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1  |  INTRODUC TION

Surveillance of respiration, body posture and/or other physical activity 
are essential in a wide range of early childhood diagnostics and health 
monitoring.1,2 Many advanced technologies exist for their tracking in lab-
oratory or intensive care environments3; however, they are challenging 

to assess in long- term surveillance, especially in out- of- hospital set-
tings. While assessment of respiration rate (RR) would be crucial in situ-
ations like early detection of childhood pneumonia,1,4,5 it has proven to 
be a challenge even when using human- assisted methods.6– 10

A viable solution for such surveillance should strike a balance be-
tween three interests: it should be sufficiently reliable and accurate, 

Received: 16 April 2021  | Revised: 17 June 2021  | Accepted: 18 June 2021

DOI: 10.1111/apa.15996  

R E G U L A R  A R T I C L E

An openly available wearable, a diaper cover, monitors infant's 
respiration and position during rest and sleep

Jukka Ranta1 |   Elina Ilén2 |   Kirsi Palmu1,3 |   Jonna Salama1,3 |   Oleksii Roienko1 |   
Sampsa Vanhatalo1,3,4

This is an open access article under the terms of the Creat ive Commo ns Attri butio n- NonCo mmerc ial- NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
© 2021 The Authors. Acta Paediatrica published by John Wiley & Sons Ltd on behalf of Foundation Acta Paediatrica.

Abbreviations: IQR, interquartile range; LoA, 95% limits of agreement; MAE, mean absolute error; NAPPA, NAPping PAnts; PSG, polysomnography; RAP, respiration- activity- body 
posture; RR, respiration rate; RRn, respiration rate from NAPPA; RRr, respiration rate of the reference.

1BABA Center, Children's Hospital, 
Helsinki University Hospital and 
University of Helsinki, Helsinki, Finland
2Department of Design, Aalto University, 
Espoo, Finland
3Department of Clinical Neurophysiology, 
HUS Medical Imaging Center, University 
of Helsinki, Helsinki University Hospital 
and University of Helsinki, Helsinki, 
Finland
4Neuroscience Center, University of 
Helsinki, Helsinki, Finland

Correspondence
Sampsa Vanhatalo, BABA Center, 
New Children's Hospital, Helsinki 
University Central Hospital, P.O.Box 281, 
Stenbäckinkatu 11, 00029 HUS, Helsinki, 
Finland.
Email: sampsa.vanhatalo@helsinki.fi

Funding information
This work was supported by Academy 
of Finland (335788, 314450), Helsinki 
University Hospital, Lastentautien 
tutkimussäätio, Aivosäätio and Sigrid 
Juselius Foundation

Abstract
Aim: To describe and test the accuracy of respiratory rate assessment in long- term 
surveillance using an open- source infant wearable, NAPping PAnts (NAPPA).
Methods: We recorded 24 infants aged 1– 9 months using our newly developed infant 
wearable that is a diaper cover with an integrated programmable electronics with ac-
celerometer and gyroscope sensors. The sensor collects child's respiration rate (RR), 
activity and body posture in 30- s epochs, to be downloaded afterwards into a mobile 
phone application. An automated RR quality measure was also implemented using 
autocorrelation function, and the accuracy of RR estimate was compared with a refer-
ence obtained from the simultaneously recorded capnography signal that was part of 
polysomnography recordings.
Results: Altogether 88 h 27 min of data were recorded, and 4147 epochs (39% of all 
data) were accepted after quality detection. The median of patient wise mean ab-
solute errors in RR estimates was 1.5 breaths per minute (interquartile range 1.1– 
2.6 bpm), and the Blandt- Altman analysis indicated an RR bias of 0.0 bpm with the 
95% limits of agreement of −5.7– 5.7 bpm.
Conclusion: Long- term monitoring of RR and posture can be done with reasonable 
accuracy in out- of- hospital settings using NAPPA, an openly available infant wearable.
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acceptable for the child and caretakers, and easy enough to use by 
an average healthcare worker. This combination of requirements 
calls for solutions that are mobile, scalable and wearable. Recent 
technical studies have introduced several solutions where move-
ment sensors are used to record respiratory activity from a place-
ment over abdomen or chest.11– 14 While providing proof of concept 
level results, they have been compromised by the technical com-
plexity of the solutions related to signal transmission, data handling 
and analytics.

We have recently developed an infant wearable, NAPping 
PAnts (NAPPA), which is a diaper cover equipped with a move-
ment sensor to allow tracking of the respiration, activity and pos-
ture (RAP). Our pilot studies comparing respiration signals from 
such sensor and concurrent recordings of polysomnography (PSG) 
signals have demonstrated that these sensor type and placement 
are able to track infant's abdominal respiratory movements with 
high accuracy.15 We have then implemented a computational al-
gorithm16 directly into the sensor to allow direct estimation of 
respiration rate (RR). Here, we wanted to test how reliable is the 
RR estimated from long- term recordings with our NAPPA wear-
able as compared to an established RR estimate obtained from 
the capnography signals of polysomnography (PSG) recordings. 
In addition, we wanted to test whether an automated algorith-
mic approach could control the quality of RR estimates, which is 
necessary in medical devices intended for non- expert use,13 and 
a common bottleneck for a wider scale- up of existing RR assess-
ment methods.9– 11

2  |  METHODS

The overall study rational is depicted in Figure 1. 24 infants (13 boys; 
mean age 2.75 months, range 1– 9 months) were recruited from the 
sleep laboratory in the Department Clinical Neurophysiology, New 
Children's Hospital, Helsinki University Central Hospital in 2019– 
2020. The infants were recorded with the novel NAPPA wear-
able during an otherwise clinically indicated polysomnography 
with Somno HD device (Somnomedics, Randersacker, Germany). 
Participation in this study was voluntary, and parents gave a written 
informed consent. The study was approved by the Ethics commit-
tee of New Children's hospital, Helsinki University Central Hospital, 
Helsinki, Finland.

During a clinical PSG recording, we added the NAPPA wearable 
according to the following steps (Figure 1): first, dress NAPPA pants 
over infant's diaper; second, attach the sensor onto the snap- on 
mount in front of the pants; third, start the sensor recording using 
mobile app; fourth, in the end of the recording, stop the sensor using 
the same mobile app and download the recording (.csv format) into 
mobile phone; fifth, upload the data to server (eg email attachment; 
size <1 Mb); and sixth, analyse the results using an available soft-
ware. A simple plotting of the recordings in csv format can be done 
with all common office softwares, while here we used custom- made 
Matlab (Mathworks, US) routines for easier statistics.

2.1  |  Description of the NAPPA wearable (napping 
pants)

Our NAPPA wearable garment is designed to allow an easy stand-
ardised fixation of the sensor, while it is also comfortable to wear 
over longer durations without interfering with infant's behaviour. 
The wearable consists of a pull- up cover placed over the diapers and 
a textile- embedded snap button connector mount for the battery- 
operated programmable movement sensor Movesense (diameter 
36.6 mm, thickness 10.6 mm, weight 30 grams; Suunto, Vantaa, 
Finland). The mount is encapsulated between the textile layers in 
the waist area by heat lamination. The applied adhesive is an elastic 
and waterproof thermoplastic polyurethane film. The textile pants 
are laundry washable in 40°C with standard detergents. The move-
ment sensor is also waterproof, but it is not designed for exposing 
to several laundry cycles; hence, removing sensor before washing is 
recommended. The design aims for the solution are easy, stable and 
constant sensor set up, as well as comfortability and safety without 
any user disturbance in a long- term use. Similar to other textile prod-
ucts, the textile pants solution has a potential to wide customisation, 
such alternative colours, materials, sizes, logos, print patterns and 
adjustments, and all of them in a cost- effective way.

The Movesense sensor includes a triaxial inertial measurement 
unit that allows recording in nine degrees of freedom (x/y/z; accel-
erometer, gyroscope and magnetometer) at an adjustable sampling 
rate. Here, we collected signals at 13 Hz from the accelerometer 
measuring linear acceleration in m/s2 (range ±8 g) and a gyroscope 
measuring angular velocity in °/s (range ±500°/s). Movesense sen-
sor communicates using an open- source application programming 
interface (REST- based API; bitbucket.org/suunto/movesense- docs/
wiki/Home), which allows communicating wirelessly via a Bluetooth 
4.0/5.0 connection to an external data logging device. Here, we used 
a custom- built Android datalogging software that can be down-
loaded from an open- source website.17

In the solution implemented here, we have a custom- built em-
bedded firmware in the sensor17 that computes respiration rate, 

Key notes

• Surveillance of respiration, body posture and/or other 
physical activity are essential but challenging in a 
wide range of early childhood diagnostics and health 
monitoring.

• A wearable sensor may offer a solution if equipped with 
an appropriate computational analysis, including auto-
mated data quality assessment.

• The hereby introduced NAPPA (NAPping PAnts) wear-
able is a freely available, open science solution with a 
reasonable accuracy for monitoring respiratory rate and 
posture.
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activity and posture from the accelerometer and gyroscope signals, 
and stores them into sensor's memory for every 30- s epochs. The 
datalogger software will send start and end commands to the sensor, 
and it will also download the recordings from the sensor afterwards 
for further handling.

Alternatively, the signal could be streamed real time over 
Bluetooth connection from the sensor to the mobile phone memory 
using another custom- built datalogger software15 that is available 
from the authors at request. This solution allows real- time inspec-
tion of the recorded signal and a complete recovery of the raw signal 
waveforms; however, it requires substantially more analytic efforts 
afterwards plus it also requires a continuous bluetooth connection 
with the nearby phone.

2.2  |  Respiration rate (RR) assessment

Respiration rate was estimated in 30- second non- overlapping sig-
nals, with the window length adapted from the conventional prac-
tice in sleep classification.18 The RR was estimated separately from 
two signals: the reference RR (RRr) was taken from the capnography 
(CAP10, Medlab; sampling 100 ml/min) signal waveform in the PSG, 
as well as the NAPPA sensor signal (RRn) (see Figure 1B).

2.3  |  Estimation of the reference respiration rate 
(RRr)

The RRr was estimated using two computational ways3 both of 
which were computed from the capnography signal. First, we as-
sessed RR from the peaks in the autocorrelation function as 
described earlier.16 In addition, we also estimated RR using a com-
plementary method based on peak detection.16 For the final RRr, we 
excluded epochs where difference between autocorrelation- based 
and peak detection- based estimates was more than 5 breaths per 
minute (bpm) and the autocorrelation was <0.3. This resulted for 
a median reference coverage of 57.0% with an interquartile range 
(IQR) of 47.5– 65.8% compared with the total recording length. The 
actual reference RRr used for comparing with RRn was calculated as 
the mean between these two approaches. There are a few potential 
technical sources that might limit the accuracy of RRr estimate: First, 
the relatively brief epoch size of 30 s limits the number of respira-
tory cycles available within the analysis window.6 Second, we chose 
to accept ±5 bpm difference between two reference approaches 
when applying quality analysis to RR. This was reasoned to retain 
more of the signal in the overall analysis. Third, as a preliminary anal-
ysis we choose to use automatic reference quality analysis. Visual 
validation of RR from the capnography waveforms as the reference 

F I G U R E  1  The overall idea of the NAPPA wearable. (A) NAPPA is controlled with a mobile phone application (data logger; Android) 
that starts/stops the sensor, downloads data from the sensor memory and uploads it for further analyses. (B) Analytic pipeline in the 
present study. (C) Comparison of the gyroscope and accelerometer data from the NAPPA sensor shows how gyroscope is superior in 
representing respiration. (D) An example plot from 5 h of an infant recording with NAPPA- RAP sensor software shows the time course of 
respiration rate (RR), autocorrelation value used for the quality assessment, activity, as well as body position
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RR could provide even more accurate estimate; however, it is very 
labour intensive and prone to human errors.

2.4  |  Respiration rate from NAPPA (RRn)

For the RRn, we chose gyroscope Y axis signal that is shown to pro-
vide the best correlate to respiration movements when recorded in 
this sensor placement and orientation.15 The sensor computed RRn 
during recording as follows: a 30- s epoch of the signal was read into 
buffer, then band- pass filtered with second- order Butterworth in 
0.1– 1.5 Hz, followed by using autocorrelation function to define its 
peaks as described earlier.16

2.5  |  Data quality assessment

An automated algorithm was developed to ascertain quality of respi-
ration data, to allow an unsupervised and objective RR assessment. 
To this end, we reasoned that unreliable respiration is characterised 
by excessive irregularity, caused by either genuinely irregular res-
piration, as during exercise and movements, or due to an excessive 
movement artefact in the respiration signal. This can be done in a 
transparent and straightforward way by choosing a cut- off level in 
autocorrelation value. For full transparency, we scanned through 
different autocorrelation values to see how it affects the amount 
of accepted data measured as coverage % from the whole data set 
(Figure S1), or the level of error in RRn as compared to the reference 
RRg. We also assessed how the quality threshold in automated rejec-
tion algorithm affects the reliability of the RRn estimate (per MAE), 
or the proportion of data accepted for the analysis. As expected, a 
stricter rejection threshold resulted in a decreasing amount of data 
accepted for analysis (Figure S1); however, it also led to a lower error 
between NAPPA and reference RR signals. We present the final re-
sults for epochs that had autocorrelation higher than 0.35 for the 
NAPPA signal. In addition, we applied an outlier removal by limiting 
RRr between 20 and 100 bpm and rejecting sudden changes that 
were over 20 bpm compared with the mean of the previous 5 min. 
The median coverage for such epochs was 35.8% (IQR: 26.0– 47.8%) 
of the total length of the recording.

2.5.1  |  Analysis of agreement between 
NAPPA and the RR reference

The agreement between RRn and RRr was assessed over the whole 
cohort using Pearson's product- moment correlation coefficient 
(0.997) and Bland- Altman analysis, supplemented by individual- level 
statistics as described below. We used the Bland- Altman analysis to 
determine the agreement between RRr and RRn estimates. The cor-
respondence between two methods is assessed by calculating the 
bias and variability of measurement differences, the 95% limits of 
agreement (LoA).19,20 For these, we determined the 95% confidence 

intervals (95%CI) using MOVER method as described before.21 In ad-
dition, we calculated the mean absolute error (MAE) as an alterna-
tive measure of difference between methods.

3  |  RESULTS

The full data set included a total of 88 h 27 min (or 10,614 epochs of 
30 s each) of PSG recordings from 24 infants. After automated qual-
ity assessment, a total of 4,147 epochs (39.1% of all recordings) were 
approved for the RR validation. Comparison of RR estimates over 
the full PSG study period shows highly similar time courses between 
NAPPA- derived estimates and the capnography- based reference 
(Figure 2).

The Bland- Altman analysis resulted for RR bias of 0.0 bpm (CI95% 
−1.3– 1.2 bpm) and LoA of −5.7 to 5.7 (95% CI: from −7.8 to −5.4 and 
5.3– 7.8 bpm). The median MAE was 1.5 bpm (IQR 1.1– 2.6 bpm). The 
Bland- Altman analysis plot is shown in Figure 2 and Figure S1 for a 
modest and strict quality thresholds, respectively, and the individual 
results are summarised in Table S1.

Finally, we studied the effect of signal quality on the agreement 
between RRn and RRr. Using a higher threshold for rejection (au-
tocorrelation value 0.5 instead of 0.35), the overall agreement be-
tween RRn and RRr was clearly improved (Figure S2); however, it 
comes at the expense of less coverage of signals over the whole re-
cording period (Figure S1).

4  |  DISCUSSION

Our results showed that an infant wearable NAPPA is able to provide 
RR estimates that correlate tightly with the reference RR derived 
from the capnography signals. The findings are in line with recent 
other studies where movement sensor has been used for monitor-
ing respiration rate either using accelerometer signal alone13,14 or a 
combination of accelerometer and gyroscope signals.11 The NAPPA 
wearable presented in our work extends the prior studies by pre-
senting a solution that is open source, applicable to a long- term 
recordings up to several days, and it also provides a standardised 
sensor fixation by using a machine washable garment with every day 
cloth design. In addition to RR estimates, the NAPPA- RAP software 
also allows logging activity and body position, which maybe particu-
larly useful in long- term surveillance of many kinds.

It is essential to recognise the interplay between different fac-
tors that affect the RR accuracy. Our estimates of RRn accuracy 
are not directly comparable to the prior studies aimed to develop 
medical devices for brief RR measurements alone in controlled en-
vironments. The accuracy of RR estimate depends on the quality of 
data, which is always dependent on the constraints of the recording 
session. It is much harder to record respiration in a freely moving 
subject6,12 or over long times as compared to a brief assessment in 
well- controlled settings under constant surveillance of healthcare 
professional.8,9,13 Prior work has developed a patent- protected 
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accelerometer- based RR recorder for children13 claiming a high ac-
curacy when measured under recommended conditions.22 Other 
studies developing comparable wearable solutions for adults and 
infants have reported considerably varying accuracies,11,12,14,23 and 
their performance depends on manual preselection of good quality 
signals. Here, we aimed at developing a solution for a long- term re-
cording in settings without continuous surveillance, such as at home 
or in hospital wards. To this end, we devised a method for an auto-
mated signal quality assessment that does not place requirements 
for the recording conditions, while it allows post hoc adjustment as 
needed. On top of that, our work used 30 s epochs to allow a PSG 
level time resolution at the expense of higher technical and physio-
logical variability, while prior studies have systematically used 1- min 
long epochs that show more stable RR estimates.6 Taken together, 
these differences imply that our RR accuracy is likely an underesti-
mate compared with what the NAPPA wearable would perform in 
the strictly controlled settings as used in several prior studies.

According to international guidelines of respiratory infection 
management, the RR levels are considered to vary in the order of 
tens of breaths per minute between normal and pathologically fast 
breathing,1,10,24 which indicates that NAPPA's accuracy is clearly 
within the required limits. Substantial differences in individual RR 
levels are due to many more physiological factors, such as age,1 
altitude,25 vigilance state,16,26 position27 or other acute medical 
conditions.28,29 Respiratory assessment of subtle changes in such 
conditions may still need more stable and well- established clinical 
methodology.10 However, NAPPA's accuracy is likely sufficient for 
the level of categorical distinction between normal and abnormal 
respiration rates,29 and it clearly outperforms the manual assistance 
devices recently tested in paediatric RR assessment.9

We see the potential utility of NAPPA primarily in clinical re-
search where it is essential to obtain very long- term recordings12,29 
of all or part of the signal triplet: respiration, activity and position. 

While this NAPPA- RAP sensor solution may also work without the 
hereby used NAPPA sleep pants garment, we chose to use this 
kind of garment because it standardises the placement, holding the 
sensor in the correct position and orientation over long times. Our 
NAPPA wearable is also found acceptable by the parents30 in home 
recordings, and its dimensions have been designed so that they are 
not considered to cause choking hazards with small infants even if 
accidentally detached from the NAPPA pants. Here, we show its 
practicality as an add- on into other hospital assessments, such as 
sleep laboratory studies.

In the present form, NAPPA is an investigational device where 
different technical components (sensor and mobile phone) are 
safety wise approved by the corresponding authorities. Its sensor 
technology could also allow development into an approved medical 
device; however, it would come at the expense of losing openly avail-
able version which we currently find essential for the wider exploita-
tion of the advance. For comparison, a medical device status was 
recently granted for device based on accelerometer— sensor only.13 
Its claimed accuracy of ±2 bpm is considered sufficient as a medical 
device intended for ‘qualitative feedback to the healthcare provider 
based on the World Health Organization's Integrated Management 
of Childhood Illness guidelines to diagnose fast breathing rates’.22 
Development of NAPPA into such diagnostic aid of respiratory in-
fections would require more future studies in comparable settings.24 
Alternatively, NAPPA wearable maybe used as is in academic clin-
ical research for long- term measuring of respiration, activity and 
position.

CONFLIC T OF INTERE S T
J.R. is a shareholder and a part- time employee in sensor manufac-
turer Emfit Ltd. Emfit or its products did not have any role in this 
study. E.I. is the founder of Planno Ltd which designs and consults 
on R&D in technical clothing.

F I G U R E  2  Summary of NAPPA- RR findings. (A) Two examples of 6 h long RR time courses from 3 and 9 months old infants, respectively. 
Note the close correspondence between RR estimates from the capnography reference (orange) and NAPPA (blue). Epochs of grey straight 
lines indicate intervals omitted from the analysis due to a low- quality reference or NAPPA signal. (B) The Bland- Altman analysis of the 
respiration rate agreement showing bias and limits of agreement, in addition to their confidence intervals. (C) Scatter plot showing the mean 
value of RRr and RRn in each infant



    |  2771RANTA eT Al.

ORCID
Sampsa Vanhatalo  https://orcid.org/0000-0002-9771-7061 

R E FE R E N C E S
 1. Fleming S, Thompson M, Stevens R, et al. Normal ranges of heart 

rate and respiratory rate in children from birth to 18 years of age: a 
systematic review of observational studies. Lancet. 2011;377:1011- 
1018. https://doi.org/10.1016/S0140 - 6736(10)62226 - X

 2. Nicolò A, Massaroni C, Schena E, Sacchetti M. The importance of 
respiratory rate monitoring: from healthcare to sport and exercise. 
Sensors (Basel). 2020;20:6396. https://doi.org/10.3390/s2021 6396

 3. Liu H, Allen J, Zheng D, Chen F. Recent development of respiratory 
rate measurement technologies. Physiol Meas. 2019;40:7TR01.

 4. Spence H, Baker K, Wharton- Smith A, et al. Childhood pneumo-
nia diagnostics: community health workers' and national stake-
holders' differing perspectives of new and existing aids. Global 
Health Action. 2017;10:1290340. https://doi.org/10.1080/16549 
716.2017.1290340

 5. Shah SN, Bachur RG, Simel DL, Neuman MI. Does this child have 
pneumonia?: the rational clinical examination systematic review. 
JAMA. 2017;318:462- 471. https://doi.org/10.1001/jama.2017.9039

 6. Karlen W, Gan H, Chiu M, et al. Improving the accuracy and effi-
ciency of respiratory rate measurements in children using mobile 
devices. PLoS ONE. 2014;9:e99266. https://doi.org/10.1371/journ 
al.pone.0099266

 7. King C, Baker K, Nantanda R, Bassat Q, Qazi SA, McCollum ED. Back 
to basics in paediatric pneumonia— defining a breath and setting refer-
ence standards to innovate respiratory rate counting. J Trop Paediatr. 
2021;67:fmaa112. https://doi.org/10.1093/trope j/fmaa112

 8. Ansermino JM, Dunsmuir D, Karlen W, Gan H, Dumont GA. Are 
respiratory rate counters really so bad? Throwing the baby out 
with the bath water. EClinicalMedicine. 2019;16:14. https://doi.
org/10.1016/j.eclinm.2019.09.013

 9. Baker K, Alfvén T, Mucunguzi A, et al. Performance of four re-
spiratory rate counters to support community health workers to 
detect the symptoms of pneumonia in children in low resource 
settings: a prospective, multicentre, hospital- based, single- blinded, 
comparative trial. EClinicalMedicine. 2019;12:20- 30. https://doi.
org/10.1016/j.eclinm.2019.05.013

 10. Ginsburg AS, Lenahan JL, Izadnegahdar R, Ansermino JM. A Systematic 
review of tools to measure respiratory rate in order to identify child-
hood pneumonia. Am J Respir Crit Care Med. 2018;197:1116- 1127. 
https://doi.org/10.1164/rccm.20171 1- 2233CI

 11. Cesareo A, Biffi E, Cuesta- Frau D, D’Angelo MG, Aliverti A. A novel 
acquisition platform for long- term breathing frequency monitor-
ing based on inertial measurement units. Med Biol Eng Comput. 
2020;58:785- 804. https://doi.org/10.1007/s1151 7- 020- 02125 - 9

 12. Parker RA, Weir CJ, Rubio N, et al. Application of mixed effects lim-
its of agreement in the presence of multiple sources of variability: 
exemplar from the comparison of several devices to measure respi-
ratory rate in COPD patients. PLoS ONE. 2016;11(12):e0168321. 
https://doi.org/10.1371/journ al.pone.0168321

 13. Shah R, Dadlani P, Mwangi I, et al. ChARM (Children's Automated 
Respiratory Monitor) –  an innovative easy to use pneumonia 
screening tool for low resource settings. Conference: 65th Annual 
Meeting of American Society of Tropical Medicine and Hygiene 
(ASTMH) 2016. https://doi.org/10.13140/ RG.2.2.34169.16484

 14. Kohn S, Waisman D, Pesin J, et al. Monitoring the respiratory rate by 
miniature motion sensors in premature infants: a comparative study. 
J Perinatol. 2016;36:116- 120. https://doi.org/10.1038/jp.2015.173

 15. Acosta- Leinonen N. Monitoring Newborn and Infant Sleep Respiration 
and Heart Rate with a Wearable Sensor. MSc Thesis, Helsinki: University 
of Helsinki; 2019. http://hdl.handle.net/10138/ 302598

 16. Ranta J, Airaksinen M, Kirjavainen T, Vanhatalo S, Stevenson 
NJ. An open source classifier for bed mattress signal in infant 

sleep monitoring. Front Neurosci. 2021;14:602852. https://doi.
org/10.3389/fnins.2020.602852

 17. Repository link to the codes and softwares published in this study. 
https://github.com/Samps aHY/NAPPA - RAP.git. Accessed June 24, 
2021.

 18. Grigg- Damberger M, Gozal D, Marcus CL, et al. The visual scor-
ing of sleep and arousal in infants and children. J Clin Sleep Med. 
2007;3:201- 240. https://doi.org/10.5664/jcsm.26819

 19. Bland JM, Altman DG. Measuring agreement in method compari-
son studies. Stat Methods Med Res. 1999;8:135- 160.

 20. Bland JM, Altman DG. Agreement between methods of measure-
ment with multiple observations per individual. J Biopharm Stat. 
2007;17:571- 582.

 21. Zou G. Confidence interval estimation for the bland– altman lim-
its of agreement with multiple observations per individual. Stat 
Methods Med Res. 2013;22:630- 642.

 22. https://www.engin eerin gforc hange.org/solut ions/produ ct/
charm/. Accessed June 24, 2021.

 23. Sun Y, Wang W, Long X, et al. Respiration monitoring for premature 
neonates in NICU. Appl Sci. 2019;9:5246. https://doi.org/10.3390/
app92 35246

 24. Helldén D, Baker K, Habte T, et al. Does chest attachment of an 
automated respiratory rate monitor influence the actual respiratory 
rate in children under five? Am J Trop Med Hyg. 2020;102:20- 27. 
https://doi.org/10.4269/ajtmh.19- 0458

 25. Crocker ME, Hossen S, Goodman D, et al. Effects of high altitude on 
respiratory rate and oxygen saturation reference values in healthy 
infants and children younger than 2 years in four countries: a cross- 
sectional study. Lancet Glob Health. 2020;8:e362- e373. https://
doi.org/10.1016/S2214 - 109X(19)30543 - 1

 26. Isler JR, Thai T, Myers MM, Fifer WP. An automated method for 
coding sleep states in human infants based on respiratory rate 
variability. Dev Psychobiol. 2016;58:1108- 1115. https://doi.
org/10.1002/dev.21482

 27. Doheny EP, Lowery MM, Russell A, Ryan S. Estimation of respi-
ration rate and sleeping position using a wearable accelerometer. 
Annu Int Conf IEEE Eng Med Biol Soc. 2020;2020:4668- 4671. 
https://doi.org/10.1109/EMBC4 4109.2020.9176573

 28. Garbern SC, Mbanjumucyo G, Umuhoza C, et al. Validation of a wearable 
biosensor device for vital sign monitoring in septic emergency depart-
ment patients in Rwanda. Digit Health. 2019;30(5):2055207619879349. 
https://doi.org/10.1177/20552 07619 879349

 29. https://www.who.int/mater nal_child_adole scent/ child/ imci/backg 
round/ en/. Accessed June 24, 2021.

 30. Ilen E, Acosta Leinonen N, Ranta J, Airaksinen M, Haataja L, 
Vanhatalo S. User Experience of Wearable Infant Monitoring 
System for Medical Research and Diagnostics. AUTEX, 19TH 
Textile World Conference: Textiles at the crossroads, 11- 15.2019, 
Ghent, Belgium: Ghent University; 2019. https://ojs.ugent.be/
autex/ artic le/view/11540/ 11006

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Ranta J, Ilén E, Palmu K, Salama J, 
Roienko O, Vanhatalo S. An openly available wearable, a diaper 
cover, monitors infant's respiration and position during rest 
and sleep. Acta Paediatr. 2021;110:2766– 2771. https://doi.
org/10.1111/apa.15996

https://orcid.org/0000-0002-9771-7061
https://orcid.org/0000-0002-9771-7061
https://doi.org/10.1016/S0140-6736(10)62226-X
https://doi.org/10.3390/s20216396
https://doi.org/10.1080/16549716.2017.1290340
https://doi.org/10.1080/16549716.2017.1290340
https://doi.org/10.1001/jama.2017.9039
https://doi.org/10.1371/journal.pone.0099266
https://doi.org/10.1371/journal.pone.0099266
https://doi.org/10.1093/tropej/fmaa112
https://doi.org/10.1016/j.eclinm.2019.09.013
https://doi.org/10.1016/j.eclinm.2019.09.013
https://doi.org/10.1016/j.eclinm.2019.05.013
https://doi.org/10.1016/j.eclinm.2019.05.013
https://doi.org/10.1164/rccm.201711-2233CI
https://doi.org/10.1007/s11517-020-02125-9
https://doi.org/10.1371/journal.pone.0168321
https://doi.org/10.13140/RG.2.2.34169.16484
https://doi.org/10.1038/jp.2015.173
http://hdl.handle.net/10138/302598
https://doi.org/10.3389/fnins.2020.602852
https://doi.org/10.3389/fnins.2020.602852
https://github.com/SampsaHY/NAPPA-RAP.git
https://doi.org/10.5664/jcsm.26819
https://www.engineeringforchange.org/solutions/product/charm/
https://www.engineeringforchange.org/solutions/product/charm/
https://doi.org/10.3390/app9235246
https://doi.org/10.3390/app9235246
https://doi.org/10.4269/ajtmh.19-0458
https://doi.org/10.1016/S2214-109X(19)30543-1
https://doi.org/10.1016/S2214-109X(19)30543-1
https://doi.org/10.1002/dev.21482
https://doi.org/10.1002/dev.21482
https://doi.org/10.1109/EMBC44109.2020.9176573
https://doi.org/10.1177/2055207619879349
https://www.who.int/maternal_child_adolescent/child/imci/background/en/
https://www.who.int/maternal_child_adolescent/child/imci/background/en/
https://ojs.ugent.be/autex/article/view/11540/11006
https://ojs.ugent.be/autex/article/view/11540/11006
https://doi.org/10.1111/apa.15996
https://doi.org/10.1111/apa.15996

