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Abstract: Apnea of prematurity and the need for immediate cardiopulmonary support at birth 

remain major causes of neonatal instability, especially in very preterm infants. This review 

summarizes current advances in technologies for apnea detection and neonatal resuscitation, 

highlighting the transition from conventional bedside monitoring to integrated, data-driven 

support systems. Literature relating to impedance pneumography, respiratory inductance 

plethysmography, non-contact video monitoring, dry-electrode electrocardiography, respiratory 

function monitoring, T-piece ventilation, and machine-learning-enabled analytics was reviewed. 

Conventional impedance-based respiratory monitoring remains widely used but is limited by 

motion artifact, cardiac interference, and frequent false alarms, all of which contribute to alarm 

fatigue and may mask clinically important apnea events. Emerging technologies improve signal 

quality, reduce the need for adhesive interfaces, and enable more accurate discrimination of true 

apnea from artifact or periodic breathing. In the delivery room, dry-electrode electrocardiography 

provides faster heart-rate acquisition than pulse oximetry, while fixed-pressure ventilation systems 

and respiratory function monitors improve feedback during positive-pressure ventilation. 

Artificial intelligence is increasingly used to aggregate multimodal physiologic data, automate 

event quantification, and support prediction of cardiorespiratory deterioration. However, the 

implementation of advanced neonatal technologies is constrained by cost, infrastructure 

dependence, interoperability gaps, maintenance limitations, and training requirements, 

particularly in low-resource settings. Future progress will depend on rigorous validation, human-

centered design, reduced alarm burden, open data standards, and equitable deployment strategies 

that align innovation with real-world neonatal care needs. 

Keywords: apnea of prematurity; neonatal resuscitation; monitoring; artificial intelligence; dry-

electrode electrocardiography.   
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INTRODUCTION 

The transition from fetal to extrauterine life demands rapid adaptation of the respiratory and 

cardiovascular systems. Although most newborn infants establish effective spontaneous breathing 

after birth, a substantial proportion require some degree of support in the delivery room, and 

preterm infants remain particularly vulnerable to ongoing cardiorespiratory instability during 

neonatal intensive care. [1,7] Apnea of prematurity and ineffective initial resuscitation are 

therefore linked by a common clinical challenge: clinicians must detect physiologic deterioration 

quickly, interpret incomplete or noisy data accurately, and intervene before hypoxemia, 

bradycardia, or ventilatory failure leads to injury. 

Historically, neonatal monitoring has depended on chest impedance, standard electrocardiography, 

pulse oximetry, bedside observation, and manual documentation. These methods transformed 

neonatal care, but they also introduced well-recognized limitations. Adhesive sensors can injure 

fragile preterm skin, pulse oximetry may provide delayed heart-rate feedback in poorly perfused 

infants, and impedance pneumography is vulnerable to artifact and false alarms. [4,5,8] In parallel, 

the resuscitation environment is time-critical and cognitively demanding; clinicians must 

determine whether a newborn is breathing effectively, whether ventilation is adequate, and 

whether escalating support is needed within seconds. [7,8] 

Recent innovations in biomedical engineering, signal processing, and artificial intelligence (AI) 

are reshaping this landscape. Novel respiratory sensors, dry-electrode electrocardiography, non-

contact monitoring systems, respiratory function displays, and machine-learning-based analytics 

increasingly aim to reduce uncertainty at the bedside and in the delivery room. These tools promise 

earlier detection of clinically relevant apnea, more reliable heart-rate acquisition, better feedback 

during positive-pressure ventilation, and more integrated decision support across neonatal 

workflows. 

This review provides a clinically oriented overview of current neonatal apnea detection and 

resuscitation technologies. Emphasis is placed on the strengths and limitations of emerging 

devices, the role of multimodal data integration and AI, and the practical barriers that influence 

adoption, especially in low-resource settings. 

Clinical Burden and Pathophysiology of Neonatal Apnea 

Apnea of prematurity is usually defined as a cessation of breathing lasting more than 20 seconds, 

or a shorter respiratory pause accompanied by bradycardia or oxygen desaturation.[1] It is common 

in infants born before 34 weeks of gestation and is nearly universal at the lowest gestational ages 

because respiratory control, airway patency, and thoracic mechanics remain developmentally 

immature.[1,2] Clinically, apnea may be central, obstructive, or mixed. Central apnea reflects 

reduced or absent respiratory drive; obstructive apnea occurs despite ongoing effort because of 

upper-airway collapse or impaired airflow; and mixed apnea combines both mechanisms, often 

evolving from one pattern into the other.[2] 

The burden of recurrent apnea extends beyond temporary desaturation alarms. Repetitive episodes 

of hypoxemia and bradycardia can disrupt cerebral oxygen delivery, prolong hospitalization, 
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increase the need for respiratory support, and complicate neurodevelopmental outcomes.[1,2] 

Even when the causal relationship between intermittent hypoxia and long-term impairment is 

difficult to isolate, apnea remains a clinically meaningful marker of physiologic instability in very 

preterm infants. Because many events are transient and self-resolving, the clinical challenge is not 

merely identifying every respiratory pause, but distinguishing events that require attention from 

benign periodic breathing or monitor artifact. 

This distinction is important because routine bedside systems do not capture all clinically relevant 

apnea with equal accuracy. Standard impedance-based monitors are more effective for central 

apnea than for obstructive apnea and may misclassify movement or cardiogenic artifact as 

breathing activity.[3,4] As a result, caregivers may miss true events while simultaneously coping 

with excessive nonactionable alarms. Any technological advance in this area must therefore 

improve both sensitivity and specificity while preserving bedside usability. 

Conventional and Emerging Technologies for Apnea Detection 

Chest impedance pneumography remains the dominant method for continuous respiratory 

monitoring in neonatal intensive care units (NICUs). By measuring changes in electrical 

impedance across the thorax as the infant breathes, the method offers continuous, integrated 

monitoring through existing cardiorespiratory leads. Its ubiquity and ease of deployment explain 

why it remains the clinical default.[4,5] However, impedance monitoring is prone to two persistent 

limitations: motion artifact and cardiac interference. In preterm infants with delicate respiratory 

patterns and frequent handling, these sources of noise can substantially distort signal interpretation, 

contributing to false-positive alarms and failure to identify some clinically significant events.[3-5] 

Respiratory inductance plethysmography provides a more direct assessment of thoracoabdominal 

movement by using bands that detect changes in the chest and abdominal cross-sectional area. This 

technique can better characterize the synchrony or asynchrony of respiratory effort and is useful 

for distinguishing central from obstructive apnea.[2,5] Its higher physiologic fidelity makes it 

attractive for research and targeted diagnostic evaluation, but routine clinical use is limited by the 

need for careful placement, potential discomfort, cost, and reduced practicality during prolonged 

bedside care. 

Another important innovation is non-contact respiratory monitoring. Camera-based systems, 

including RGB-D imaging and computer-vision approaches, can detect subtle chest-wall motion 

or micromovements without adhesive interfaces.[5,6] Such systems are particularly appealing in 

extremely preterm infants, in whom repeated sensor application may damage the epidermal barrier. 

Non-contact methods also avoid electrical interference and can potentially support continuous 

observation without disturbing the infant. However, they remain sensitive to ambient lighting, 

incubator reflections, blankets, caregiver occlusion, and line-of-sight interruption. Their 

performance in busy, real-world NICU settings therefore depends on robust image processing, 

stable positioning, and strong prospective validation.[6] 

The increasing availability of high-resolution physiologic data has also expanded the role of 

computational analytics. Automated apnea analysis platforms can integrate impedance, 
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electrocardiography, and oxygen saturation signals to classify events more accurately than 

conventional threshold-triggered monitoring.[3,4] These systems are designed not only to count 

respiratory pauses but also to discriminate true central apnea from artifact, distinguish periodic 

breathing from clinically significant instability, and quantify event severity over time. In some 

studies, automated analysis has identified substantially more clinically important events than 

routine nursing documentation, underscoring the gap between bedside observation and objective 

event capture.[3] 

Machine-learning models extend this approach further by learning complex relationships among 

multiple physiologic features rather than relying solely on fixed alarm thresholds. Early work 

suggests that such models may help predict impending apnea or bradycardia before overt 

deterioration becomes clinically obvious.[4,16] If validated prospectively, this would represent a 

major conceptual shift from passive detection toward anticipatory neonatal monitoring. Still, 

prediction is only clinically useful when algorithms are transparent enough to inspire trust, specific 

enough to avoid alarm overload, and implementable within the constraints of routine neonatal 

workflow (Figure 1). 

 

Figure 1. Conceptual framework of neonatal apnea detection technologies. 

Technologies for Neonatal Resuscitation at Birth 

Rapid cardiopulmonary assessment is central to the first minute after birth. International neonatal 

life support recommendations emphasize that heart rate is the key physiologic signal guiding 

escalation of care, including the initiation and optimization of positive-pressure ventilation and, if 
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necessary, chest compressions.[7] Traditional approaches such as auscultation and palpation of the 

umbilical cord remain useful when devices are unavailable, but they are vulnerable to inaccuracy 

and delay in emergency situations. 

Pulse oximetry is now a routine component of modern neonatal resuscitation because it provides 

both oxygen saturation and a derived heart-rate signal. This dual function is valuable when 

clinicians must balance adequate oxygen delivery against the risks of hyperoxia.[7,8] 

Nevertheless, pulse oximetry often acquires a heart rate slowly immediately after birth because 

peripheral perfusion is limited and signal quality is unstable during the earliest postnatal period. 

In very compromised infants, this lag may reduce its usefulness as the sole tool for rapid decision-

making.[8,10] 

Electrocardiography offers faster and generally more reliable heart-rate detection during neonatal 

resuscitation. Standard 3-lead ECG improves accuracy compared with auscultation and pulse 

oximetry, but applying conventional electrodes can still take time and may require skin 

preparation.[8,10] To address this limitation, dry-electrode ECG systems have been developed for 

immediate postnatal use. Harness-style devices such as NeoBeat are designed to be positioned on 

the infant within seconds and can produce rapid heart-rate feedback without gel electrodes or 

extensive preparation.[10,11] This makes them particularly attractive in the delivery room, where 

each delay in recognizing ineffective ventilation may worsen clinical outcomes. 

Ventilation devices have also evolved substantially. Self-inflating bags remain common 

worldwide because they are simple, portable, and independent of compressed-gas supply. 

However, they may deliver inconsistent peak inspiratory pressures and limited positive end-

expiratory pressure unless used with additional valves. T-piece resuscitators, by contrast, can 

provide more controlled positive-pressure ventilation and continuous positive airway pressure, 

supporting more stable lung recruitment when a gas source is available.[9,13] Meta-analytic 

evidence suggests that fixed-pressure devices may improve physiologic performance and reduce 

pulmonary injury compared with purely hand-driven approaches, although outcomes remain 

closely tied to operator skill and local infrastructure.[9] 

Respiratory function monitors and capnography add another layer of real-time feedback by 

displaying delivered tidal volume, inspiratory pressure, mask leak, and potential airway 

obstruction during ventilation.[8] These tools are especially useful in training, quality 

improvement, and complex resuscitations because ineffective ventilation is often caused by 

unrecognized mask leak or poor airway positioning. However, their value depends on rapid 

interpretation. If the user interface is confusing or the team lacks familiarity, additional monitors 

may increase rather than reduce cognitive burden. The relationships among rapid heart-rate 

acquisition, oxygen targeting, ventilation delivery, and ventilatory feedback are summarized in 

Figure 2. 
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Figure 2. Integrated monitoring and feedback pathway during neonatal resuscitation. 

Digital Integration, Artificial Intelligence, and Clinical Decision Support 

The future of neonatal monitoring lies not only in better sensors but also in more coherent data 

integration. Infants in the NICU and delivery room generate streams of information from ECG, 

oxygen saturation monitoring, ventilatory devices, respiratory waveforms, and manual charting. 

When these signals remain fragmented across different screens and manufacturers, clinicians must 

reconstruct the clinical picture mentally under time pressure. Integrated dashboards and centralized 

monitoring systems aim to reduce this fragmentation by presenting synchronized physiologic 

information in a way that supports rapid interpretation.[5,8] 

Artificial intelligence may strengthen this integration by analyzing multimodal patterns that are 

difficult to detect consistently by eye. In principle, AI-enabled systems can identify deteriorating 

trajectories, detect poor ventilation performance, suppress false alarms, summarize event burden 

over time, and suggest when current parameters deviate from recommended targets.[4,5] In the 

delivery room, this could support clinicians who must continuously reassess heart rate, oxygen 

saturation, and ventilation effectiveness while performing hands-on care. In the NICU, it could 

enable automated event review, better trend recognition, and more objective comparison of 

monitoring burdens across infants or units. 

Despite this promise, AI deployment in neonatal medicine raises important clinical and ethical 

concerns. Algorithms trained in a specific population may not generalize well to other neonatal 

units, gestational ages, ethnic populations, or equipment ecosystems. Bias can arise when 
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development datasets underrepresent the settings in which the tool is later used. In addition, 

clinical teams must understand whether an AI output is descriptive, predictive, or prescriptive, 

because each category carries different implications for safety and accountability. Neonatal AI 

tools should therefore undergo external validation, transparent performance reporting, and 

usability testing before widespread implementation. 

Implementation Challenges and Equity Considerations 

Technological progress in neonatal care is often fastest in high-resource centers, yet the global 

burden of neonatal mortality remains concentrated in settings with fewer resources. This creates a 

persistent equity challenge: the infants who might benefit most from improved monitoring and 

resuscitation may have the least access to advanced devices. [12,13,15] Infrastructure constraints 

are central to this problem. T-piece resuscitators and some advanced monitoring platforms depend 

on compressed gas, uninterrupted power, proprietary consumables, software maintenance, and 

technical support, all of which may be inconsistent in lower-resource environments. [12,13] 

Workforce and training barriers are equally important. Sophisticated monitoring devices are only 

useful when clinicians can apply them quickly, interpret them correctly, and troubleshoot them 

when performance fails. In many hospitals, limited staffing, high patient volume, and constrained 

opportunities for simulation-based training reduce the practical value of tools that appear highly 

effective in controlled settings. Moreover, when biomedical engineering support is scarce, even a 

minor hardware or software fault can render a device unusable for prolonged periods. [13,15] 

These realities do not imply that advanced neonatal technology is inappropriate for low-resource 

settings; rather, they emphasize that successful design must be context-appropriate. Devices 

intended for widespread neonatal adoption should be robust, intuitive, affordable, easy to disinfect, 

operable on battery power where needed, and maintainable locally. Procurement strategies should 

consider the total cost of ownership, including training, replacement parts, and long-term service, 

not merely the purchase price. Equity-focused innovation will depend on aligning technological 

sophistication with operational resilience. 

Future Directions 

Several development trends are likely to shape the next generation of neonatal apnea and 

resuscitation technologies. First, miniaturized and flexible sensors may allow multi-parameter 

physiologic monitoring with less skin trauma and improved comfort.[5] Such devices could 

combine respiratory effort, heart rate, perfusion, and movement information in lightweight 

wearable formats. Second, wireless and non-contact systems may reduce cable burden, improve 

access to the infant during care, and support remote or centralized monitoring workflows. 

Third, predictive analytics are likely to become more clinically relevant as algorithmic methods 

mature. Instead of merely documenting the frequency of apnea or delayed heart-rate recovery, 

future platforms may identify infants at greatest risk of deterioration and prompt earlier 

intervention. This will require models that are prospectively validated, adaptable to different 

equipment configurations, and explainable enough for bedside use. [4,16] 
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Finally, interoperability will be decisive. Open data standards and device-agnostic software 

architecture are necessary if sensors, ventilators, and monitoring platforms from different 

manufacturers are to function as a coherent neonatal information system. Without interoperability, 

even excellent individual devices will fall short of their full potential. The long-term goal should 

be an integrated neonatal environment in which monitoring, resuscitation feedback, 

documentation, and quality improvement are connected rather than siloed. 

 

Conclusion 

Advances in neonatal apnea detection and resuscitation technologies are transforming both NICU 

monitoring and delivery-room stabilization. Conventional impedance-based monitoring and pulse 

oximetry remain essential, but newer approaches such as non-contact respiratory monitoring, dry-

electrode ECG, respiratory function feedback, and AI-assisted analytics offer important gains in 

speed, precision, and clinical insight. Their ultimate impact will depend not only on technical 

accuracy but also on usability, interoperability, training, and equitable implementation. A 

clinically successful future for neonatal technology will therefore require systems that are 

intelligent yet practical, innovative yet maintainable, and sophisticated yet adaptable to the diverse 

environments in which newborns live are saved. 
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Table 1. Technologies for neonatal apnea detection 

Technology Signal/source Strengths Limitations Clinical use case 

Impedance 

pneumography 
Electrical 

impedance changes 

across thoracic ECG 

leads 

Widely available 

and integrated into 

standard NICU 

monitoring systems 

High false-alarm 

burden, motion 

artifact, cardiogenic 

interference, limited 

detection of 

obstructive apnea 

Routine continuous 

respiratory 

surveillance 

Respiratory 

inductance 

plethysmography 

Thoracic and 

abdominal motion 

bands 

Improved 

characterization of 

respiratory effort 

and 

thoracoabdominal 

synchrony; helps 

distinguish central 

and obstructive 

apnea 

Placement 

complexity, cost, 

and limited 

practicality for 

routine long-term 

use 

Targeted apnea 

characterization and 

specialized 

physiologic 

assessment 

Non-contact video 

monitoring 
RGB-D imaging, 

optical flow, or 

computer-vision-

based micromotion 

analysis 

No adhesive skin 

contact, reduced 

electrical artifact, 

promising 

continuous 

noninvasive 

observation 

Affected by lighting, 

incubator 

reflections, blanket 

occlusion, and 

camera positioning 

Emerging bedside 

and research 

monitoring 

approach 
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AI-assisted 

multimodal 

analytics 

Integrated ECG, 

oxygen saturation, 

impedance, and 

waveform features 

Reduces false 

alarms, improves 

event classification, 

and supports 

prediction and 

automated 

quantification 

Requires 

interoperable data 

systems, validation, 

computational 

infrastructure, and 

clinical trust 

Advanced decision 

support and trend 

analysis 

Abbreviations: AI, artificial intelligence; ECG, electrocardiography; NICU, neonatal intensive 

care unit. 

Table 2. Technologies for neonatal resuscitation and cardiorespiratory support 

Tool/device Primary role Advantages Limitations Implementation 

considerations 

Dry-electrode ECG Rapid heart-rate 

assessment 

immediately after 

birth 

Fast application, 

reliable early heart-

rate feedback, 

minimal skin 

preparation 

Does not provide 

oxygen saturation 

and requires device 

availability 

Useful during the 

first minute of 

resuscitation when 

rapid feedback is 

essential 

Pulse oximetry Monitoring oxygen 

saturation and heart 

rate 

Supports oxygen-

targeted 

stabilization and 

ongoing assessment 

of oxygenation 

Slow heart-rate 

acquisition in the 

first minutes after 

birth; signal 

instability with poor 

perfusion or 

movement 

Best used alongside 

ECG rather than as 

the only monitor for 

rapid heart-rate 

assessment 

T-piece resuscitator Controlled delivery 

of positive-pressure 

ventilation and 

CPAP 

More consistent 

inspiratory pressure 

and positive end-

expiratory pressure 

than manual bagging 

Requires 

compressed gas and 

infrastructure 

support 

Preferred where gas 

supply and training 

are available 

Respiratory function 

monitor 
Real-time 

assessment of 

ventilation quality 

Identifies mask leak, 

airway obstruction, 

and delivered tidal 

volume 

Adds interpretive 

burden and depends 

on user familiarity 

Valuable for 

training, audit, and 

optimization of 

complex 

resuscitation 

Abbreviations: CPAP, continuous positive airway pressure; ECG, electrocardiography. 

Figure Legends 

Figure 1. Conceptual framework of neonatal apnea detection technologies. The figure compares 

impedance pneumography, respiratory inductance plethysmography, non-contact video 

monitoring, and AI-assisted multimodal analytics according to signal source, diagnostic capability, 

major strengths, principal sources of error, and typical clinical role. 

Figure 2. Integrated monitoring and feedback pathway during neonatal resuscitation. The figure 

illustrates the relationship between rapid heart-rate acquisition using dry-electrode ECG, pulse 
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oximetry for oxygen targeting, ventilation delivery via a T-piece resuscitator or bag-mask 

interface, and respiratory function monitoring for the assessment of tidal volume, mask leak, and 

airway obstruction. 
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