute asthma (with and without a history of asthma) and 121 with acute asthma, recruited from inpatient and outpatient settings in a hospital in Western Australia
	ML (logistic regression model)
	The built-in microphone of an Apple iPhone 6 was held 25-50 cm away from the mouth of the subject, with the microphone angled toward the subject at 45º. Recordings were made by a research nurse with ambient background noise, though cough sounds from other people were avoided. Subjects produced at least 5 reflexive or voluntary coughs; asymptomatic subjects only produced voluntary coughs. Pulmonary Score was also calculated for each subject, and clinical examination was performed by specialist nurses. Algorithm was trained and tested on separate data sets, and sought to distinguish severity of asthma based on cough sounds. Cough analysis alone separated no disease from moderate disease (as measured by Pulmonary Score), and addition of respiratory rate to the model enabled separation of no/mild disease from severe disease. Demographic and clinical data provided by publication.
	✓
	
	

	A. A. Abaza, A. M. Mahmoud, J. B. Day, W. T. Goldsmith, A. A. Afshari, J. S. Reynolds, D. G. Frazer
	Feature selection of voluntary cough patterns for detecting lung diseases
	2009
	112 male and female adult human subjects of unspecified age; 52 normal and 60 with obstructive or restrictive lung disease
	ML (principal component analysis)
	A cylindrical mouthpiece was placed in the subject's mouth; a condenser microphone attached to the mouthpiece recorded voluntary cough sounds, and a pneumotach with a differential pressure transducer measured airflow. Subjects viewed a video describing an ideal cough, with instruction regarding lung volume and keeping the glottis open at the end of the cough. Subjects were instructed to inhale to total lung capacity, exhale, then inhale again to total lung capacity, form a seal with their teeth and lips around the mouthpiece, and cough vigorously three times. Researchers sought to identify the ideal feature selection algorithm to distinguish coughs from healthy individuals vs. individuals with lung disease.
	 
	
	

	G. H. R. Botha, G. Theron, R. M. Warren, M. Klopper, K. Dheda, P. D. van Helden, T. R. Niesler
	Detection of tuberculosis by automatic cough sound analysis
	2018
	38 human subjects of unspecified age, 17 with tuberculosis (confirmed with sputum culturing) and 21 healthy controls
	ML (logistic regression)
	Voluntary cough sounds were recorded in a "controlled environment," using a Rhode M3 microphone connected to a handheld audio recorder, placed 15-40 cm from the patients. Clinical data was also collected. 20% of the data was reserved for testing the model, which ultimately achieved 78% accuracy in distinguishing TB from healthy coughs, which improved to 82% when sound analysis was combined with clinical measurements.
	✓
	
	

	A. Imran, I. Posokhova, H. N. Qureshi, U. Masood, M. S. Riaz, K. Ali, C. N. John, I. Hussain, M. Nabeel
	AI4COVID-19: AI enabled preliminary diagnosis for COVID-19 from cough samples via an app
	2020
	Human subjects of unspecified age, with bronchitis, pertussis or COVID-19, or healthy controls
	ML (convolutional neural network). Sound data un-compressed but limited to 3 seconds in length.
	Built-in microphones in smartphones were used to collect voluntary cough sounds from healthy controls, as well as patients with pertussis, bronchitis, and COVID-19. ML model was trained with the goal of detecting cough sounds and diagnosing COVID-19 via a smartphone app in which users could submit cough sounds for analysis.
	✓
	
	

	G. Rudraraju, S. Palreddy, B. Mamidgi, N. R. Sripada, Y. P. Sai, N. K. Vodnala, S. P. Haranath 
	Cough sound analysis and objective correlation with spirometry and clinical diagnosis
	2020
	110 human subjects with respiratory disease (asthma, bronchitis, bronchiectasis, COPD, ILD, pneumonia, tuberculosis, and "other") and 40 healthy controls of unspecified age
	ML (k-nearest neighbor, random forest, support vector machine, and artificial neural network)
	Voluntary coughs were recorded from diseased subjects and healthy controls in 1-2 minute continuous recordings; recording methodology unknown. Spirometry data was used for 40 subjects to correlate the findings of the cough diagnosis algorithm. Model used various features of cough (duration, energy, and zero crossing rate) to distinguish obstructive, restrictive, and normal patterns of cough sounds, proposing this mechanism as an alternative to spirometry.
	✓
	
	

	A. Pal, M. Sankarasubbu
	Pay attention to the cough: early diagnosis of COVID-19 using interpretable symptoms embeddings with cough sound signal processing
	2021
	150 COVID-19 positive or negative human individuals of unspecified age from an Indian hospital. Publicly available bronchitis and asthma cough sounds also used.
	ML (multilayer perceptron neural network). Audio center-clipped to detect fundamental frequency of cough.
	Cough sounds from COVID-19 positive and negative individuals, as well as publicly available bronchitis and asthma sounds, were used together with demographic data, symptoms data, and other breathing and voice sounds. Model performed better when symptoms data were included as opposed to cough sounds alone.
	 
	
	

	A. Renjini, M. S. Swapna, V. Raj, S. Sreejyothi, S. Sankararaman
	Neural net pattern recognition based auscultation of croup cough and pertussis using phase portrait features
	2021
	75 cough signals from human subjects of unspecified age with croup or pertussis
	ML (cubic k-nearest neighbor and neural network-based pattern recognition)
	75 cough sounds from unspecified human subjects, collected with unspecified methodology, were used to create and evaluate two machine learning models for distinguishing croup and pertussis cough sounds. Researchers found that their neural network-based pattern recognition model performed better than cubic k-nearest neighbor.
	✓
	
	

	E. A. Mohammed, M. Keyhani, A. Sanati‐Nezhad, S. H. Hejazi, B. H. Far
	An ensemble learning approach to digital corona virus preliminary screening from cough sounds
	2021
	Crowd sourced from 114 COVID-positive and 1,388 COVID-negative human subjects of unspecified age
	ML (shallow learning and convolutional neural network, among other tested models). Cough recordings of COVID-positive individuals segmented into non-overlapped segments.
	Crowdsourced cough sound recordings, recorded with unknown methodology, from individuals with and without COVID-19 infections were analyzed with the goal of identifying infected individuals based on a single cough sound. Deep learning models showed better performance than shallow learning models, with convolutional neural network showing the highest performance.
	✓
	
	

	G. Muhammad, S. Alqahtani, A. Alelaiwi
	Pandemic management for diseases similar to COVID-19 using deep learning and 5G communications
	2021
	400 publicly available cough sounds from human subjects of unknown age, with and without COVID-19
	ML (convolutional neural network)
	Publicly available cough sounds of unknown recording methodology were analyzed with the goal of diagnosing COVID-19 based on cough. A separate ML model used 1000 publicly available chest X-rays to diagnose COVID-19. 30% of data from both models was reserved for testing; cough algorithm achieved 95% accuracy, while the chest X-ray algorithm achieved 98% accuracy. Article mostly focuses on proposed frameworks for integrating ML into health systems, with the proof-of-concept experiment being a lesser focus.
	✓
	
	

	J. Andreu-Perez, H. Perez-Espinosa, E. Timonet, M. Kiani, M. I. Giron-Perez, A. B. Benitez-Trinidad, D. Jarchi, A. Rosales-Perez, N. Gatzoulis, O. F. Reyes-Galaviz, A. Torres-Garcia, C. A. Reyes-Garcia, Z. Ali, F. Rivas
	A generic deep learning based cough analysis system from clinically validated samples for point-of-need COVID-19 test and severity levels
	2021
	Human subjects of unspecified age, presenting to a Spanish hospital or Mexican lab for qRT-PCR COVID-19 test between April-September 2020. 8,380 coughs collected; number of patients not specified.
	ML (convolutional neural network). Sound data filtered with cutoff frequency.
	Cough sounds were detected from raw audio recording (via built-in microphone of mobile phone, laptop, or tablet) of individuals presenting for COVID-19 qRT-PCR using proprietary web application called CoughDetect. Cough sounds were then analyzed to determine presence and relative severity of COVID-19 infection. Results of qRT-PCR tests and lymphocyte counts were also collected.
	✓
	
	

	K. K. Lella, A. Pja
	Automatic diagnosis of COVID-19 disease using deep convolutional neural network with multi-feature channel from respiratory sound data: cough, voice, and breath
	2021
	Crowdsourced voice, breath, and cough sounds from web-based and Android applications, from human subjects of unspecified age with COVID-19, asthma, pertussis, bronchitis, or healthy subjects
	ML (deep convolutional neural network)
	Crowdsourced data consisting of voice, breath, and cough sounds - recorded through unknown methodology - from healthy individuals or subjects with COVID-19, pertussis, bronchitis, or asthma were used to build and test the model. Samples were separated for training and testing; model achieved 95.45% accuracy in diagnosing COVID-19.
	✓
	
	

	M. Melek
	Diagnosis of COVID-19 and non-COVID-19 patients by classifying only a single cough sound.
	2021
	Two publicly available cough sound datasets were used. Virufy COVID-19 open cough data set: 16 human subjects of unspecified age in a hospital, with or without COVID-19 infection. NoCoCoDa: cough sounds recorded from public media interviews with 10 COVID-19 patients of unspecified age.
	ML (support vector machine, k-nearest neighbors, partial least squares regression)
	Publicly available cough sounds of unknown recording methodology were analyzed with the goal of identifying a ML classification model that could diagnose COVID-19 based on a single cough sound. Using leave-one-out cross-validation to test the algorithm, an accuracy rate of 98.33% was achieved.
	✓
	
	

	P. Mouawad, T. Dubnov, S. Dubnov
	Robust detection of COVID‑19 in cough sounds using recurrence dynamics and variable Markov model
	2021
	1,927 cough sounds, and 1,488 "ah" vowel sounds, from COVID-19 positive and negative human subjects of unknown age, collected from a crowdsourced dataset
	ML (recurrence dynamics and variable Markov models)
	Audio recordings of voluntary coughs and sustained vowel sounds, of unknown recording methodology, were taken from the Corona Voice Detect crowdwourced database. The database also included demographic data, which was not included in algorithm analysis. Vast majority of sounds were from healthy individuals, thus healthy samples were undersampled for algorithm training. The goal of the model was to identify COVID-19 cough and vowel sounds relative to healthy sounds.
	✓
	
	

	A. Van Hirtum, D. Berckmans 
	Assessing the sound of cough towards vocality
	2002
	12 non-smoking human adults, 9 healthy and 3 with common cold, between ages of 20-30, as well as two healthy piglets and two piglets with respiratory infection
	Autocorrelation analysis used to detect fundamental frequency of cough sounds. Pre-processed via spectral flattening of audio signal.
	A "standard multi-media" microphone was held 0.3-0.5 m from human subjects, or 0.3-1.7 m from piglet subjects. Voluntary coughs were recorded from healthy human subjects, while reflexive coughs were recorded from human subjects with common cold. Reflexive coughs were recorded from healthy piglets via administration of nebulized citric acid, and reflexive coughs were recorded from infected piglets without chemical administration. Study found diifferent fundamental frequencies for coughs from healthy vs. diseased subjects.
	✓
	
	

	A. Van Hirtum, D. Berckmans
	Objective recognition of cough sound as biomarker for aerial pollutants.
	2003
	12 pigs in a laboratory
	ML (fuzzy c-means clustering). Pre-processing included Fast Fourier Transform and Hanning window.
	Pigs were placed one by one into enclosed inhalation chambers and exposed to either: a) aerosolized citric acid alone, b) aerosolized ammonia followed by aerosolized citric acid, c) suspended dust particles followed by aerosolized citric acid, or d) sustained low temperature followed by aerosolized citric acid. Continuous sound (including reflexive coughs) was recorded for 30 minutes following citric acid administration, using an unspecified recording setup. Algorithm sought to differentiate coughs induced by different aerial pollutants.
	✓
	
	

	S. Ferrari, M. Silva, M. Guarino, D. Berckmans
	Characterisation of cough sounds to monitor respiratory infections in intensive pig farming
	2007
	380 pigs from two different farms, infected with Pasteurella Multocida or A. Pleuropneumoniae, and 6 healthy piglets in a laboratory setting
	Manual analysis of recordings using Adobe Audition. Raw signal band pass filtered to eliminate low frequency noise.
	Reflexive coughs from infected pigs in the farm setting were recorded using 7 hanging microphones with preamplifiers connected to an 8-channel Soundscape unit; exact position of microphones not detailed. Healthy piglets were induced to produce reflexive coughs using aerosolized citric acid; recording methodology not included. Researchers manually determined duration of cough sounds, time between coughs, and frequency of cough sounds, and found significant differences in frequency and duration of cough sounds between healthy and infected pigs.
	 
	
	

	S. Ferrari, M. Silva, M. Guarino, J. M. Aerts, D. Berckmans
	Cough sound analysis to identify respiratory infection in pigs
	2008
	300 pigs with pneumonic pasteurellosis in a farm setting, and a previously generated database of cough sounds from 6 healthy pigs in a laboratory
	Manual analysis using Adobe Audition and Fast Fourier. Raw signal was band pass filtered to remove background noise.
	An omnidirectional electret microphone, connected to a laptop, was carried around the stable of infected animals to get close to animals (maximum 1 m distance) while they were reflexively coughing. Previously generated recordings of reflexive coughs from pigs exposed to nebulized citric acid were used as comparison. Root Mean Square normalized pressure, fundamental frequency, and duration of cough sounds were compared between the two groups; authors found significant differences in all three variables.
	✓
	
	

	V. Exadaktylos, M. Silva, J. M. Aerts, C. J. Taylor, D. Berckmans
	Real-time recognition of sick pig cough sounds
	2008
	6 male and female piglets in laboratory setting
	ML (fuzzy c-means clustering analyzed with custom modified algorithm). Raw audio filtered and windowed before analysis.
	A unidirectional electret microphone was used to record reflexive coughs in two settings; coughs were initially provoked by injecting nebulized citric acid into an inhalation chamber, then piglets were given intratracheal administration of pasteurella multocida and lipopolysaccharide from E. coli. 231 chemically induced coughs, 291 sick coughs, and 149 other sounds were collected; model sought to distinguish sick coughs from chemically-induced coughs and non-cough sounds.
	✓
	
	

	V. Exadaktylos, M. Silva, S. Ferrari, M. Guarino, C. J. Taylor, J.-M. Aerts, D. Berckmans
	Time-series analysis for online recognition and localization of sick pig (Sus scrofa) cough sounds
	2008
	6 male and female healthy piglets in a laboratory, and 350 pigs in a stable in Milan, Italy
	ML (autoregression analysis). Time difference of arrival used for localization. Initial bandpass filtering using tenth order Butterworth filter.
	For the laboratory animals, "healthy" reflexive coughs were induced via inhalation of citric acid. Animals were then administered lipopolysaccharide from E. coli and pasteurella moltocida to induce bronchopneumonia; "sick" reflexive cough sounds were then collected. For the farm animals, continuous sound including reflexive coughs were recorded using seven electret microphones, connected via preamplifiers to a Tascam Digital Interface unit, hung 1 m above the ground at locations distributed throughout the stable. Algorithm sought to classify "sick" vs. "healthy" coughs from continuous recordings, and subsequently use time difference of arrival analysis to localize coughs to an area of the stable.
	✓
	
	

	M. Silva, V. Exadaktylos, S. Ferrari, M. Guarino, J.-M. Aerts, D. Berckmans
	The influence of respiratory disease on the energy envelope dynamics of pig cough sounds
	2009
	6 healthy pigs in a laboratory, and an unspecified number of pigs infected with Pasteurella Multocida (confirmed by bacteriological examination) on a farm
	ML (autoregressive model estimation using Captain Toolbox in Matlab)
	An electret microphone connected to a laptop computer was held 1 m from animals to record reflexive cough sounds. Reflexive cough sounds were induced in healthy pigs via inhalation of nebulized citric acid. Researchers created an algorithm designed to differentiate "healthy" from "sick" cough sounds based on energy envelope and time constant calculations, ultimately finding significant differences in healthy vs. sick cough time constant.
	✓
	
	

	W. M. Gutierrez, S. Kim, D. H. Kim, S. C. Yeon, H. H. Chang
	Classification of porcine wasting diseases using sound analysis
	2010
	36 pigs - with or without porcine circo virus type 2 (PCV2), porcine reproductive and respiratory syndrome (PRRS) virus, and mycoplasma hypopneumoniae (MH) (determined by serological analysis) - on a farm in South Korea
	Manual analysis of recordings. Sounds were digitized and analyzed using Praat 0.4 with a wide band filter. 
	Reflexive cough sounds were recorded from each pig individually using a digital camcorder placed 1 m from the pig; pigs were free to move around, but most recordings were done with pigs lying on the floor. Recordings lasted roughly 30 minutes each. Researchers manually measured pitch, intensity, duration, and formant of cough sounds. Intensity and pitch were found to be effective to distinguish etiology of cough; coughs arising from PCV2 infection were the most easily distinguishable.
	✓
	
	



