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ABSTRACT 

Heart rate is a vital sign for assessing the need for resuscitation. We performed a systematic review of 

studies assessing novel methods of measuring heart rate in newborns and infants in the neonatal unit. 

Two investigators completed independent literature searches. Identified papers were independently 

evaluated and relevant data were extracted and analysed. Conclusion: This systematic review 

identified seven new technologies, including camera-based photoplethysmography, reflectance pulse 

oximetry, laser Doppler methods, capacitive sensors, piezoelectric sensors, electromyography, and a 

digital stethoscope. Clinicians should be aware of several of these, which may become available for 

clinical use in the near future.  

 

Keywords: Neonatology, newborn and infant, heart rate monitoring, delivery room management, 

NICU environment 

 

Key Notes:  

• Current established methods of heart rate assessment for newborns and infants are 

disadvantaged by inaccuracy, intrusiveness and time-consuming application, whereas novel 

methods require appraisal 

• Our systematic review evaluates novel techniques for heart rate assessment including camera-

based photoplethysmography, reflectance pulse oximetry, laser Doppler, capacitive sensors, 

piezoelectric sensors, electromyography, and a digital stethoscope 

• Although not yet suitable for widespread clinical use, several technologies are promising and 

clinicians should be aware of them 

INTRODUCTION  

Background 

Monitoring neonatal and infant heart rate (HR) accurately is important to clinicians around the world. 

HR is a vital sign with an important role in assessing the need for, and response to resuscitation (1, 2) 

and may serve as a marker to identify critically unwell infants requiring escalation of medical attention 

(3). For newborns, the International Liaison Committee on Resuscitation (ILCOR) guidelines 
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emphasise the importance of rapid, accurate heart rate determination in guiding emergency care 

immediately after birth. These stipulate heart rate assessment within the first minute of life, with 

ventilatory assistance to be provided if the heart rate is below 100 beats per minute (bpm) and chest 

compressions if less than 60 bpm (4). 

 

Rationale 

Although rapid, chest auscultation and pulse palpation have been shown to be inaccurate to an extent 

that impairs adherence to resuscitation guidelines (5, 6). Electrocardiography (ECG) and pulse 

oximetry (PO) are both more precise, but multiple studies have shown that the time elapsed from birth 

to successful establishment of heart rate display using these devices often exceeds one to two minutes 

(7, 8). Both of these modalities can become inaccurate with movement artefact (9, 10). In the neonatal 

unit, application of monitoring leads with adhesives to sensitive skin, especially in preterm infants, may 

cause trauma through burns and pressure ulcers (11-13). Skin damage can in turn increase an 

individual’s susceptibility to infection (14); a potentially life-threatening risk in this vulnerable group 

of patients. 

 

These challenges, combined with increasingly sophisticated scientific advancements, have driven the 

development of novel technologies to assess newborn and infant heart rate in ways that seek to 

overcome the limitations of currently available devices. However, assessing the performance and 

accuracy of novel devices is vital given that critical clinical decisions are made on the basis of heart 

rate. The aim of this systematic review was to critically appraise the evidence on the application and 

accuracy of novel technologies for monitoring the heart rate of newborns and hospitalised young 

infants compared to current reference standards. 

 

 

OBJECTIVES 

The primary objectives of this systematic review were 

- To identify and describe novel technologies for monitoring the heart rate of infants in the delivery 

room (DR) and neonatal unit, and 

- To provide a summary of the performance of these technologies, including an analysis of their 

applicability to the study population 

 

Where studies presented the diagnostic accuracy of devices in similar ways, we compared their 
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diagnostic performance. 

 

 

METHODS 

Criteria for Study Consideration 

Types of Studies 

We included studies of original research describing novel technology for assessing heart rate with the 

following limits applied  

1. Published in the last ten years 

2. Evaluated the technology in a relevant clinical population, defined as neonates and/or young 

infants <6 months of age in a neonatal unit 

3. Performed a comparison against an established reference standard for heart rate assessment, 

defined as transmission pulse oximetry or electrocardiography 

 

Although review articles were not included in the systematic review, we included information from 

several reviews identified during our search. These originated from sources bridging diverse 

disciplines, such as engineering, biotechnology, and medicine, and were used to inform our discussion 

(15-17).  

 

Participants 

Participants were neonates and young infants less than six months of age in the hospital neonatal unit. 

 

Index Test(s) 

Index tests were novel technologies for heart rate assessment. 

 

Target Condition 

The target condition of this review was defined as newborn and/or infant heart rate. 

 

Reference Standard(s) 

Reference standards were designated as heart rate obtained by either ECG or transmission PO. 

 

ECG was chosen as a reference standard because it is the established gold standard for assessment of 

neonatal HR (18). In particular, ECG may be the fastest way of accurately determining heart rate in 
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resuscitation (8, 19) and for hospitalised young infants there are a variety of situations in which ECG 

monitoring is indicated, including episodes of apnoea and bradycardia, perioperative assessment and 

critical illness (20). 

 

Transmission PO was also considered a reference standard because it is commonly used in the delivery 

room (DR) to measure oxygen saturations, as well as HR, accurately (21, 22). In this setting, it is used 

to guide resuscitation (4) and 

 

in the neonatal intensive care unit (NICU), it is an essential element of 

patient monitoring for both oxygen saturations and for assessment of heart rate (20, 23). 

Search Methods for Identification of Studies 

Electronic Searches 

We searched the following electronic databases to identify reports of relevant studies: 

- MEDLINE, through OVID (15/04/2016) 

- EMBASE, through OVID (18/04/2016) 

- Science Citations Index (Expanded), through Web of Science (21/04/2016) 

- Conference Proceedings Citation Index – Science, through Web of Science (21/04/2016)  

The keyword search terms (with MeSH terms additionally used whenever available) we used were: 

Neonat* OR infant OR newborn [neonatology] [infant] [newborn]; Heart rate OR heartbeat [heart rate]; 

Monitoring [monitoring,physiologic]. Full details of each search are listed in Appendix 1. 

 

Other Considerations and Searches 

Given our focus on newly developing technologies, we limited our search to articles published in the 

last ten years. We also reviewed the reference lists of publications eligible for inclusion, and lists of 

articles citing eligible publications (as found on Google Scholar), to identify additional relevant works. 

 

Data Collection and Analysis 

Selection of Studies 

The initial searches were undertaken independently by two reviewers (AK, DB), and studies assessing 

heart rate monitoring were identified based on the title of the articles. Review articles and articles 

assessing only well-established methodologies for heart rate assessment, such as ECG and transmission 

PO, were excluded from analysis. The two reviewers then independently assessed the abstract of each 

reference against the remaining inclusion criteria. Additional relevant works identified by reviewing the 

reference lists of publications eligible for inclusion, and list of articles citing those eligible studies, 
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underwent the same process. Any disagreements that arose between authors were resolved through 

discussion. 

 

Data Extraction and Management 

We extracted the following data from each included study: 

- Study design 

- Study population 

- Reference standard and information relating to performance of the reference standard 

- Index test and data relating to the performance of the index test 

- Technical details of the index test method(s) used; we classified the diagnostic modalities of 

studies’ index testing methods by grouping similar technologies 

 

Two review authors (AK, DB) extracted the data. Disagreements were resolved by discussion, 

including discussion with a third author (PD) where necessary.  

 

Assessment of Methodological Quality 

As quality assessment of diagnostic accuracy studies is strongly recommended by STARD (Standards 

for Reporting of Diagnostic Accuracy) (24), all included studies were independently assessed by two 

reviewers (AK, DB) using the Quality Assessment Tool for Diagnostic Accuracy Studies - Revised 

Version (QUADAS-2) (25). The QUADAS-2 assessment tool lists four key domains: patient selection; 

index test; reference standard; flow and timing. 

 

Each study was evaluated for risk of bias under each of these four domains and each study was also 

evaluated for applicability under each of the first three of these domains. This evaluation was 

undertaken following recommendations of the QUADAS-2 framework by use of appropriate signaling 

questions, which are listed in Appendix 2, to form judgements. The outcomes were discussed and 

consensus between the reviewers was reached. Where consensus could not be reached, a third reviewer 

(PD) was consulted. The only exception to this process was in the evaluation of studies in which the 

reviewer was a contributing author. In this case, in order to avoid bias, only the opinion of other 

reviewer(s) was used in presenting the methodological quality analysis. 

 

Statistical Analysis and Data Synthesis 

The data from each study were collated and presented in tabular and graphical format. For each study, 
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we have presented data relating to the number of patients and/or recordings included and, if possible, 

the number of minutes of recording(s) analysed.  

 

Where studies presented the mean difference and standard deviation (SD) and/or 95% confidence 

intervals in bpm between the novel technology index test and the reference standard, we displayed 

these data across differing index tests in order to facilitate comparison of the novel technologies. Where 

studies did not present this data, we contacted listed corresponding authors by electronic mail to request 

this data and in instances where this was made available, we have included it. We also present 

information relating to data exclusions disclosed by each eligible publication. 

 

 

RESULTS 

Results of the Search 

The initial search strategy identified 1672 references (Figure 1). After screening titles and abstracts, we 

identified 25 articles for full-text review. Of these, we excluded fourteen studies for the following 

reasons: two studies did not include new original research data relating to the study question (26, 27), 

five studies had no comparison of novel technology with an appropriate reference standard (28-32), and 

seven studies reported no actual testing on our target population (33-39). 

 

After inclusion of four additional studies identified through references and citation of eligible studies 

(40-43), fifteen articles were identified for analysis in this review (40-54).  

 

The technologies assessed by these studies were camera-based photoplethysmography (42-44, 49, 51), 

reflectance pulse oximetry (45, 47), laser Doppler methods (54), capacitive sensors (40, 46), 

piezoelectric sensors (41, 52, 53), transcutaneous electromyography (50), and a digital stethoscope 

(48). Appendix 3 contains brief, plain-language descriptions of these technologies. 

 

The main characteristics of the studies are summarised in Appendix 4. Collectively in these studies, 

data on novel methods of heart rate detection compared to an appropriate reference standard device 

were collected and examined for a total of 327 neonates and infants less than two years of age. Fifty-six 

participants underwent camera-based heart rate detection, 102 were tested with reflectance pulse 

oximetry and twenty were assessed by laser Doppler vibrometry. Nineteen and 35 children less than 

two years of age had heart rate detection performed by capacitive and piezoelectric sensors 
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respectively. Kraaijenga and colleagues assessed 31 neonates using transcutaneous electromyography 

(50), and a total of 57 neonates and infants were auscultated for automated heart rate detection using a 

digital stethoscope by Kevat and colleagues (48).  

 

 

Methodological quality of included studies 

The results of the QUADAS-2 tool assessment (Figure 2) show that one of the main limitations 

identified was patient selection as a potential source of bias. Only one of the articles specified 

randomised patient selection (51), and most of the articles did not describe how patients were selected 

(40-47, 49, 50, 52-54). In addition, it was deemed that a number of studies used restrictive inclusion 

criteria in selecting patients without providing a suitable justification. 

 

All of the studies applied the index and reference tests simultaneously. However, many studies 

analysed the index test results after obtaining results of the reference test, especially studies of 

photoplethysmography (43-45, 47, 49, 51, 54). We deemed this process to increase the risk of bias due 

to the generation of novel technology results after obtaining results of the reference test. 

 

Post-hoc data exclusion and selective data analysis also affected the methodological quality of several 

studies. Some studies did not report data for all patients (40, 44) whereas others excluded data arising 

affected by a poor trace (42, 43, 45, 47) or when movement, apnoea or arrhythmia occurred (49, 52). 

Only one study declared having devised an a priori method for selecting data suitable for their analysis 

(48). 

 

Almost all studies effectively reported and appropriately used a gold-standard reference standard. 

However, some studies were unclear in specifying which reference standard was used and/or whether 

the same reference standard tool was applied to all studied infants (44, 45). 

 

Another notable source of bias includes the practice of obtaining data from one patient on more than 

one occasion, affecting two studies (40, 49).  

  

With regard to the QUADAS-2 category of applicability, some novel technologies were trialled on a 

very specific subgroup of infants, raising concerns. Five studies trialled their devices only on preterm 

neonates (41, 43, 46, 50, 53). Whilst most studies had small numbers of recruited participants, several 
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publications were able to demonstrate appropriate demographic variability in their selected population 

(42, 47, 49).  

 

Findings 

Results of the analysis 

Data extracted for statistical analysis from the included studies are presented in Table 1. Many of the 

studies did not provide sufficient data to derive mean difference and/or standard deviation in bpm for 

comparison, but where they do they are compared in Figure 3. Considerable heterogeneity exists 

between the statistical reporting methods employed, both across the assorted technologies investigated 

and between different studies utilising the same basic technological approach.  

 

Heterogeneity and Related Analysis 

Camera-based photoplethysmography 

Non-contact photoplethysmography was the novel method that was described by the greatest number of 

studies. This technology derives a heart rate by detecting and amplifying small changes in the colour of 

skin occurring with each heartbeat. All of the five trials were small, initial studies based in intensive 

care departments, with less than twenty reported participants each. They derived device HR from post 

hoc analysis of recordings, not in real-time. Movement artefact was a key factor in all of these studies 

reducing accuracy; other factors affecting accuracy included illumination (42-44) and infant positioning 

(49). Interestingly, the presence of staphylococcal scalded skin syndrome and phototherapy seemed to 

be associated with increased signal clarity and improvements in non-contact technology precision (44), 

although one study specifically excluded those undergoing phototherapy (51).  

 

The patient populations, recording lengths, and statistical reporting approaches of the five studies 

varied. Aarts and colleagues studied nineteen neonates and found that for thirteen, more than ninety 

percent of the time a HR within 5 bpm of the ECG standard could be derived (44). A diverse set of 

neonates between 25 and 42 weeks gestation, weighing 470 to 3810 grams, were recorded without 

changes to standard NICU lighting. Encouragingly, both a newborn being rocked in their mother’s 

arms, as well as one receiving high frequency oscillation ventilation, could be successfully monitored. 

However, for nearly a third of patients, camera-derived HR was more inaccurate than the study cutoff 

for more than 10% of the time. The authors concluded that better hardware and algorithms were needed 

to improve robustness. 
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Even after excluding video segments in which their two reported preterm infants interacted with health 

professionals or parents, Villar roel and colleagues found non-contact HR values were >4 bpm different 

compared to ECG for approximately twenty percent of the recording time in their study (43). Over 

forty hours of footage in segments of varying lengths, from 53 minutes to 7.32 hours, was taken. Heart 

rate was extracted from the recordings using customised software. The authors concluded that the main 

barriers preventing increased accuracy of their device were threefold: major changes in lighting 

conditions, lack of visible skin area, and variation in the baby’s activity patterns as small pre-term 

infants made irregular movements throughout the day. 

 

In two of the non-contact photoplethysmography studies (42, 49), the mean difference and 95% limits 

of agreement between camera-derived and ECG HR were <±10 bpm. However, Klaessens and 

colleagues only reported results from selected segments of their eight recordings during which the 

patient was still (49), and Scalise and colleagues discarded more than 40% of the expected datapoints 

likely due to webcam or ECG inaccuracy (42). Rather than excluding and minimising movement, 

Mestha and colleagues utilised an approach with a strong focus on motion compensation (51). 

Simultaneous capture of multiple regions of interest (areas of skin selected on the video of the patient), 

combined with an adaptive filter meant that poor signal quality due to movement in one or multiple 

areas was able to be detected. However, large motion resulting in loss of accurate monitoring occurred 

approximately 10% of the time for their half-hour recordings of eight term-born infants. During the 

remaining time, camera-derived HR was within 6 bpm of the ECG standard for >95% of the time. The 

authors conclude that this is close to a standard sufficient for clinical use, and that future work will 

involve validation on more subjects and improving low-light performance of the algorithm.  

 

Reflectance pulse oximetry 

Two studies, by Adu-Amankwa & Rais-Bahrami and Grubb and colleagues (45, 47) used reflectance 

pulse oximetry. Pulse oximetry waveforms were obtained in real-time, with HR from the waveforms 

calculated post-hoc. These studies demonstrated a comparatively high degree of accuracy with novel 

HR within 3 bpm of ECG more than 90% of the time, when data acquisition was stable. Adu-Amankwa 

& Rais-Bahrami’s study of a wireless abdominal belt with this technology (45) trialled in the NICU 

included data from 25 neonates each recorded for ninety minutes. Only selections of at least three 

minutes duration wherein both monitors were displaying stable waveforms were compared for parity of 

peaks representing a beat. Whilst there was excellent beat-to-beat correlation between ECG and 

reflectance oximetry cardiac activity detected, these sections represent less than 20% of the total 
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recording time and may only be representative of periods of time when the subject was still. 

 

A study of forehead reflectance pulse oximetry in the NICU (47) recruited 99 infants, making it the 

largest in this systematic review. Weight (gestational age) of participants ranged from 750 grams (26.9 

weeks) to 4.9 kilograms (42 weeks). Recordings were evenly truncated to a length of twenty minutes to 

ensure a balance in contribution from each participant, and the reflectance pulse oximetry waveform 

was displayed in real-time (although selection of data for analysis occurred after recording).  

 

Recordings from more than 20% of recruited children were discarded prior to data analysis due to 

technical problems. Nevertheless, the study reported promising results, especially in relation to their 

cohort of premature infants <32 weeks’ gestation where the device limits of agreement with ECG were 

±12bpm. Importantly however, paired data values were excluded when pulse oximetry leads were 

being adjusted and whenever the ECG trace was poor. Therefore, the proportion of total recording time 

during which reflectance pulse oximetry was adversely affected and unable to extract a reliable HR is 

unclear. The authors found that the greatest impact on accuracy arose from motion artefact. A clear 

direction for future improvements and research was articulated, including improved probe fixation to 

minimise motion artefact and excitingly a delivery room study in progress. 

 

Sensor-based methods 

Capacitive sensors in various forms have been used to assess newborn and infant heart rate. Atallah and 

colleagues embedded eight capacitive sensors into a neonatal cot mattress surrounded by a reference 

electrode made of conductive textile, all covered by a thin polyurethane protective cover (46). Fifteen 

premature infants were monitored for 75 hours with concurrent ECG; post-acquisition analysis using a 

complex constructed algorithm for deriving sensor HR using the two best processed sensor signal 

inputs found that an accurate HR could be determined less than half of the time, with poor subject-

sensor coupling being a key impeding factor. In an effort to maximise coupling between the subject and 

sensor, Kato and colleagues used thin cotton underwear as the only insulator between the infants and 

their capacitive sensor surface, which was ingeniously made from a deformable fabric of nickel on 

copper plated polyester that covered the mattress surface (40). Four infants weighing between 3.5kg 

and 8kg with an age from ten to 133 days were studied. A key strength of the study was pressure 

mapping, which facilitated dividing the conducting fabric into three separate sensor areas that 

corresponded to predicted areas of better subject contact. A brief, qualitative description of results was 

provided; only one recording was described as successful. An overall comment was made that the 
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system had room for improvement and was unstable if the infant “was flopping or crying” (40). The 

authors reported that the detected waveform was distorted and that there was room for improvement in 

terms of their system’s practical use. 

 

Piezoelectric sensors rely upon the mechanical stress exerted upon them to generate a polarization 

charge within the contained element which generates a proportional output signal (55). Their placement 

in a variety of locations has been used to detect the heart rate of preterm and term newborns. Nukaya 

and colleagues monitored a single 2840 gram 52-day old infant for sixty minutes using piezoelectric 

sensors affixed to 80mm polypropylene resin coasters placed underneath the four legs of a neonatal cot, 

recording movements including those due to heartbeat (41). A Pearson’s correlation coefficient of 0.91 

between ECG and piezoelectric-derived HR was reported by Nukaya and colleagues, with periods of 

movement differentiated from periods of stillness by irregular, greater output from the piezoelectric 

sensors and verified by infant video recording (41). It was found that during these periods, heart rate 

could not be detected by any of the piezoelectric sensors, but that vibration caused by staff moving 

along the bedside did not cause significant interference with piezoelectric heart rate signal acquisition.  

 

Wang and colleagues provide the only study results of a piezoelectric sensor for neonatal HR detection 

with real-time output compared to ECG (53). After preliminary studies to design an algorithm and an 

appropriate silicone base for their mattress-based synthetic film sensor strips (each 28 x 5 cm), five 

preterm infants weighing between 1532 and 2112 grams were studied for ten minutes each. An elegant 

wavelet multi-resolution decomposition was used to separate out pressure fluctuations due to 

respiratory efforts. An algorithm automatically selected and repeatedly re-evaluated the strongest of the 

four piezoelectric heart rate signals coming from each rectangular strip, which was logged and 

compared to ECG. The rate of incorrect heartbeat recording (either an inappropriate recorded beat or 

missed beat) was 8.24%, occurring primarily due to infant movement or weakness of the heartbeat 

vibration. 

 

Sato and colleagues used a piezoelectric sensor attached to a small flexible plastic plate embedded 

within a towel-covered neonatal mattress (52). In this neonatal study, infants with a wide variety of 

diagnoses were included, such as chromosomal abnormality, atrial septal defect, patent ductus 

arteriosus, peripheral pulmonary artery stenosis, respiratory distress syndrome, transient tachypnoea of 

the newborn and pneumothorax. Three recruited newborns were receiving nasal continuous positive 

airway pressure, two were conventionally ventilated and two were on high frequency oscillation 
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ventilators. Recordings were between ten hours and nine days in length, sampled every two 

milliseconds. After excluding two recordings due to data quality issues, Sato and colleagues analysed 

one-minute segments from 27 remaining to reveal a correlation coefficient of 0.92 for piezoelectric-

detected HR compared to simultaneous ECG (52). These short analysed segments were, however, 

selected from times in which the study participants were not moving. Analysis of prolonged recordings 

of the infants over several hours to days showed that HR was accurately detected by piezoelectric 

technology 82.6% of the time compared to 91.8% of the time with ECG. Breastfeeding, ventilation and 

spontaneous infant movement were listed as key sources of interference. Their piezoelectric sensor was 

considered easy-to-use, durable, easy to sterilise and safe, without a risk of causing skin irritation 

compared to conventional monitoring methods. They postulated that with development their system 

could be used as a backup cardiorespiratory monitor for a more secure monitor system, or as a main 

cardiorespiratory monitor for a healthier infant. 

 

Other novel technologies 

Only one study each used transcutaneous electromyography, laser Doppler vibrometry, and a digital 

stethoscope. Electromyography, the recording of the electrical activity of muscle tissue using electrodes 

attached to the skin, was tested by Kraaijenga and colleagues in a single centre study of 31 preterm 

infants with a gestational age between 26 and 32 weeks who were being treated with nasal continuous 

positive airway pressure or nasal oxygen. Although transcutaneous electromyography determined heart 

rate with a high degree of accuracy in comparison to conventional ECG (mean difference -0.3 bpm, 

95% limits of agreement -5.3 to 4.7 bpm), study authors point out that transcutaneous electrodes used 

were similar to those for ECG; therefore it is likely that the technology offers limited advantage over 

current practice when considered for measurement of heart rate. 

 

Marchionni and colleagues studied non-contact Doppler vibrometry HR monitoring using a single-

point laser beam directed toward premature infants’ anterior left chests to detect minute movements of 

their thoracic walls due to cardiac activity (54). Twenty infants (seven female) with a mean weight of 

1111 grams were studied principally to test the technology for the assessment of heart rate. The laser 

beam was located 1.5 – 2m away from the subject and was unaffected by a transparent crib wall (26). 

Detected HR values were obtained through post-hoc, wavelet-based algorithm construction, with 

selection of parameters to best fit the gold standard data. Bland Altman analysis revealed that detected 

HR values had a mean difference (SD) of approximately 0 (8) bpm when compared to ECG values. The 

authors concluded that their study demonstrated some level of uncertainty with respect to laser 
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Doppler-acquired heart rate (which was quantified as 6% of the average heart rate), and that in the 

future it would likely be possible to reduce the dimensions, complexity and cost of such systems. 

 

Digital stethoscope technology to monitor and record neonatal chest sounds in an electronic format 

developed with prototype smartphone software able to process data using algorithms to provide a visual 

display of heart rate in real-time was used to assess a diverse newborn and infant population in the 

neonatal unit. Fifty recordings were analysed from infants where 34% had respiratory support via an 

endotracheal tube, continuous positive airway pressure or heated humidified high-flow nasal cannulae 

and 24% had cardiac lesions. Digital stethoscope HR was rapidly acquired, with the median (IQR) time 

to first display being 2 (1–7) seconds. The HR was calculated and displayed in real-time, but was not 

highly accurate, with a mean difference (SD) of 7.4 (24) bpm (48). This inaccuracy and the need to 

exclude seven recordings was stated as being due to software algorithm and device design weaknesses. 

It was nevertheless concluded that accuracy was better than chest auscultation and umbilical cord 

palpation in the delivery room, setting the scene for a future study in this clinical environment. 

 

Summary of Findings 

We identified seven novel technologies for heart rate monitoring in neonates and infants. Each modality 

had its own limitations. Movement artefact in particular was a limitation mentioned in most of the 

studies reviewed. Ambient light was also a limitation in several of the studies assessing camera-based 

photoplethysmography. Fifteen studies were eligible for inclusion in the systematic review, with 

comparable published data summarised in Figure 3. An examination of the risks of bias and 

applicability of each study shows that patient selection methods and the practice of analysing index test 

results after obtaining results of the reference test were key restrictors of methodological quality.  

 

 

DISCUSSION 

Strengths and Limitations  of the Review 

We have conducted a comprehensive review of the published literature, following the systematic 

approach outlined in the QUADAS-2 methodology. We uniformly applied criteria for study inclusion. 

A key strength of our review is the cross-disciplinary nature of our search. We identified scientific 

papers from medical, biomedical and engineering journals. 

 

The most salient limitations of our review arise from the nature of the included articles. Most of the 
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included works describe small-scale, pilot studies of technology. Many of these can be accurately 

described as being in a developmental phase. Significant risk of bias affected methodological quality of 

these studies across multiple domains. Results were not reported in a standardised fashion across all 

studies, making comparisons of included works in order to identify the most promising novel 

technology difficult. 

  

Applicability of Findings to the Review Question 

Because we only included studies where novel technologies had been trialled on newborns or infants 

<6 months old in a neonatal unit in comparison to an established gold-standard, findings are considered 

applicable to the review question. 

 

 

AUTHORS’ CONCLUSIONS 

Implications for Practice 

The ongoing innovation of technological solutions for assessment of heart rate for unwell neonates and 

young infants is highly encouraging, with potential to change clinical practice. In order to gain 

acceptance in clinical practice novel devices will need to be accurate and precise when tested against a 

reference gold standard but also accessible in terms of cost and provide a user friendly interface for the 

practitioner in the context of performing clinical assessments during an acute resuscitation. Given the 

ubiquitous spread of smart device technology, digital stethoscope use pairing with such devices, if 

improved, may enable better assessment of heart rate globally including resource limited settings. Non-

contact methods for HR assessment have the advantage of minimising noxious stimuli and infection 

pathways for vulnerable preterm infants. However, due to the limitations of the studies and trialled HR 

assessment methods described in this systematic review, the novel technologies cannot be 

recommended as being suitable for widespread clinical use at this stage. 

 

Implications for Research 

Several of the novel technologies, particularly photoplethysmography and capacitive sensors, suffered 

from poor signal accuracy due to movement of the neonate/infant (26, 43-45, 47, 49, 51, 54). Methods 

for minimising movement artefact have previously been developed to improve oximeter-based HR 

assessment in newborns (9). Given that multiple technologies mentioned above are reportedly being 

studied in the delivery room and resuscitation setting, it is clear that overcoming inaccuracy due to 

movement artefact is an area of high research importance for these novel HR monitoring technologies. 
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Trial methodology and hence clinical applicability of future studies could be improved by inclusive 

patient selection criteria, larger sample sizes, standardised reporting of results with inclusion of all 

relevant data and real-time assessment of HR using the novel method. Future studies should also 

compare novel methods against each other, to ascertain the most promising technological approach.  

 

 

DECLARATIONS OF INTEREST  

The authors have no interests to declare. 

 

 

 

LIST OF ABBREVIATIONS  

bpm; beats per minute 

ECG; electrocardiogram 

HR; heart rate 

Hz; hertz 

IQR; interquartile range 

NICU; neonatal intensive care unit 

SD; standard deviation 

 

 

 

REFERENCE LIST  

1. WHO. Guidelines on basic newborn resuscitation. Geneva: World Health Organization; 2012. [cited 

Mar 5]. Available from URL: 

http://www.who.int/maternal_child_adolescent/documents/basic_newborn_resuscitation/en/ 

2. WHO. Updated guideline: paediatric emergency triage, assessment and treatment. Geneva: World 

Health Organization; 2016. [cited 2016 Aug 8]. Available from URL: 

http://www.who.int/maternal_child_adolescent/documents/paediatric-emergency-triage-update/en/ 

3. Chapman SM, Grocott MP, Franck LS. Systematic review of paediatric alert criteria for identifying 

hospitalised children at risk of critical deterioration. Intensive Care Med. 2010; 36: 600-11. 

4. Wyllie J, Perlman JM, Kattwinkel J, Wyckoff MH, Aziz K, Guinsburg R, et al. Part 7: Neonatal 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

resuscitation: 2015 International Consensus on Cardiopulmonary Resuscitation and Emergency 

Cardiovascular Care Science with Treatment Recommendations. Resuscitation 2015; 95: e169-201. 

5. Kamlin CO, O'Donnell CP, Everest NJ, Davis PG, Morley CJ. Accuracy of clinical assessment of 

infant heart rate in the delivery room. Resuscitation 2006; 71: 319-21. 

6. Voogdt KG, Morrison AC, Wood FE, van Elburg RM, Wyllie JP. A randomised, simulated study 

assessing auscultation of heart rate at birth. Resuscitation 2010; 81: 1000-3. 

7. O'Donnell CP, Kamlin CO, Davis PG, Morley CJ. Feasibility of and delay in obtaining pulse 

oximetry during neonatal resuscitation. J Pediatr 2005; 147: 698-9. 

8. Mizumoto H, Tomotaki S, Shibata H, Ueda K, Akashi R, Uchio H, et al. Electrocardiogram shows 

reliable heart rates much earlier than pulse oximetry during neonatal resuscitation. Pediatr Int 2012; 

54: 205-7. 

9. Hay WW, Jr., Rodden DJ, Collins SM, Melara DL, Hale KA, Fashaw LM. Reliability of 

conventional and new pulse oximetry in neonatal patients. J Perinatol 2002; 22: 360-6. 

10. Odman S, Oberg PA. Movement-induced potentials in surface electrodes. Med Biol Eng Comput 

1982; 20: 159-66. 

11. Eichenfield LF, Hardaway CA. Neonatal dermatology. Curr Opin Pediatr 1999; 11: 471-4. 

12. Malloy-McDonald MB. Skin care for high-risk neonates. J Wound Ostomy Continence Nurs 1995; 

22: 177-82. 

13. Murray JS, Noonan C, Quigley S, Curley MA. Medical device-related hospital-acquired pressure 

ulcers in children: an integrative review. J Pediatr Nurs 2013; 28: 585-95. 

14. Oranges T, Dini V, Romanelli M. Skin Physiology of the Neonate and Infant: Clinical Implications. 

Adv Wound Care (New Rochelle) 2015; 4: 587-95. 

15. Ajami S, Teimouri F. Features and application of wearable biosensors in medical care. J Res Med 

Sci 2015; 20: 1208-15. 

16. Grifantini K. The Telltale Heartbeat : Heart-Rate Monitors are Taking New Shapes. IEEE Pulse 

2016; 7: 35-8. 

17. Phillipos E, Solevag AL, Pichler G, Aziz K, van Os S, O'Reilly M, et al. Heart Rate Assessment 

Immediately after Birth. Neonatology 2016; 109: 130-8. 

18. Di Fiore JM. Neonatal cardiorespiratory monitoring techniques. Semin Neonatol 2004; 9: 195-203. 

19. Katheria A, Rich W, Finer N. Electrocardiogram provides a continuous heart rate faster than 

oximetry during neonatal resuscitation. Pediatrics 2012; 130: e1177-81. 

20. Teasdale D. Physiological monitoring In: Dixon M, Crawford D, Teasdale D, Murphy J, editors. 

Nursing the highly dependent child or infant. Chichester: Blackwell Publishing Ltd; 2009. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

21. Kamlin CO, Dawson JA, O'Donnell CP, Morley CJ, Donath SM, Sekhon J, et al. Accuracy of pulse 

oximetry measurement of heart rate of newborn infants in the delivery room. J Pediatr 2008; 152: 756-

60. 

22. Rabi Y, Dawson JA. Oxygen therapy and oximetry in the delivery room. Semin Fetal Neonatal Med 

2013; 18: 330-5. 

23. Fouzas S, Priftis KN, Anthracopoulos MB. Pulse oximetry in pediatric practice. Pediatrics 2011; 

128: 740-52. 

24. Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig L, et al. STARD 2015: an 

updated list of essential items for reporting diagnostic accuracy studies. BMJ 2015; 351: h5527. 

25. Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al. QUADAS-2: a 

revised tool for the quality assessment of diagnostic accuracy studies. Ann Intern Med. 2011; 155: 529-

36. 

26. Marchionni P, Scalise L, Ercoli I, Tomasini EP. An optical measurement method for the 

simultaneous assessment of respiration and heart rates in preterm infants. Review of Scientific 

Instruments 2013; 84; 121705. 

27. Mann C, Ward C, Grubb M, Teoh J, Crowe J, Hayes-Gill B, et al. Can we improve delivery room 

monitoring for newborns? A novel photoplethysmographic heart rate monitor evaluated among stable 

NICU infants. Arch Dis Child Fetal Neonatal Ed 2011; 96: Fa2-Fa3. 

28. Lemke R, Farrah M, Byrne P. Use of a new Doppler umbilical cord clamp to measure heart rate in 

newborn infants in the delivery room. The e-Journal of Neonatology Research 2011; 1: 83-8. 

29. Sikdar A, Behera SK, Dogra DP, Bhaskar H. Contactless vision-based pulse rate detection of 

Infants Under Neurological Examinations. Conf Proc IEEE Eng Med Biol Soc 2015; 2015: 650-3. 

30. Blohm ME, Obrecht D, Hartwich J, Mueller GC, Kersten JF, Weil J, et al. Impedance cardiography 

(electrical velocimetry) and transthoracic echocardiography for non-invasive cardiac output monitoring 

in pediatric intensive care patients: a prospective single-center observational study. Crit Care 2014; 18: 

603. 

31. Grollmuss O, Demontoux S, Capderou A, Serraf A, Belli E. Electrical velocimetry as a tool for 

measuring cardiac output in small infants after heart surgery. Intensive Care Medicine 2012; 38: 1032-

9. 

32. Noori S, Wlodaver A, Gottipati V, McCoy M, Schultz D, Escobedo M. Transitional changes in 

cardiac and cerebral hemodynamics in term neonates at birth. J Pediatr 2012; 160: 943-8. 

33. Gargiulo GD, O'Loughlin A, Breen PP. Electro-resistive bands for non-invasive cardiac and 

respiration monitoring, a feasibility study. Physiol Meas 2015; 36: N35-49. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

34. Blanik N, Abbas AK, Venema B, Blazek V, Leonhardt S. Hybrid optical imaging technology for 

long-term remote monitoring of skin perfusion and temperature behavior. J Biomed Opt 2014; 19: 

16012. 

35. Hafner N, Mostafanezhad I, Lubecke VM, Boric-Lubecke O, Host-Madsen A. Non-contact 

cardiopulmonary sensing with a baby monitor. Conf Proc IEEE Eng Med Biol Soc 2007; 2007: 2300-2. 

36. Yan Y, Li C, Yu X, Weiss MD, Lin J. Verification of a non-contact vital sign monitoring system 

using an infant simulator. Conf Proc IEEE Eng Med Biol Soc 2009; 2009: 4836-9. 

37. Trifunovic M, Vadiraj AM, Driel WD. MEMS accelerometers and their bio-applications. IEEE 13th 

International Conference on Thermal, Mechanical and Multi-Physics Simulation and Experiments in 

Microelectronics and Microsystems (EuroSimE), 2012; 1-7. 

38. Ho CL, Fu YC, Lin MC, Chan SC, Hwang B, Jan SL. Smartphone applications (apps) for heart rate 

measurement in children: comparison with electrocardiography monitor. Pediatric Cardiology 2014; 

35: 726-31. 

39. Bal U. Non-contact estimation of heart rate and oxygen saturation using ambient light. Biomed Opt 

Express 2015; 6: 86-97. 

40. Kato T, Ueno A, Kataoka S, Hoshino H, Ishiyama Y. An application of capacitive electrode for 

detecting electrocardiogram of neonates and infants. Conf Proc IEEE Eng Med Biol Soc; 2006; 1: 916-

9. 

41. Nukaya S, Sugie M, Kurihara Y, Hiroyasu T, Watanabe K, Tanaka H. A noninvasive heartbeat, 

respiration, and body movement monitoring system for neonates. Artif Life Robotics 2014; 19: 414–9. 

42. Scalise L, Bernacchia N, Ercoli I, Marchionni P. Heart rate measurement in neonatal patients using 

a webcamera. IEEE International Symposium on Medical Measurements & Applications Proceedings; 

2012; 1-4. 

43. Villarroel M, Guazzi A, Jorge J, Davis S, Watkinson P, Green G, et al. Continuous non-contact vital 

sign monitoring in neonatal intensive care unit. Healthc Technol Lett 2014; 1: 87-91. 

44. Aarts LA, Jeanne V, Cleary JP, Lieber C, Nelson JS, Bambang Oetomo S, et al. Non-contact heart 

rate monitoring utilizing camera photoplethysmography in the neonatal intensive care unit - a pilot 

study. Early Human Development 2013; 89: 943-8. 

45. Adu-Amankwa NA, Rais-Bahrami K. Evaluation of a wireless cardio respiratory monitor for 

neonates. Journal of Neonatal-Perinatal Medicine 2011; 4: 329-32. 

46. Atallah L, Serteyn A, Meftah M, Schellekens M, Vullings R, Bergmans JWM, et al. Unobtrusive 

ECG monitoring in the NICU using a capacitive sensing array. Physiological Measurement 2014; 35: 

895-913. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

47. Grubb MR, Carpenter J, Crowe JA, Teoh J, Marlow N, Ward C, et al. Forehead reflectance 

photoplethysmography to monitor heart rate: preliminary results from neonatal patients. Physiological 

Measurement 2014; 35: 881-93. 

48. Kevat AC, Dawson J, Davis PG, Kamlin CO. Evaluation of a digital stethoscope and smart device 

technology for assessment of heart rate in the newborn infant. Arch Dis Child Fetal Neonatal Ed 2015; 

100: F562-3. 

49. Klaessens J, van den Born M, van der Veen A, Sikkens-van de Kraats J, van den Dungen FAM, 

Verdaasdonk RM. Development of a baby friendly non-contact method for measuring vital signs: first 

results of clinical measurements in an open incubator at a Neonatal Intensive Care Unit. Proc SPIE Int 

Soc Opt Eng; 2014; 8935: 1-7. 

50. Kraaijenga JV, Hutten GJ, de Jongh FH, van Kaam AH. Transcutaneous electromyography of the 

diaphragm: A cardio-respiratory monitor for preterm infants. Pediatr Pulmonol 2015; 50: 889-95. 

51. Mestha LK, Kyal S, Xu B, Lewis LE, Kumar V. Towards continuous monitoring of pulse rate in 

neonatal intensive care unit with a webcam. Conference Proceedings: Annual International Conference 

of the IEEE Engineering in Medicine & Biology Society 2014; 3817-20. 

52. Sato S, Ishida-Nakajima W, Ishida A, Kawamura M, Miura S, Ono K, et al. Assessment of a new 

piezoelectric transducer sensor for noninvasive cardiorespiratory monitoring of newborn infants in the 

NICU. Neonatology 2010; 98: 179-90. 

53. Wang F, Zou YH, Tanaka M, Matsuda T, Chonan S. Unconstrained cardiorespiratory monitor for 

premature infants. International Journal of Applied Electromagnetics and Mechanics 2007; 25: 469-75. 

54. Scalise L, Marchionni P, Ercoli I, Tomasini EP, editors. Simultaneous measurement of respiration 

and cardiac period in preterm infants by laser Doppler vibrometry. AIP Conf Proc; 2012; 1457:275-

281. 

55. Gautschi G. Piezoelectric sensors. In: Gautschi G, editor. Piezoelectric Sensorics Force Strain 

Pressure Acceleration and Acoustic Emission Sensors Materials and Amplifiers: Springer Berlin 

Heidelberg; 2002. p. 73-91. 

 

 

TABLES 

Author,           

year 

n 

patients 

n record-

ings 

n minutes 

analysed 

n paired 

datapoints 

R 

(Pearson) 

mean 

difference 

Limits of agree-

ment (95% CI) 

Camera Photoplethysmography                                                                                                  expressed in beats per minute 

Scalise, 7 56 28 33 0.94 -0.9 -9.7 7.9 
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Bernacchia, 2012 

Aarts, 2013 19 1 5 170  0.3 -5 5.5 

Klaessens, 2014 7 8 - 8 0.96 0.8 -2.9 4.4 

Mestha, 2014 8 8 215 12,900 - 2.5 -3.0 8.0 

Villarroel, 2014 15 8 - - - - - - 

Reflectance pulse oximetry 

Adu-Amankwa, 

2011 25 25 >375 - - - - - 

Grubb, 2014 99 77 1,540 83,287 - -0.1 -9.3 9.2 

Laser Doppler Vibrometry 

Scalise, 

Marchionni, 2012 20 20 - - 0.96 0.2 - - 

Capacitive Sensors 

Attallah, 2014 15 - 4,500 15,170 - - - - 

Kato, 2006 4 5 - - - - - - 

Piezoelectric Sensors 

Nukaya, 2014 1 1 60 - 0.91 - - - 

Sato, 2010 29 27 27 - 0.97 - - - 

Wang, 2007 5 5 50 - - - - - 

Digital Stethoscope 

Kevat, 2015 57 57 50 3,972 - 7.4 -39.6 54.4 

Transcutaneous Electromyography 

Kraaijenga, 2015 31 72 432 432 0.98 -0.3 -5.3 4.7 

 

Table 1: Summary of data analysed from included studies 

 

 

 

FIGURES LEGEND 

 

Figure 1: Search Strategy. Flow chart. 

 

Figure 2: QUADAS-2 Tool Assessment. Structured assessment of methodological quality of included 

studies. 

 

Figure 3: Comparison of Bland Altman Analyses from Studies. For each study with available data, 

mean difference (SD) between novel device and reference HR is presented.  
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Author,           

year 

n 

patients 

n record-

ings 

n minutes 

analysed 

n paired 

datapoints 

R 

(Pearson) 

mean 

difference 

Limits of agree-

ment (95% CI) 

Camera Photoplethysmography                                                                                                  expressed in beats per minute 

Scalise, 

Bernacchia, 2012 7 56 28 33 0.94 -0.9 -9.7 7.9 

Aarts, 2013 19 1 5 170  0.3 -5 5.5 

Klaessens, 2014 7 8 - 8 0.96 0.8 -2.9 4.4 

Mestha, 2014 8 8 215 12,900 - 2.5 -3.0 8.0 

Villarroel, 2014 15 8 - - - - - - 

Reflectance pulse oximetry 

Adu-Amankwa, 

2011 25 25 >375 - - - - - 

Grubb, 2014 99 77 1,540 83,287 - -0.1 -9.3 9.2 

Laser Doppler Vibrometry 

Scalise, 

Marchionni, 2012 20 20 - - 0.96 0.2 - - 

Capacitive and Load-cell Sensors 

Attallah, 2014 15 - 4,500 15,170 - - - - 

Kato, 2006 4 5 - - - - - - 

Piezoelectric Sensors 

Nukaya, 2014 1 1 60 - 0.91 - - - 

Sato, 2010 29 27 27 - 0.97 - - - 

Wang, 2007 5 5 50 - - - - - 

Digital Stethoscope 

Kevat, 2015 57 57 50 3,972 - 7.4 -39.6 54.4 

Transcutaneous Electromyography 

Kraaijenga, 2015 31 72 432 432 0.98 -0.3 -5.3 4.7 

Table 1: Summary of data analysed from included studies 
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