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Abstract  

Background: Respiratory rate is a vital physiological measurement used in the 

immediate assessment of unwell children and adults. Convenient electronic 

devices exist for measurement of pulse, blood pressure, oxygen saturation 

and temperature. Although devices which measure respiratory rate exist, none 

has entered everyday clinical practice for acute assessment of children and 

adults. An accurate and practical device which has no physical contact with 

the patient is important to ensure readings are not affected by distress caused 

by the assessment method.  

 

Objective: To evaluate the use of a thermal imaging method to monitor 

respiratory rate in children and adults.  

 

Methods: Facial thermal images of adult volunteers and children undergoing 

elective polysomnography were included. Respiration was recorded for at 

least two minutes with the camera positioned one metre from the subject's 

face. Values obtained using the thermal imaging camera were compared with 

those obtained from contact methods such as nasal thermistor, respiratory 

inductance plethysmography, nasal airflow and End Tidal Carbon Dioxide 

(CO2).  

 

Results: A total of 61 subjects, including 41 adults (age range 27 to 46 years) 

and 20 children (age range 0.5 to 18 years) were enrolled. The correlation 

between respiratory rate measured using thermal imaging and the contact 

method was r=0.94. Sequential refinements to the thermal imaging algorithms 
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resulted in the ability to perform real-time measurements and an improvement 

of the correlation to r=0.995.  

 

Conclusion: This exploratory study shows that thermal imaging derived 

respiratory rates in children and adults correlate closely with the best 

performing standard method. With further refinements, this method could be 

implemented in both acute and chronic care in children and adults.  
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Introduction   

It is recognised that deterioration in a patient’s physiological condition is a 

predictive factor for serious outcomes [1,2]. Evidence from the literature 

shows a high prevalence of abnormal vital signs in the hours leading up to an 

inpatient cardiac arrest [3,4], and subsequent studies indicate that respiratory 

rate (RR) may be the most important predictor of cardiac arrest [1,5]. 

Respiratory rate has also been shown to be superior to heart rate and blood 

pressure in discriminating between stable patients and patients at risk, with a 

high association with mortality rate [6,7]. Convenient electronic devices exist 

in the UK and other developed countries for measurement of pulse, blood 

pressure, oxygen saturation and temperature. Although devices which 

measure RR exist [8], none has entered everyday clinical practice for non-

invasive acute assessment of respiratory rate. In children especially, a major 

limitation is a requirement for body contact which can be distressing and lead 

to an increase in RR.  

 

Manual nursing assessments continue to be the mainstay of triage evaluation 

of RR in acute clinical settings such as the emergency department. Such 

assessments are subjective and difficult to measure in distressed children and 

data are often missing compared to the other physiological parameters which 

are recorded with devices [9]. During the last 10 years, nursing workload, 

particularly the administrative aspects, has increased greatly and since 

current methods for measuring RR are time consuming, this may be one 

reason why frequency of measurement of RR has not improved [10,11].  A 

recent study found poor agreement between observers for RR measurements 
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in 507 children in a tertiary hospital in the UK [12]. Other studies assessing 

the inter-observer agreement of RR report a wide range of inter-observer 

variability in both children and adults [13-19]. This may reflect the 

heterogeneity of the studies, with many assessing the variability in RR 

measurements as part of a wider clinical score and the range of settings 

including Canada and Mozambique with implications on available resources. 

 

Devices for monitoring RR have been developed, but many provide only an 

estimate of breathing rate due to the complexities associated with measuring 

this physiological parameter [8]. Conventional measuring methods commonly 

require physical contact with the patient’s body. These include nasal or 

oronasal thermistor which measures changes in the temperature of exhaled 

air [20], air pressure transducers [21,22)] exhaled CO2 [23], respiratory sound 

analysis [24,25] and inductance plethysmography [22,26]. Respiratory rates 

can also be derived from the electro-cardiogram (ECG) [27-29]. These 

methods have limitations including sensor displacement, dead space caused 

by requirement for facemasks and alterations in RR itself caused by the 

attachment of a sensor to the subject which might make them anxious.  

 

For the rapid assessment of children required in the emergency department, 

non-contact methods have been considered [30,31]. Ultrasound [32,33], radar 

[34], microwave [35,36], video image processing [37], optical image 

processing [38] and thermal image processing [39,40] are all approaches that 

have been used to facilitate non-contact respiration monitoring. Koolen 2015 

[41] used a Eulerian video magnification to amplify respiratory movements. 
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They used this to analyse the RR in seven neonates. Arlotto et al(2014) 

developed an ultrasonic contactless sensor that measures the frequency shift 

produced by the velocity difference between the exhaled air flow and the 

ambient environment to derive a RR [42]. Mobile applications provide a 

portable way of measuring RR. Philips vital sign mobile application measures 

both heart rate and respiratory rate using the in-built camera on a mobile 

device [43]. Karlen et al (2014) have produced another mobile application to 

measure RR [44]. In addition to the limitations of contact methods described, 

there are also hygiene and cost advantages in making use of a reusable 

device. These methods are all experimental and require further clinical 

validation.  

   

Infrared Thermography, or thermal imaging, is being more frequently used in 

the medical field where it has demonstrated utility in assessing burn depth and 

monitoring therapeutic response to drugs in rheumatoid arthritis. Advantages 

of thermal imaging in medicine include safety, tolerance, reproducibility and 

affordability. In this study, thermal imaging was used to compare RR readings 

from adults and children with conventional contact methods to determine its 

accuracy in a non-emergency setting. This setting was chosen as a more 

stable setting for initial exploratory research. In order to produce a respiration 

signal, an algorithm for automatic tracking of the temperature of the skin 

surface centred on the tip of the nose (respiration “region of interest”, ROI) in 

facial thermal images has been developed. The study builds on previous work 

in this field by our group in which measurements were recorded and analysed 

later [45]. This technique has been demonstrated to work well in resting 
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children, and when compared with conventional contact methods a close 

correlation was seen (correlation coefficient = 0.994). However this technique 

requires further refinement as in its current form would not be a viable option 

to be used in everyday clinical practice due to the current cost of thermal 

cameras and the further developments needed to deal with very large head 

and body movements and switching between nose and mouth breathing.  

 

This study aimed to improve the method by incorporating refined and 

improved algorithms, to accommodate larger head movements in children 

that may be moving during recordings and allowing real-time respiratory rate 

measurements, as would be required in acute clinical practice. 

 

Methods 

Subjects were recruited at Sheffield Children’s NHS Foundation Trust Sleep 

Unit from May to October 2014 after obtaining local Ethics approval from 

Leeds West Ethics committee (13/YH/0316) and Sheffield Hallam University. 

The parents of the children were appropriately informed regarding the nature 

of the study and provided informed consent for their children’s data to be used 

in the study. The children, wherever possible, assented to their participation. 

Convenience samples of approximately 20 participants were recruited to each 

part of the study. All children recruited were undergoing polysomnography 

studies in a diagnostic sleep unit for a range of chronic sleep conditions, as 

requested by their physician (Figure 1). Eligibility criteria for the children to be 

recruited into the research were: age 0-16 years; undergoing a clinical sleep 

study; parents able to give written informed consent; and the research staff 
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and thermal imaging equipment were available on the night of the clinical 

sleep study. This group of children were chosen because they were already 

having contact gold standard measures of respiration rate as part of their 

clinical investigation during sleep. Thermal imaging recordings were carried 

out in conjunction with these standard respiratory monitoring methods. As the 

children were being recorded asleep, these were performed with the children 

lying comfortably in a bed shortly after sleep onset. The recorded room 

temperature was about 25oC. The duration of each thermal imaging recording 

was at least two minutes. Adult participants were staff at Sheffield Children’s 

Hospital and were recruited via word-of-mouth. The adult participants were 

not asleep and were therefore positioned sitting in a chair one metre from the 

camera, with respiratory inductance plethysmography bands places around 

the thorax and abdomen for the sole purpose of the research study. We 

therefore did not record the other channels.  

 

Standard Contact Respiration Rate Measurement Methods 

Thoracic and abdominal respiratory inductance plethysmography (RIP) bands 

were used to record respiratory signal from the adult subjects enrolled at the 

hospital, while the thermistor, flow and CO2 monitors were included for the 

children (according to clinical need, or tolerance of sensors) during their 

admission. All of the standard methods require at least one sensor that can 

detect breathing which is in direct contact with the child as this is standard 

practice for polysomnography recording. Channels for all four methods were 

integrated for polysomnography to the ALICE 5 Sleep System (Philips, 

Respironics, Chichester, UK). Analysis of respiratory rate using each of these 



9

methods was carried out by manually selecting the two-minute epoch which 

coincided with the thermal imaging recording time. All contact methods only 

produced a respiration signal, not a respiratory rate. Therefore, to determine 

the respiratory rate, the number of observed respiration cycles in the 

respiratory signal, were either counted manually or determined using Fast 

Fourier Transform (FFT) analysis. The frequency of the largest peak in the 

magnitude frequency spectrum obtained using FFT indicated respiration in 

breath per second and once this was multiplied by 60, it indicated respiration 

rate in breath per minute. In cases where more than one contact method was 

used, the correlation between the thermal imaging method and each of the 

standard methods was calculated individually. In addition, the respiration 

signals from the sleep system were exported in an anonymous American 

Standard Code for Information Interchange (ASCII) text file so that they could 

be directly compared to the thermal imaging respiration pattern. 

 

Thermal Imaging Respiration Rate Measurement Methods 

The experimental methods utilised the variation in the amount of infrared 

radiation emitted from the skin centered on the tip of the nose using a thermal 

camera (Flir A40 model). The FLIR A40 camera has a thermal sensitivity of 

0.08o Kelvin with maximum image capture rate of 50 frames per second. The 

thermal camera was mounted on a tripod beside the bed where the adult 

subject lay comfortably. For the children, monitoring only began when they 

were asleep as this way they would be least disturbed. The tripod arm holding 

the camera was then extended such that it was about 1 m from the subject's 

face and the subject's face was contained in the camera's field of view. Each 
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subject was monitored for at least 2 minutes but typically more than 10 

minutes. A typical setup during adult monitoring is shown in Figure 2.  

The camera's emissivity setting was 0.98o (this is human skin emissivity). The 

mean temperature and relative humidity of the room were 24.4°C (standard 

deviation of 0.35) and 45% (standard deviation of 0.71) respectively and the 

camera's setting were changed to reflect these values. Images were recorded 

at 50 frames per second that corresponded to the maximum capture rate for 

the camera. This produced 6000 thermal images in a two-minute recording 

(i.e. 120 seconds x 50 images).  

 

The respiration “region of interest” (ROI) tracking method [45-49] was used to 

accommodate head movement during recording (Figure 3). This method uses 

algorithms to capture images and detect the location of the face in each image 

and was refined sequentially in terms of increasing ability to deal with larger 

head movements: 

Method 1. (Template Method) 

Method 1 used a preselected template and a “point of interest” (POI). During 

monitoring, the location of the POI was automatically updated by locating the 

closest match for the template on the face. The processed pixel values within 

the POI over time produced a respiration signal from which the respiration rate 

was obtained. Images were processed in real-time using LabVIEW© (National 

Instruments©).  

Method 2: (Feature Detection Based on Facial Profiles) 
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Method 2 detected the face of the subject in real time, then located the two 

corners of the eyes and thereafter the tip of the nose in thermal images. 

Method 2 used the facial profile to detect features on the face of a subject. 

Method 3: (Feature Detection Based on Thresholding)  

Method 3 used a fully automated thresholding technique. The amount of 

emitted infrared radiation was then determined from a created region of 

interest around the tip of the nose using the algorithm.  

Data Analysis and Statistics 

The data from the standard respiratory monitoring methods (RIP, CO2 and 

flow channels) were used for analysis if they met the criteria for clinical 

analysis. These recordings were analysed separately by a second assessor 

(RK), who was blind to the results of the thermal imaging method. In all 

comparisons, the correlation between the thermal imaging method and the 

standard respiratory monitoring method was obtained by calculating the 

correlation coefficient (r) using MS Excel© and verified using MATLAB© [50] 

and LabVIEW©.  

 

Results  

A total of 61 subjects comprising of 41 adults (age range 27 to 46 years) and 

20 children (age range 0.5 to 18 years) were enrolled for the study. The 

correlation between the respiratory rate measured using thermal imaging and 

the standard method (RIP) for the group as a whole was r= 0.94 (Figure 4).  

 

Method 1: (Template Method) 
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Twenty adults (median age 35.7 years, range 27.0-45.7 years) and 20 

children (median age 6.4 years, range 0.5-18 years) were measured using 

Method 1.  

In the adults, median respiratory rate per minute was 14.8 breaths per minute 

(range 7.7-20.5) using thermal imaging, 14.6 (range 8.1-20.4) using thoracic 

bands and 14.6 breaths per minute (range 8.1-20.5) using abdominal bands. 

The correlation between the thermal imaging method and the standard 

methods was r=0.980. 

In the children, the correlation between thermal imaging and RIP bands was 

r=0.998. One child (subject 14) was excluded because the subject’s face had 

moved out of the camera’s field of view during the recording. In nine subjects 

that had the thermistor in addition to the RIP bands, the correlation between 

the thermistor and the abdominal and thoracic bands was r=0.775 and 

r=0.750 respectively.  For eight subjects that had flow derived respiration 

rates the correlation coefficient between the thermal imaging and flow method 

was r=0.999. In five subjects that also had end tidal CO2 derived respiration 

monitored, the correlation coefficient was r=0.999.  

 

Method 2: (Feature Detection Based on Facial Profiles).  

Fifteen adults were included (median age 35.6 years, range 22-55 years). The 

thermal imaging derived respiratory rates of two subjects were considered 

unacceptable and thus regarded as failure of monitoring by the method 

representing 13.3% failure. This failure was caused by the subject’s face 

moving out of the camera’s field of view due to very large head movements. 

The correlation coefficient was r=0.938 as compared against both thoracic 
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and abdominal bands derived respiration rates. When the two failures were 

excluded, the correlation coefficient was r=0.997. 

 

Method 3: (Feature Detection Based on Thresholding)  

Six adult subjects were included (median age 38.7 years, range 33-41 years). 

Four unspecified respiration regions of interest (ROIs) were investigated and 

the correlation coefficients of the respiration rates against RIP were 0.998, 

0.998, 0.999 and 0.998 for the regions of interests ROI1, ROI2, ROI3 and 

ROI4 respectively.  

 

Discussion 

In this study a thermal imaging-based method to automatically monitor 

respiratory rate by measuring skin surface temperature centered on the tip of 

the nose was evaluated. There was a close correlation between the thermal 

imaging derived measurements and those obtained using the best 

conventional contact method in children undergoing polysomnography in a 

diagnostic sleep unit. The study indicates that thermal imaging could be an 

effective tool for monitoring respiration and suggests that further development 

and evaluation of this technique are justified. The main benefits of thermal 

imaging respiration monitoring over current methods are that it is non-contact 

and gives respiratory rate automatically and objectively.  

 

The aim of this study was to evaluate a method that, with further 

enhancements and evaluations, could potentially be used to measure 

respiratory rate in the Emergency Department triage room where a rapid 
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method of assessment is needed in order to pick up those children who are 

seriously ill. Counting respiratory rate is a core skill of clinical staff, as is 

counting pulse rate and measuring blood pressure. The latter two skills have 

been replaced by technology in recent times in developed countries, in 

recognition of the understanding that humans are subject to error, and to aid 

more rapid assessment of patients in busy departments.  Thermistor, nasal 

flow and inductance bands are the current techniques for measurement of 

respiratory rates and breathing patterns in children undergoing 

polysomnography in the UK [21,22]. The primary limitation of these 

techniques is the fact that they are in contact with the child. In an acute setting 

such as the Emergency Department, this can cause distress and therefore 

distort results. Whilst devices cannot replace the clinician’s evaluation, they 

are used to document other physiological measurements such as pulse rate 

and temperature and we believe that an accurate non-contact device is 

needed to overcome the limitations of the existing techniques.  

 

Currently, the main disadvantages of the thermal imaging method are the cost 

of the camera, although costs are falling, and the cost of training an operator. 

However, having demonstrated that the method is reliable, in the future we will 

work on developing a custom-built thermal imaging-based respiration monitor 

that will become more cost effective and easier to operate. We recognize that 

this technique is being designed with developed countries in mind due to 

current cost considerations but may be useful in developing countries in the 

future if the price of thermal imaging becomes significantly lower. 
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There are some limitations to the analysis methods used in this study and 

further work is needed to refine the process. Three methods were used, 

building on the initial algorithm used in a previous study [45], each improving 

the ability of the thermal imaging to measure respiration rate during increasing 

movement of the head, in recognition of some of the difficulties faced when 

assessing respiratory rate in clinical practice. Each method produced results 

that gave excellent correlation with the standard contact methods, although 

results were invalidated if the child’s head moved completely out of the view of 

the camera. However, in nine subjects that had the thermistor in addition to 

the RIP bands, the correlation coefficient was r=0.760. In these cases, the 

correlation between the thermistor and the abdominal and thoracic bands was 

r=0.775 and r= 0.750 respectively, suggesting that the low correlation 

between the thermal imaging-based method and the thermistor based method 

was due to failure in the thermistor monitoring. These evaluations were 

carried out on children undergoing routine investigations and adult volunteers 

in order to test efficacy of the method. Therefore, further testing will need to 

take place in an acute clinical environment to test the robustness of the 

technique in clinical practice in awake and potentially agitated children. Future 

research collaboration between clinician’s and engineers is planned to 

continue in this area of non-contact measures of respiratory rate, and other 

medical applications of thermal imaging.  

Respiratory rate measurement using the thermistor was the least reliable 

method in this study. Thermistor readings in children can be affected by the 

sucking of pacifiers. As the child sucks the pacifier, his/her mouth and the 

region below the nose move thereby affecting the position of the thermistor. It 
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also does not allow free flow of expired air from the nose which flows back 

and saturates the thermistor. The thermal imaging camera failed to produce a 

reading in three out of 77 subjects. This failure rate was lower than each of 

the standard methods and was caused by the subject’s face moving out of the 

camera’s field of view for a significant proportion of recordings. Using the 

thermal imaging camera, errors may occur due to large head movement, 

subjects wearing glasses or a blocked nose. Head movement has been 

overcome to some extent by the refinement in the algorithms but further work 

is needed. Additional work will be required to investigate differences between 

nose and mouth breathing which is an important factor in young children with 

respiratory illnesses.  

 

Conclusion 

We have shown that thermal imaging using custom-made software with 

algorithms developed to overcome some of the difficulties faced in using a 

device in clinical practice can be effective in measuring respiratory rate, when 

compared to currently-used contact-based methods. This method may be 

useful for both acute and continuous monitoring of respiratory rate, although 

for long-term monitoring, the subjects face would be required to remain within 

the field of view of the camera. Future studies of this technique in an acute 

clinical environment will include different study populations, sequential 

measurements and assessments of the distance of the child from the camera 

and variability of movement, temperature and humidity as well as developing 

a monitor that is more cost-effective. The advantage of this method is that it is 



17

non-contact, which may be more objective and reliable than other methods for 

monitoring respiratory rate in children.  

 

 Acknowledgements 

We are very grateful to the staff on the Sheffield Children’s Hospital Sleep 

Unit for their help with the data recordings. The co-operation of the children 

and their parents who took part in the study is also appreciated.   



18

References  

1. Fieselmann JF, Hendryx MS, Helms CM, Wakefield DS: Respiratory 

rate predicts cardiopulmonary arrest for internal medicine inpatients. 

JGen Intern Med 1993;8:354-360. 

2. So SN, Ong CW, Wong LY, Chung JY, Graham CA: Is the Modified 

Early Warning Score able to enhance clinical observation to detect 

deteriorating patients earlier in an Accident & Emergency Department? 

Australas Emerg Nurs J 2015;18:24-32. 

3. Kause J, Smith G, Prytherch D, Parr M, Flabouris A, Hillman K: A 

comparison of antecedents to cardiac arrests, deaths and emergency 

intensive care admissions in Australia and New Zealand, and the 

United Kingdom--the ACADEMIA study. Resuscitation 2004;62:275-

282.  

4. Andersen LW, Kim WY, Chase M, Berg KM, Mortensen SJ, Moskovitz 

A, Novack V, Cocchi MN, Donnino MW:  The prevalence and 

significance of abnormal vital signs prior to in-hospital cardiac arrest. 

Resuscitation 2016;98:112-117. 

5. Cretikos M, Chen J, Hillman K, Bellomo R, Finfer S, Flabouris A:  The 

objective medical emergency team activation criteria: a case-control 

study. Resuscitation 2007;73:62-72.  

6. Subbe CP, Davies RG, Williams E, Rutherford P, Gemmell L: Effect of 

introducing the Modified Early Warning score on clinical outcomes, 

cardio-pulmonary arrests and intensive care utilisation in acute medical 

admissions. Anaesthesia 2003;58:797-802. 



19

7. Goldhill DR, McNarry AF, Mandersloot G, McGinley A: A 

physiologically-based early warning score for ward patients: the 

association between score and outcome. Anaesthesia 2005;60:547-

553.  

8. Al-Khalidi F Q, Saatchi R, Burke D, Elphick H and Tan S: Respiration 

rate monitoring methods: a review. Pediatr Pulmonol 2011;46:523-529. 

9. Collord G, Mwesige B, Kabukye JB, Balagadde-Kambugu J: Improving 

paediatric oncology supportive care in a resource-limited setting: Focus 

on neutropaenic sepsis. Arch Dis Child 2014;99:A128. 

10. McQuillan P, Pilkington S, Allan A, Taylor B, Short A, Morgan G, 

Nielsen M, Barrett D, Smith G, Collins CH: Confidential inquiry into 

quality of care before admission to intensive care. BMJ 

1998;316:1853–1858. 

11. Hogan J: Why Don't Nurses monitor the respiratory rate of patients: An 

exploratory study to identify the reasons for the paucity of patient 

monitoring on acute general wards. MSc Thesis 2004. 

12. Daw W, Kingshott R, Elphick H: Poor inter-observer agreement in the 

measurement of respiratory rate in children: a 

prospective observational study. BMJ Paediatrics Open  

DOI:10.1136000173. 

13. Wang EE, Milner RA, Navas L, Maj H: Observer agreement for 

respiratory signs and oximetry in infants hospitalized with lower 

respiratory infections. Am Rev Respir Dis 1992;145:106-109. 

14.  Wang EE Law BJ, Boucher FD, Stephens D, Robinson JL, Dobson S, 

Langley JM, McDonald J, MacDonald NE, Mitchell I:  Study of 



20

interobserver reliability in clinical assessment of RSV lower respiratory 

illness: a Pediatric Investigators Collaborative Network for Infections in 

Canada (PICNIC) study. Pediatr Pulmonol 1996;22:23-27. 

15. Chan A, Langley J, Leblanc J: Interobserver variability of croup scoring 

in clinical practice. Paediatr Child Health 2001;6:347-351. 

16. Lim WS, Carty SM, Macfarlane JT, Anthony RE, Christian J, Dakin KS, 

Dennis PM: Respiratory rate measurement in adults--how reliable is it? 

Respir Med 2002;96:31-33. 

17. Liu LL, Gallaher MM, Davis RL, Rutter CM, Lewis TC, Marcuse EK: 

Use of a respiratory clinical score among different providers. Pediatr 

Pulmonol 2004;37:243-248. 

18. Gajdos V, Beydon N, Bommenel L, Pellegrino B, de Pontual L, Bailleux 

S, Labrune P, Bouyer J: Inter-observer agreement between physicians, 

nurses, and respiratory therapists for respiratory clinical evaluation in 

bronchiolitis. Pediatr Pulmonol 2009;44:754-762. 

19. Lanaspa M: High reliability in respiratory rate assessment in children 

with respiratory symptomatology in a rural area in Mozambique. J Trop 

Pediatr 2014;60:93-98. 

20. Storck K, Karlsson M, Ask P, Loyed D: Heat transfer evaluation of the 

nasal thermistor technique. IEEE Trans Biomed Eng 1996;43:1187-

1191. 

21. Shneerson MJ: Sleep Medicine: A Guide to Sleep and its Disorders, 

Handbook (2nd ed): Blackwell Publishing Ltd, UK 2005. 

22. Lee-Chiong LT: Editor. Sleep: a comprehensive handbook, Wiley 2006. 



21

23. Folke M, Cernerud L, Ekstro M, Hok B: Comparative provocation test of 

respiratory monitoring methods. J Clin Monit  Comput 2002;17:97-103.  

24. Werthammer J, Krasner J, DiBenedetto J, Stark RA: Apnea Monitoring 

by Acoustic Detection of Airflow.  Pediatrics 1983;71:53-55. 

25. Corbishley P, Rodriguez-Villegas: Breathing detection: toward a 

miniaturised, wearable, battery-operated monitoring system. IEEE 

Trans Biomed Engng. 2008;55:196:204. 

26. Blom AJ: Monitoring of respiration and circulation 2004. CRC Press 

LLC, Boca Raton London New York Washington, D.C. 

27. Mazzanti B, Lamberti C, de Bie J: Validation of an ECG-derived 

respiration monitoring method. Comput Cardiol 2003;30:613-616. 

28. Ding S, Zhu X, Chen W, Wei D: Derivation of respiratory signal from 

single-channel ECGs based on source Ding statistics. Int J 

Bioelectromagn 2004;6:43-49. 

29. Furman GD, Shinar Z, Baharav A, Akselrod S: Electrocardiogram 

derived respiration during sleep. Comput Cardiol 2005;32:351-354. 

30. Folke M, Cernerud L, Ekström M, Hök B: Critical review of non-invasive 

respiratory monitoring in medical care., Med Biol Eng Comput 

2003;41:377-383. 

31. Daw WJ, Kingshott R, Saatchi R, Burke D, Holloway A, Travis J, Evans 

R, Jones, A, Hughes B, Elphick H: Medical Devices for Measuring 

Respiratory Rate in Children: a Review. J Adv Biomed Eng Tech. 

2016;3:21-27. 



22

32. Xu Q, Hamilton RJ. A novel respiratory detection method based on 

automated analysis of ultrasound diaphragm video. Int J Med Physics 

Res Pract, 2006;33:916-921. 

33. Hök B, Blückert A, Sandberg D. A non-contact sensor system for 

respiratory air flow detection, Sens Actuators A, 1996;52:81-85. 

34. Droitcour AD, Seto TB, Park BK, Vergara SYA, El Hourani C, Shing T, 

Yuen A, Lubecke VM, Boric-Lubecke O: Non-contact respiratory rate 

measurement validation for hospitalised patient. Conf Proc IEEE Eng 

Med Biol Soc.  2009:4812-4815.  

35. Uenoyama M, Matsui T, Yamada K, Suzuki S, Takase B, Suzuki D, 

Ishiara M, Kawakammi M: Non-contact respiratory monitoring system 

using a ceiling-attached antenna. Med Bio Eng Comput 2006;44:835-

840. 

36. Dei D, Grazzini G, Luzi G, Pieraccini M, Atzeni C, Boncinellii S, 

Camiciottoli, G, Castellani W, Marsili M, Dico JL. Non-contact detection 

of breathing using a microwave sensor. Sensors 2009;9:2574-2585. 

37. Tan KS, Saatchi, R, Elphick H, Burke D. Real-Time Vision Based 

Respiration Monitoring System.  IEEE, IET International Symposium on 

Communication Systems, Networks and Digital Signal Processing, 

Newcastle, UK.  2010;846-850 ISBN-Hardcopy: 978-1-86135-370-2. 

38. Massaroni C, Carraro, Vianello A, Miccinilli, Morrone M, Levai I.K, 

Schena E, Saccomandi P, Sterzi S, Dickinson J.W, Winter S, Silvestri 

S: Optoelectronic Plethysmography in Clinical Practice and Research: 

A Review. Respiration 2017;93:339-354. 



23

39. Chekmenev Y, Rara H, Farag A: Non-contact, wavelet-based 

measurement of vital signs using thermal imaging. ICGST Int J 

Graphics, Vision and Image Processing. 2006;6:25-30. 

40. Zhu Z, Fei J, Pavlidis I: Tracking Human Breath in Infrared Imaging. 

Proceeding of the 5th IEEE, Symposium on Bioinformatics and 

Bioengineering (BIBE’05). Organization IEEE Computer Society 

Washington, DC, USA.  2005;19,21:227—231. 

41. Koolen N: Automated Respiration Detection from Neonatal Video Data. 

International Conference on Pattern Recognition Applications and 

Methods, 2015. 

42. Arlotto P. An ultrasonic contactless sensor for breathing monitoring. 

Sensors  2014;14:15371-15486. 

43. Online, P. www.vitalsignscamera.com. Accessed 15/10/15. 

44. Karlen W, Gan H, Chiu M, Dunsmuir D, Zhou G, Dumont G, Ansermino 

JM: Improving the accuracy and efficiency of respiratory rate 

measurements in children using mobile devices. PLoS One 

2014;9:e99266. 

45. Al-Khalidi FQ, Saatchi R, Elphick HE, Burke D: An Evaluation of 

Thermal Imaging Based Respiration Rate Measurement in Children. 

Am J Engi Appl Sci 2011;4:586-597.  

46. Al-Khalidi, FQ, Saatchi R, Burke D, Elphick H: Tracking human face 

features in thermal images for respiration monitoring. ACS/IEEE 

International Conference on Computer Systems and Applications, 

Tunisia. 2010. 846-850 ISBN-Hardcopy: 978-1-86135-370-2 



24

47. Al-Khalidi, FQ, Saatchi R, Burke D, Elphick H: Tracing the Region of 

Interest in Thermal Human Face for Respiration Monitoring. Int J 

Comput Applicat, 2015 pxc3903716. 

48. Alkali, AH, Saatchi R, Elphick H, Burke D: Eyes' Corners Detection in 

Infrared Images for Real-Time Noncontact Respiration Rate 

Monitoring, International Conference on Computer Information 

Systems 2014 - Medical, Multimedia, Industrial and other Applications. 

(ICCIS’2014), 17-19 January, Hammamet, Tunisia. 

49. Alkali AH, Saatchi R, Elphick H, Burke D:  Facial tracking in thermal 

images for real-time noncontact respiration monitoring” UK-SIMAMSS 

7th European Modelling Symposium on Mathematical Modelling and 

Computer Simulation, Manchester, UK, 20-22 November 2013. 

https://ems2013.info/ 

50. Gonzales RC, Woods RE, Eddins SL. Digital image processing using 

MATLAB©, Pearson Education, the United States of America 2004. 

https://ems2013.info/


25

Figures 

 

 

 

 

 

 

 

 

Figure 1 A Close up of the Nasal Flow and Thermistor Sensors Used During 

Overnight Polysomnography (reprinted with permission) 

 

 

Figure 2 Set-up of the thermal imaging camera during adult testing. 
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Figure 3 The respiration “region of interest” (ROI) tracking method [45-49] 

was used to accommodate head movement during recording 

Continued…. 
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Figure 4 The correlation between the respiratory rate measured using thermal 

imaging and the standard method (RIP)  

 


