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ABSTRACT

Heart rate iswvitahsignfor assessing the need for resuscitatiie performeda systematiceview of
studies assessing novel methods of measuring heart raw/borns and infants in the neonatal unit.
Two investigators completed independent literature searches. |deptfieds were independently
evaluated andelevantdatawere extractednd analysedConclusion: This systematic review
identified seven new technologies, including cantesedphotoplethysrmagraphy, reflectance pulse
oximetry, laser Doppler methods, capacitive sensors, piezoelectric sensors, electromyography, and a
digital stethoscopeClinicians should be aware of sevesthesewhich may become available for

clinical use in the near future.

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

NICU environment

Key Notes:

e Cunrentestablished methods béart rate assessméat newborns and infanere
disadvantaged biyaccuracy, intrusiveness atiche-consuming applicatiorwhereas novel
methodsrequire appraisal

e Oursystematic revievevaluatesiovel techniquetor heart rate assessmemtluding camera
based photoplethysmography, reflectance pulse oximetry, laser Doppler, capansimes s
piezoelectric sensors, electromyography, and a digital stethoscope

e Altheugh-nd yetsuitable for widespread clinical use, sevéeghnologies are promising and
clinicians should be aware of them

INTRODUCTION

Background

Monitoring neonatal and infant heart rate (HR) accurately is imponetitrticians around the world.
HR is a vital sign with an important role in assessing the need for, and respoesastotatior{l1, 2)
and may serve as a marker to identify critically univegdintsrequiring escalation of medical attention

(3). For newborns, thimternational Liaison Committee on Resuscitation (ILCOR) guidelines
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emphasise the importance of rapid, accurate heart rate determination in guidiggnemneare
immediately after birthThese stipulate heart rate assessment within the first minute of life, with
ventilatory assistance to be provided if the heart rate is below 100 beatsptr thpm) and chest

compressions if less than 60 bj).

Rationale

Although rapidyechest auscultation and pulse palpation have been shown to be inaceurabedent

that impairsadherence to restitation guidelineg5, 6). Electrocardiography (ECG) and pulse

oximetry (PO).are both more preciseitmultiple studies have shown that the time elapsed from birth

to successfulestablishment of heart rate display using these devices often exceeds one to two minutes
(7, 8).Both of these modalities can become inaccurate with movement a(8fa6). In the neonatal

unit, application of monitoring leads with adhesives to sensitive skin, espegcipheterm infants, may
causdraumathrough burns and pressureers(11-13). Skin damage can in turn increase an

individual’s suseeptibility to infection (14% potentially lifethreatening risk in this vulnerable group

of patients.

These challenges, combined with increasingly sophisticated scientific advancements, have driven the
development ofsnoyvel technologies to assess newborn and infant heart rate imaivagehk to

overcome théimitationsof currently available devices. However, assessing the performance and
accuracy of novel devices is vital given that critical clinical decisionmade on the basis of heart

rate. The aim-ofithis systematic review wagritically appraise the evidence on the application and
accuracy of novel'technologies for monitoring the heart rate of newborns and hospitalised young

infantscompared to current reference standards.

OBJECTIVES

The primary objectigs of this systent@ review were

- Toidentify'and describ@ovel technologies for monitorirthe heart rateof infants in the delivery
room(DR) andneonatal unjtand

- To provide a summary of the performance of these technologies, including an analysrs of thei
applicability tothe study population

Where studies presentdtediagnostic accuracgf devices in similar waysve comparedheir
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diagnostic performance.

METHODS
Criteria for Study Consideration
Types of Studies
We included studiesf-original researcklescribing novel technology fassessing heart ratéth the
following limits applied
1. Published.in the lagen years
2. Evaluated.the technmgy in a relevant clinical population, defined as neonate/®ayaolung
infants <6 months of age in a neonatal unit
3. Performed a comparison against an establistiedence standard fbeart rate assessment,
defined as fransmission pulse oximetry or electrocardiography

Although review-articles were notcluded in he systematic review, wimcluded information from
several reviews identifieduringour searchTheseoriginated from sources bridging diverse
disciplines such as engineering, biotechnologryd medicineand were usetb inform our discussion
(15-17).

Participants
Participants weraeonates and young infaréss tharsix months of age in theospital neonatal unit

Index Test(s)

Index tests were novel technologies for heart rate assessment.

Target Condition

The targetondition of this review was defined as newborn ankifant heart rate.

Reference Standard(s)
Reference standards were designated as heart rate obtaigigteblyCG or transmissiorPO.

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

neonatal HR (18). In particular, ECG maythe fastest way of accurately determining heaet irat
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resuscitatior{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, perioperasgenasseand

critical illness(20).

Transmission PO was also considered a reference standard betacsemonly used in the delivery
room (DR) tosmeasure oxygen saturations, as well as HR, accu@ieR2. In this setting, it is used
to guide resuscitatiofdt) andn the neonatal intensive care umMtiCU), it is an essential element of

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

Search Methads for Identificationof Studies

Electronic Searches

We searchethe following electronic databases to identify reports of relevant studies:

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

-  EMBASEgthroughOVID (18/04/2016)

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

- Conference Proceedings Citation IndeQciencethrough Web of Science (21/04/2016)

The keywordsearch terméwvith MeSHtermsadditionallyused wienever availableve used were:
Neonat* OR infant OR newborn [neonatology] [infant] [newbpHkhgart ratéOR heartbedheart rate]

Monitoringimonitoring,physiologic]Full details of each search are listedppendix 1.

Other Considerations and Searches
Given our focus on newly developing technologies, we limited our search to artibleshpd in the
last ten years. We alseviewedthereferencdists of publications eligible for inclusion, and lists of

articles citing eligible publications (dsund on Google Scholarjo identify additional relevant works.

Data Collectionmand Analysis

Selection of Studies

The initial searches were undertaken independently by two reviéier®B), and studies assessing
heart rate monitoring were identified based on the title of the artiRéagew articles andrticles
assessingnly well-established methodologies for heart rate assesssushtas ECG antdansmission
PO, wereexcluded from analysi§hetwo reviewersthen independently assessed the abstfaeach
reference againstélremaining inclusion criteria. Additional relevant works identified by reviewiag t

reference lists of publications eligible for inclusion, éistof articles citingthoseeligible studis,
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underwent the same proce&ay disagreements that arolsetween authoraere resolved through

discussion.

Data Extraction and Management
We extracted the fellowing data from each included study:
- Study design

Study population

- Reference standard and information relating to performanite eéference standard

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

- Technicaldetails 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. Disagreenvests resolved by discussion,

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

Assessment of Methodological Quality

As guality assessment of diagnostic accuracy studstsoisgly recommended by STARD (Standards
for Reporting ofsRiagnostic Accuracy) (24 includedstudeswere independently assessed by two
reviewerg(AK,.DB), using theQuality Assessment Tool for Diagnostic Accuracy Studigevised
Version (QUADAS?2) (25). The QUADAS?2 assessment tool lists four key domapetient seletion;
index testreference standarflow and timing.

Each study was evaluated for risk of bias under each séfber domainsand each study was also
evaluated for.applicability under each of the first three of these doriihissvaluationwas

undertaken fellowing recommendationstioé QUADAS?2 framework by use of appropriate signaling
guestions, whichware listed in Appendix 2, to form judgemdihts.outcomes were discussed and
consensubetween the reviewers wesached. Where consensus could not be reached, a third reviewer
(PD)was censultedThe only exception to this process was in the evaluation of studies in which the
reviewer was a contributing author. In this case, in oaearoid biasonly 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 presemtadbular and graphical formdtor each study,
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we have preseetldata relatingo the number of patients and/or recordings includedibpdssible

the number of miates of recording(s) analysed.

Where studies presentdte mean difference and standard deviafed) and/or 95% confidence
intervalsin bpmbetweerthe novel techology index tesandthe reference standande displagd
these data acrossydiffering index tests in order to facilitate casopasf the novel technologie&d/here
studies did notspresent this data, we contalisést corresponding authe by electronienail to request
this data and,in instances whéhnes was made availahleve have included itWe also present
information relating to data exclusiodsclosed by each eligible publication.

RESULTS

Results of the Search

The initial searchsstrategy identified 1672 references (Figuidte). screening titles and abstracts, we
identified 25articles for fulttext review. Of these, we excludemirteenstudies fotthe following
reasonstwo studiegid not include new origial research data relating to the study question (26, 27),
five studies hatho comparison of novel technology with an appropriate reference stands38) (284

sevenstudies reperted ractual testingon our target population (33-39).

After inclusion of four additional studies identified through referencesiation of eligible studies

(40-43),fifteenarticles were identified for analysis in this revig40-54).

The technologies assessed by these studies were ebaseid photoplethysmography (42-44, 49, 51),
reflectance pulse oximeti¢5, 47) laserDoppler methods (54rapacitive senso(d0, 46),
piezoelectricsensos (41, 52, 53), transcutaneous electromyography &) a digital stethoscope
(48). Appendix*3*contains brief, plalanguage descriptions of these technolagies

The main characteristics of the studies are summains&opendix 4 Collectively in these studies,
data on novel methods of heart rate deteatmmpared to an appropriate reference standard device
were collected and examined for a totaBa¥7 neonates andfantsless than two years of adafty-six
participantsunderwent camerbased heart rate detection, M0@re tested with reflectance pulse
oximetry andwentywere assessed by lagdopplervibrometry.Nineteen and 35 childrdass than

two years of agbad heart rate detection performed by capacitive and piezoelectric sensors
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respectivelyKraaijengaand olleaguesassessed 3ieonates using transcutaneous electromyography
(50), and a total of 5Meonates and infants were auscultated for automated heart rateodaisictg a

digital stethoscope bigevat and colleagudgg8).

Methodological quality of included studies

The results of the'QUADAS tool assessmeffigure 3 showthat sme of the main limitations

identified was patient selection as a potential source of bias. Only one of thes apiecified

randomigd patienselection(51), and mosbf 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 restrictivaninclusi

criteriain sele€ting patientsvithout providing asuitablejustification.

All of the studies applied the index and reference tests simultaneously. Howamgrstudies
analysed thedndex test results afibtaining results ahe reference test, especially studies of
photoplethysmography (43-45, 47, 49, 51, 34¢.deemed this processincrease theisk of biasdue

to the generation of novel technology results after obtamgisglts othereference test.

Posthoc data exelusion and selective data analgtgs affected the methodological quality of several
studies. Seme studies did not report data for aikpi(40, 44)whereas others excluded data arising
affected by a podrace(42, 43, 45, 47pr when movement, apnoea or arrhythmia occurdéqd %9.

Only one study-declared having devisedhgmiori method forselectingdata suitable for their analysis
(48).

Almost all studies effectively reported and appropriately used asgaidtard reference standard
However, some studies were unclear in specifying which reference stavatauged and/or whether
the same reference standard tool was applied to all studied i(¥4n&5).

Another notable source of bias indes the practice obbtaining data from one patient on more than

oneoccasionaffectingtwo studies (40, 49).

With regard to the QUADASR category of applicability, some novel technologies reaéled on a
very specific subgroup of infants, raising conceFige studiegrialled their devices only on preterm

neonates (41, 43, 46, 50, 53). Whilst most studies had small numbers of recruited patsepardl
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publications were able to demonstrate appropriate demographic variability isdlegited population
(42, 47, 49)

Findings

Results of theianalysis

Data extracted forstatistical analyBism theincludedstudies are presentedTable 1. Many of the
studiesdid notprovide sufficientdata to derive mean differenaad/or standard deviation in bgor
comparison, but where they do they are compared in Figure 3. Considerable heterogerseity exist
betweerthe statistical reporting methods employed, both acrosaswted technologi@svestigated

andbetween'different studies utilising the same basic technological approach

Heterogeneity and Related Analysis

Camera-based photopl ethysmography

Non-contact phetoplethysmography was the novel methatavas described bihe greatest number of
studies. Thisstechnology derives a heart rate by detecting and amplifying smaksiathe colour of
skin occurringwith'each heartbeaAll of the five trials were small, initial studidsased in intensive
care departments, with less than twenty reported participantsidéestderived device HR from post
hoc analysis ofrecordings, not in reiahe. Movement artefaavas a ley factorin all of these studies
reducingaceuracy;.other factors affecting accurawjudedillumination (42-44) and infant positioning
(49). Interestingly, the presence of staphylococcal scalded skin syndrome and phoysiemed to
be associatedwith increased signal clarity and improvements in non-contactdgglpretision (44),
although one'study specifically excluded those undergoing phototherapy (51).

The patient populationsecording lengthsand statistical repdrtg approaches of tHeve studies
varied.Aartsand. colleaguestudied nineteen neonates and found that for thirteen, more than ninety
percent of the'time a HR withinliom of the ECG standard could be derived (A4)iverse set of
neonates between 25 and 42 wegdstationweighing 470 to 3810 gramaere recordedithout
changes tosstandaMICU lighting. Encouragingly, both a newborn being rocked in their magher’
arms,as well as one receiving high frequency oscillation ventilation, could be successfaitgnad.
However for nearly a third of patients, camettarived HR was more inaccurate than the study cutoff
for more than 10% of the time. The authors concluded that better hardware and atgwetemneeded

to improve robustness.
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Even after excludingideo segmentg which their two reportedreterminfants interacted with health
professionals or parentgillarroel and colleagues found naontact HR values were Spm different
compared to ECG for approximately twenty percent of the recordingnitheir study(43).Over

forty hours of footage in segments of varying lengths, from 53 minutes to 7.32 houtaskeradHeart

rate was extractefrom the recordings using customised software. The authors concluded thatithe mai
barriers preventing increased accuracy of their devere threefoldmajor changes in lighting

conditions, lack-ofvisible skin area, and variation in the baby’s acpuitterns as small pterm

infants made,irregular movements throughout the day.

In two of the non-eontact photoplethysmography studies (42, 49), the mean difference and 95% limits
of agreement between cametarived and ECG HR weret&0 bpm. HoweverKlaessensnd

colleagues only reportg@sults fromselected segments of their eight recordings during which the
patient was stil(49),andScaliseand colleaguediscarded more than 40% of the expected datapoints
likely due to webeam or ECG inaccura@?). Rather than excluding and minimg movement,
Mesthaand colleaguestilised an approach with a strong focus on motion compensation (51).
Simultaneous captu multiple regios of interest (areas of skin selected on the video of the patient),
combined with an adaptive filteneant that poor signal quality due to movement in one or multiple
areas was ablete be detettelowever, large motion resulting in loss of accurate monitaaecgrred
approximately.10%f the time for their hathour recordings of eight term-born infants. During the
remaining time, camerderived HR was within 6 bpm of the ECG standard for >95% of the Tilhree.
authors concludesthat this is close to adsad 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 studiesby AdeAmankwa &RaisBahramiand Grubb and colleagues (45, 43gd reflectance
pulse oximetryPulse oximetry waveforms were obtained in4tgak, withHR from the waveforms
calculated poshoec. These studiedemonstrated comparatively high degree of accuragth novel

HR within 3bpm of ECG more than 90% of ttime, when data acquisition wasable Adu-Amankwa

& RaisBahramis'study of a wireless abdominal belt with this technology (@&ljed in theNICU
included data from 25 neonates each recorded for ninety minutesséledyions of at least three
minutes duration wherein both monitors were displagiadple waveforms were compared for parity of
peaks representing a beat. Whilst there was excellentdsbatt correlation between ECG and

reflectance oximetry cardiac activity detected, these sections repdessetitan 20% dhe total
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recording time and may only be representative of periods of time when the sulgestiiiwa

A study of forehead reflectance pulse oximetry inNthWeU (47) recruited99 infants, making it the
largest in this systematic revieWeight(gestational age) of participantnged from 750 grams (26.9
weeks)to 4,9kilograms (42 weekdRecordings were evenly truncatedattength of twenty minutes to
ensure a balanceuin contribution from each particj@and thereflectance pulse oximetry wawem

was displayediinredime (@lthoughselection of data for analysis occurred after recording).

Recordings from more than 20%refruitedchildren were discarded prior to data analysis due to
technical problems. Nevertheless, the stiahorted promising results, especially in relation to their
cohort of premature infants <32 weeks’ gestatitvere the device limits of agreement with ECG were
+12bpm. Importantly bwever, paired data values were excluded when pulse oximetry leads were
being adjusted and whenever the ECG tracepwsas Therebre, tie proportion of total recording time
during whichseflectance pulse oximetry was adversely affected and unable to extracteaH&iab
unclear. Theauthors fourdat the greatest impact on accuracy arose from motion ari&feeqr
directionfor future improvements and reseaweas articulatedincluding improved probe fixation to

minimise motion artefa@nd excitingly a delivery room study in progress.

Sensor-based methods

Capacitive sensors in various forms have been used to assdssn and infant heart rafgallah and
colleagueembedded eight capacitive sensate a neonatal cot mattress surrounded by a reference
electrode made of conductive textile, all covered by a thin polyurethane protesterg46) Fifteen
premature infants were monitored for 75 hours with concurrent ECGapagsisition analysis usirg
complex constructed algorithm for deriving sensor HR using the two best processediggrasor
inputs foundthadnraccurate HR could be determitess than half of the timevith poor subject-
sensor couplingeing a key impeding factor. In an effort to maximise coupling between d¢oé @)
sensor, Katorand colleagues used thin cotton underwear as the only insulaton bietvwefants and
thar capacitivesensor surface, which waggeniouslymade from a deformablalbric of nickel on
copper plated polyesténat covered the mattress surf¢d®). 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 seea®itizat
corresponded to predicted areas of better subject contact. A brief, quatiegorgtion ofesults was

provided; only one recordingag described as successful. An overall comment was made that the
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systemhad room for improvement and was unstable if the infant “was flopping or crying"Tid®).
authors reportethat the detected waveform was distorted and that there was roanpforement in

terms of their system’s practical use.

Piezoelectricisensors rely upon the mechanical stress exerted upon gemarede a polarization
charge withinsthe'contained element which gemsratproportional output signal (5%heir placement

in a variety of lecations has been used to detect the heart rate of preterm andvieomsieNukaya

and colleaguemonitored a single 2840 gram 52-day old infant for sixty minutes ugzgedectric
sensoraffixed.to 80mm polypropylene resin coasters placed underneath the four legs of a cegnata
recording movements including those due tartiat(41). A Pearson’s correlation coefficient of 0.91
between ECG and piezoelectderived HR was reported by Nukaya and colleagues, with periods of
movement differentiated from periods of stillness by irregular, greater output from the piezoelectric
sensorsand verified by infant video recording (41). It was found thaing) these periods, heart rate
could not be detected by any of the piezoelectric sensatrshatvibration 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 foalidBndetection

with reattime output compared to ECG (53). After preliminary studies to design antlalg@ind an
appropriate'silicone base for their mattrbased synthetic film sensor strips (each 28 x 5 cm), five
preterm infants weighingetween 1532 and 2112 gramsre studied for ten minutes each. An elegant
wavelet multireselution decomposition was used to separate out pressure fluctuations due to
respiratory effortsAn algorithmautomatically selecteand repeatedly revaluatedhe strongest of the
four piezodectric heart rate signals camy from each rectangular strip, which was logged and
compared to'ECGI he rate of incorrect heartbeat recording (either an inappropriate recorded beat or
missed beat)iwas.8.24%, occurring primarily due to infant movement or weakness of theaheart

vibration.

Sato and celleagues used a piezoelectric sensor attachendt #iexible plastic platembedded
within a towelcovered neonatal mattre®). In this neonatal studypfantswith a wide variety of
diagnoses were included, such as chromosomal abnormality, atrial septal defect, patent ductus
arteriosus, p@pheral pulmonary artery stenosis, respiratory distress syndrome, transigmin@ea of
the newborn and pneumothorax. Three recruited newlaerereceiving nasal continuous positive

airway pressure, two were conventionally ventilated and two weregbrfreiquency oscillation
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ventilators.Recordings werbetween ten hours and nine days in length, sampled every two
milliseconds. After excluding two recordings due to data quality issues, Sato aatjuelt analysed
one-minute segments from 27 remainiageveal a correlation coefficient of 0.92 for piezoelectric
detected HR compared to simultaneous ECG ({B®&seshortanalysed segments wetowever,
selectedromitimesrinwhich the study participants were not moving. Analysis of prolonged recordings
of the infantsoverseveral hours to daliswed that HR was accurately detected by piezoelectric
technology 82:6% of:the time compared to 91.8% of the time with E@&sBeedingyentilation and
spontaneous;infant movement were listed as key sources of interfereaicgidzoelectric sensor was
considered eastp-use, durable, easy to steriliged safe, without a risk of causing skin irritation
compared to'eonventional monitoring methods. They postulated that with developmernyistieeir s

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 electromyogtagénpoppler viborometry, and a digital
stethoscope { Electromyograptiye recording of the electrical activity of muscle tissue using electrodes
attached to the skimvas testd by Kraaijenga and colleagues in a single centre study jofe3érm

infants with a gestational age between 26 and 32 weeks who were being treated Withrmiaseus
positive airway.pressure or nasal oxyg&hhough transcutaneous electromyography determined heart
rate with a high degree of accuracy in comparison to conventional ECG (mean diffé&8rmam,

95% limits of-agreemenb.3 to 4.7 bpm), study authors point out tinahscutaneous electrodesed

were similar to those for ECG; therefore it is likely thattd@hnology offers iited advantage over

current practice when considered for measurement of heart rate.

Marchionni_and.colleagues studieanacontact Dopplevibrometry HR monitoring using single

point laser beamdirected towgrtematuranfants’ anterior left chestto detect minute movements of
thar thoracic'wals'due to cardiac activits4). Twenty infants (seven female) with a mean weight of
1111 gramsswere studied principally to test the technology fagbessment of heart raténelaser
beam was locatedi1-52m away from the subject amdhs unaffected by a transparent crib w28).
Detected HR values were obtained through post-hoc, wavelet-based algorithm construction, with
selection of parameters todtdit the gold standard datdland Altman analysis revealed that detected
HR values had a mean differen&Dj of approximately 0 (Bopm when compared to ECG valuéhe
authors concluded that their study demonstrated some level of uncertainty patt tedaser
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Doppleracquired heart rate (which was quantified as 6% of the average heart rate), and that in the

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

Digital stethoscope technology to monitor and record neonatal chest sounds in anielechan

developed with prototype smartphosedftware able to process daising algorithmso providea visual

display ofheart’rate in redime was used tassess diverse newborn and infant populatiorthe

neonatal unit:'Fifty-recordings were analysed from infants where 34% had reg@rgiport via an
endotracheal tube, continuous positive airway pressure or heated humidifidibWwigiasal cannulae

and 24% had _cardiac lesions. Digital stethoscope HR was rapidly acquired, with tha (H@&) time

to firstdisplay,being 2 (1-7) second$he HRwas calculated and displayedreattime, but was not

highly accurate/with a mean difference (SD) of 7.4 (24) bpm #™#3.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 clinicadrenent.

Summary of Findings

We identified seven novel technologies for heart rate monitoring in neonates ansl iB&t modality
had its own limitationsMovement gefact in particular was a limitation mentioned in most of the
studies reviewed.. Ambient light was also a limitation in several of the studies assessingbca®éra
photoplethysmograph¥ifteen studies were eligible for inclusion in the systematic wewigth
comparable published data summarised in Figute &xamination of the risks of bias and
applicability of each study shows thatipat selection methods and the practicarwlysing index test

results after obtaining results of the referenceviese key restrictors of methodological quality.

DISCUSSION

Strengths andlzimitations of the Review

We have conducted a comprehensive review of the published literature, following theatiste
approach outlinedkin the QUADAZS methodologyWe uniformly applied criteria for study inclusion.
A key strength of our review is the credisciplinary nature of our searcte identified scientific

papers from medical, biomedical and engineering journals.

The most salierltmitations of our review arsfrom the nature of the included article®st of the
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included works describe smaltde, pilot studies of technology. Many of these can be accurately
described as being a developmental phase. Significant risk of bias affected methodologicay quialit
these studies across multiple domakResults were not reported in a standardfastiion acrosall
studies, making comparisons of included works in order to identify the most promising novel
technology difficult:

Applicability ofsFindings to the Review Question
Because weonly included studies where novel techiesdldmd been trl@d on newborns or infants
<6 months old.ira.neonatalinitin comparison to an established gold-standard, findings are considered

applicable to'the review question.

AUTHORS’ CONCLUSIONS

Implications for-Practice

The ongoingsinnovation of technological solutions for assessment of heart rate fimeonates and
young infants is highly encouragingith potentiatto changelinical practice In order to gain

acceptance in clinical practio®vel devicesvill 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
practitionerin.the context of performing clinicasessments during an acute resuscitaGoven the
ubiquitous spread of smart device technology, digital stethos@pairing with such devices, if
improved,mayenable better assessment of heartgkttlally including resource limiteskettings. Non
contact methods for HR assessment have the advantage of minimising noxious stimuéciimeh inf
pathways for vulnerable preterm infants. However, due to the limitations otittiessand triadd HR
assessment methods described in this systematic rék@npvel technologies caot be

recommended.as. being suitable for widespread clingedt this stage.

Implications forResearch

Several of the novel technologies, particularly photoplethysmogamihgapacitivesensors, suffered
from poor signaieccuacy due to movement of the neonate/infant (26, 43-45, 47, 49, 51yie#jods
for minimising mawement artefact have previously been developed to improve oxibated HR
assessment in newbor(®. Given that multipléechnologies mentioned above agpartedly being
studied in the delivery room and resuscitation setiirig clear that overcoming inaccuracyedo

movement artefact is an area of high research importance for thedaHfRomonitoring technologies
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Trial methodology and hence clinical applicability of future studies could be improvedIbgive
patient selection criteria, larger sample sizes, standardised reporting of results with inclusion of all
relevant data and retiine assessment of HR using the novel method. Future studies should also

compare novel methods against each other, to ascertain the most promising tedciragpgiach.
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bpm; beats perminute

ECG,; electrocardiogram

HR; heartrate
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TABLES
Author, n n record- n minutes n paired R mean Limits of agree-
year patients ings analysed datapoints (Pearson) difference  ment (95% ClI)
Camera Photopl ethysmography 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 55
Klaessens, 2014 7 8 - 8 0.96 0.8 -2.9 4.4
Mestha, 2014 8 8 215 12,900 - 25 -3.0 8.0
Villarroel, 2014 15 8 - - - - -
Reflectance pul se 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: Seareh=StrategyFlow chart.

Figure 2: QUADAS-2 Tool AssessmentSructured assessment of methodological quality of included
studies.

Figure 3: Comparison ofBland 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, n n record- n minutes n paired R mean Limits of agree-
year patients ings analysed datapoints (Pearson) difference  ment (95% ClI)

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 eximetry
Adu-Amankwa,
2011 25 25 >375 - - - - -
Grubb, 2014 99 77 1,540 83,287 - -0.1 -9.3 9.2
Laser Doppler brometry:
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 Sensers
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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