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Technology
Modern neonatal intensive care arose from, andwill forever depend upon, technology. There are increasing pres-
sures to leverage new technologies to make care safer, more efficient and cost-effective. Changes in the delivery
roomwill bring better monitoring and data display for the resuscitation team. Sensing and monitoring advances
will be used in the NICU, measuring a wider range of physiologic parameters. Better integration of technologies
with the EMR will be the basis for decision support and predictive analytics. Communication will be improved
between the EMR, NICU staff and parents of newborns. Advances in conventional, CT, MRI and ultrasound imag-
ing of neonateswill aid in our diagnostic efforts. Ventilators are getting smarter, withwider ranges of support op-
tions and monitoring, in parallel with improvements in non-invasive respiratory support. New technologies can
be used to evaluate and support neurodevelopment and to optimize nutrition. Laboratory testing can be done
more rapidly, with smaller sample size and reduced costs, bringing more testing to the bedside. All these new
technologies should optimize the NICU physical environment, improving the experience for patients, their fam-
ilies and hospital staff.
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Technology has long been the backbone of modern neonatal inten-
sive care. Starting with the basic needs to provide warmth and protec-
tion from the elements, technological advances now give us the
opportunity for continuous monitoring of multiple physiological pro-
cesses and supporting complex communication between patients, med-
ical staff and families.

The need to reduce costs is amajor driver for technological change in
health care. In the U.S., the economic impact of preterm births is well
over $25 billion per year.1 As more care is being provided to patients
on capitated, or based on diagnosis-based, rates, there is increasing
pressure to bemore deliberate about utilization of resources. Thus, tech-
nologies that reduce the length of stay for neonatal patients will have an
immediate appeal. There is also a need to have technologies that reduce
expensive laboratory testing and radiologic imaging. The charge from a
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costly MRI usually comes off the bottom line and does not add to it.
Thus, there is a drive to seek and develop new technologies that replace
older, more expensive ones. New technologiesmay be applied to reduce
medication use, which accounts for approximately 5% of NICU costs.
Greater cost savings can be derived from technology that reduces
labor costs, as NICU RN and respiratory therapy labor expenses account
for over 60% of total neonatal care.

In the midst of being cost-conscious, there is an increasing aware-
ness and accountability for the safety and quality outcomes of our
NICUs. Most NICUs choose, or are required, to track, benchmark and
often publicly report certain complications of care such as central line-
associated blood stream infection (CLABSI). Some of these more avoid-
able complications may be used for negative financial incentives; for
California state health reimbursement, NICUs currently are subjected
to a withholding of $6K from a neonatal patient's bill for each CLABSI.
Pressure ulcers and unplanned extubations are among many other
hospital-acquired conditions attracting the attention of payors enough
to incentivize development and implementation of new technologies.

Not surprisingly, there are also resistors to change beyond the cur-
rent reimbursement models that reward longer stays and greater
charges. The relatively small market size of neonatal intensive care is
less likely to attract commercial health care interests. There is limited
awareness of how to partnerwith others having design and engineering
expertise. There are significant startup costs for the designing and clin-
ical testing of new technologies; thesemay be prohibitive for traditional
investors seeking a quicker return on investment than device develop-
ment normally affords. Established medical device companies with tra-
ditional medical equipment in the NICU are not likely to support the
development of new, disruptive technologies. Often the long lead-in
for technology and device development depends on a combination of
self-funding, angel investing, government monies (e.g. SBIR grants),
and sometimes institutional support by hospitals or medical centers.
Nonprofit consortia supporting the development of such devices in-
clude the Institute for Pediatric Innovation and the FDA's Pediatric De-
vice Consortia. Conducting clinical trials that lead to FDA device
approval is often challenging financially and complicated by the poten-
tial need for multi-center recruitment and collaboration.

Fortunately, concerned and creative caregivers, as well as recipients
of health care, are oftenmotivated enough to overcome these barriers to
new technology and device development. The creation of new NICU
technology may arise from a perceived or demonstrated need – to
change a process to become more efficient, less expensive or safer. Al-
ternatively, there may be well-established technologies being applied
in medicine outside of the NICU, and possibly not even from within
the health care sector, that can be imported and applied to babies and
their care. These technologies might include new hardware, such as
miniaturization, and software to automate a process, using new com-
munication tools (smart phones, wireless connectivity) and interfacing
with information technology.

Delivery Room

Many practices and technologies supporting delivery and resuscita-
tion have changed little in the last few decades. However, one of the
most significant recent changes in NRP guidelines is the application of
sensor leads to measure saturation and heart rate during resuscitation.2

A recent study has shown the relative inaccuracy of auscultatory assess-
ment of newborn heart rate compared to these other technologies.3

Several other technologies are being developed to assess neonatal
heart rate during resuscitation, including sensors within an umbilical
cord clamp,5 and optical reflectance (photoplethysmography).4,5 The
available physiological information can be displayed in amore integrat-
ed fashion, along with more interactive, decision-support feedback
reminding the resuscitation teamwhat needs to be done next. New de-
vices such as specialized resuscitation tables and sensor displays are
being designed to provide physical platform and to monitor support
for resuscitations that start with delayed cord clamping. Laryngoscope
blades incorporating small LED screens may prove helpful to those
intubating during neonatal resuscitation.6

The visual information presented to the resuscitation team could be
further refined and designed to provide more timely feedback to the
care providers. Gaze-tracking technology can be used to see from
where an individual is seeking visual information, as well as provide in-
sight into that person's autonomic status based on pupillary constric-
tion. The next generation of training mannequins for neonatal
resuscitation will be much more realistic – with internal speakers gen-
erating heart beat and breath sounds, pulsatile umbilical stumps, and
visible cyanosis that can be adjusted remotely.7

The birth process can greatly benefit from emerging technologies
that better support communication and feedback to and from themoth-
er and her partner. This can start with apps or websites for submitting a
birth plan that is better integrated with the hospital electronic medical
record (EMR) system. Mothers frequently report extreme anxiety and
worryduring separation after delivery of a babywho is then transported
and admitted to a distant NICU. Smart phones, tablets, Google Glasses
and other audiovisual devices have recently been used to keepmothers
in Skype® or FaceTime® contact with fathers or others accompanying
the newborn to these remote locations.

Sensing and Monitoring

Many of the new technologies being appliedwithin the resuscitation
suite are also being used within the NICU setting. Using non-invasive
methods such as optical sensing of heart rate can obviate the need for
EKG leads. Alternatively, EKG leads and other sensors such as saturation
monitor leads can be connected to a wireless transmitter that commu-
nicates the information confidentially to the local display monitor and
the patient's EMR. Eliminating these monitoring cables should greatly
facilitate transferring the baby to be held for skin-to-skin kangaroo
care by parents. Blood pressure measurement should soon be available
with placement of small patch-like pressure transducers over extremity
arteries.

Other forms of physiologic monitoring are being facilitated by new
and improved technologies. Transcutaneous monitoring of oxygen and
carbon dioxide, while available for decades, is now more reliable with
less chance of local thermal injury by the associated skin probes.8 Tissue
saturation of target organs including the brain and abdominal organs
has been more widely adopted with new technologies.9,10 Having too
high or too low cerebral saturations in babies less than 32 weeks gesta-
tional age was associated with adverse neurodevelopmental
outcomes.11 Another recent multi-centered study showed no change
in EEG and other biomarkers when care was adjusted to target optimal
cerebral saturation in infants less than 28 weeks gestational age.12 Fur-
ther studies should help us better understand how to better incorporate
tissue saturation into our care practices and predictive analytics.

End-tidal carbon dioxide (ETCO2) measurements can be used as a
continuous, non-invasive assessment adequacy of mechanical
ventilation.13 The rapidity and small volume of breathing in neonates
often limit the reliability of this measurement, especially for smaller
babies, although ETCO2 measurement can be helpful for trending. Fu-
ture advances in gas sampling techniques shouldmake ETCO2measure-
mentsmore reliable and accurate. In-line blood gasmeasurementswere
previously available to be used within arterial catheters14; improve-
ments in micro-analytic techniques may lead to their re-adoption in
the NICU in the future. Acoustical monitoring and analysis can also be
used to interpret cardiac and respiratory sounds.15,16

Information Technology

U.S. hospitals are increasingly adopting information technologies
and EMR, including features such as computerized physician order
entry, bedside charting, progress notes, billing and integration with
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clinical laboratory and radiology. For many NICUs, the EMR has been
more a burden than a value added, but changes in information technol-
ogy are being brought to change this. Cumbersome data entry, such as
typing clinical assessments onto multiple computer screens, can be re-
placed by voice entry and dictation. Many new devices such as IV
pumps can provide wireless communication with EMR, decreasing the
need for manual data entry. Future generations of other medical equip-
ment including ventilators and external physiology sensors should have
wireless interfaces with EMR and cloud data storage systems.

Human–machine interactionswithin the NICUwill also changewith
new technology. Clinical decision supportwill be automated to decrease
medical errors, e.g. prescribing contraindicatedmedications or incorrect
dosages, as well as to improve adherence to clinical pathways and pro-
tocols. Suggestions for limiting or substituting alternative medications
based on clinical evidence can further save costs. Medical informatics
systems are now commercially available to help predict sepsis risk in
neonates based on heart rate variability.17,18 Predictive analytics similar
to those now used in pediatric ICUs are likely to be applied to the
NICU.19Models using a combination of vital sign, physiologic data (arte-
rial saturation, tissue saturation, etc.) and laboratory data should pro-
vide more accurate risk prediction of various neonatal conditions,
including sepsis and necrotizing enterocolitis (NEC).

Communication

Information helps health care providers only if it reaches themby ef-
fective communication. Parents of newborns depend upon communica-
tionwithNICU staff to aid in their understanding of their babies' present
condition and care options. Technological advances should be applied to
support parental education and can include simulation and virtual
training to better prepare them for discharge. NICUs with single patient
rooms rely more highly on alert notification and communication be-
tween bedside providers and may put more pressure on family mem-
bers present to be able to contact staff in a timely and effective
manner. One recent study showed that a daily update report generated
by the EMR was well received by NICU parents, nursing staff and
physicians.20 Systems are now available that allow for more continuous
visualization of babies by their parents, with cameras that can be placed
within incubators or that are built-in. Given recent information of the
importance of auditory stimulation to neonatal speech
development,21,22 it will be helpful to figure out how to give beneficial
auditory input, e.g. parental voices and laughter, to babies when they
are in the optimal state of alertness.

Unfortunately, the auditory environment of the NICU frequently is
disrupted by a variety of alarms, even though they are an integral safety
element for vital signmonitoring, incubators, IV pumps andmore. Tech-
nological advances can be brought to address and reduce alarm fatigue,
starting with better understanding of alarm settings of defaults and
delays.23 Alarms need not only be beeps and bells of various tones and
volume, but instead can be made smarter, notifying caregivers by
smart phone or other communication device with a specific alert
(“Baby Jones has low blood pressure.”).

RFID chips and other locater technologies are being introduced into
the health care setting, tracking everything from expensive equipment
to individual care providers. Bar-coding technology has already been
applied to reduce breast milk administration errors. It is now possible
to tag individual syringes from a centralized pharmacywith specific pa-
tient identifiers that would trigger alarms when brought into the room
of a different patient.

Imaging Technology

There are several new and emerging technological improvements in
neonatal imaging. Portable radiographic equipment can provide plain
chest and abdominal radiographs with near-immediate display, higher
resolution and reduced radiation compared to previous techniques.
Ultrasound studies are being used to better assess blood flow to various
organs including the brain and the gut, the latter being used in the diag-
nosis of NEC. CT scanning technology now allows for reduced radiation,
rapid studies and higher resolution, including high resolution cardiac
and other angiographic imaging studies. Portable CT scanners are now
available, which may be helpful in diagnosing brain injury for babies
too unstable to transport to the radiology suite.MRI technology has bet-
ter resolution with stronger magnets, better sequences and neonatal
coils; newMRI systemsmadewithfixedmagnets, and not needing elab-
orate shielding and quenching hardware, can be built closer to patient
units such as the NICU. Keeping pacewith this new imaging equipment,
radiology interpretation will increasingly be supported by machine
learning analysis.

Cardiorespiratory Care

Providing respiratory support has been the lynchpin of the care of
premature and other critically ill newborns. While synchronized venti-
lation has been used for decades, newer methods for triggering breaths
aremore recent, including Neurally Adjusted Ventilator Assist.24 Hybrid
ventilators providing high-frequency and conventional modes of venti-
lation are being used in Europe and are likely to be brought to the U.S.
for FDA approval. Several investigators are developing servo-
controlled oxygen administration, which leads to greater compliance
with targeted oxygen saturation ranges.25,26 New technologies now
can provide continuous, non-invasive monitoring of endotracheal tube
position and obstruction.27

A growing percentage of premature neonates are avoiding mechan-
ical ventilation by increasing their use of CPAP. Different CPAP drivers28

and masks29 are being developed to support non-invasive ventilation
and to reduce the incidence of complications such as nasal septum ero-
sion. The use of 3D printing could lead to customized prongmanufactur-
ing for each individual newborn needing CPAP. New technologies are
also being developed to provide less invasive transient intubation for
the administration of surfactant.30,31 The introduction of aerosolized
surfactants will obviate the need for intubation solely being done for
drug administration, but this may depend on new aerosolizing
technology.32 There is increasing evidence of the benefit of providing
nasal intermittent positive pressure ventilation (NIPPV) especially
post-extubation.33 While there is increasing experience with heated,
humidified high-flow nasal cannula systems,34 their use remains chal-
lenging due to the wide variability of effective CPAP pressure being ap-
plied for any given flow rate.35 It should be possible to incorporate
intrathoracic pressure monitoring, e.g. with a transducer in a gavage
tube, that would allow for better titration of high-flow nasal cannula
flow to achieve targeted CPAP pressures.

Babies have been supportedwith ECMObypass for 40 years. Ventric-
ular assist devices, now only available for larger infants, may get small
enough to be used in neonates. Liquid ventilation using
perfluorocarbons has been used on a limited basis in neonates.36 Artifi-
cial placenta/womb systems have recently been able to support prema-
ture lambs ex utero for several weeks37; NICUs of the future may be
called upon to extend the gestation age of extremely preterm fetuses
using similar technology.

Neurologic Care

Optimizing neurodevelopment potential remains the principal focus
of NICU care. New tools for monitoring neurophysiology include
amplitude-integrated EEG (EEG)38 and near-infrared monitoring of
brain tissue saturation (NIRS).39 Many larger NICUs are incorporating
the use of such monitoring into the development of neuro-NICUs,40

where neonatology care teams collaborate with pediatric neurologists
and developmental specialists. We have learned from recent sophisti-
cated MRI imaging and EEG studies the importance and beneficial im-
pact of skin-to-skin kangaroo care.41 Hypothermia has become the
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standard of care for the treatment of hypoxic-ischemic encephalopathy
(HIE) in term and near-term infants42; its use in premature infants is
currently being more thoroughly studied by the NICHD Neonatal Net-
work. Xenon gas is also being studied as an adjunctive therapy for HIE,
but its use requires the development and application of a scavenger sys-
temwithin the ventilator circuit to prevent excessive loss of this expen-
sive gas.43 Neonatal critical care would benefit from more reliable,
objective measurement of pain in order to optimize comfort and limit
the use of pain medications, including opiates and benzodiazepines,
that are associated with withdrawal and that may adversely affect
brain development. Such pain assessment could come from rapid
point-of-care measurement of cortisol or possibly from facial recogni-
tion software.

Nutrition and Feeding Technology

Neonatal care depends on the provision of optimal nutrition, both
parenteral and enteral, in the most appropriate environment. The use
of banked breast milk for targeted populations in the NICU, particularly
very low birth weight infants, has been increasing in recent years.44 The
use of human milk-derived human milk fortifier has been associated
with reduction in NEC and sepsis in such infants.45 The clinical benefits
of other specialized human milk products such as cream and oligosac-
charides are now being studied.With the advent of improvedmilk anal-
ysis, it is increasingly possible to “lacto-engineer” milk from an
individual mother to optimize caloric, protein and fat content.46 Such
optimization will depend on the development of better biomarkers to
define what is the ideal nutrition and growth for an individual neonate.
The neonatal microbiome, being affected by nutrition choices, genetics
and antibiotic use,may also be significantly influenced byNICU environ-
mental factors.47

Learning to nipple feed is often the rate-limiting factor determining
when a premature infant can be discharged home. New technologies
have been developed to better assess feeding metrics. Placing a sensor
within a nipple during feeds allows the display and documentation of
objective feeding metrics in real time, enabling clinicians to see impact
of feeding interventions and to track a baby's progress over time.48

Pacifier-based technology can also be used to assess non-nutritive suck-
ing (NNS) skills and to promote the development of NNS by providing
rhythmic oral stimulation.49

Laboratory Testing

The advent of microfluidics and improved microanalytics should
lead to more rapid, less costly laboratory testing that can be done on
smaller and smaller blood samples. More studies will be done as
point-of-care testing, allowing for nearly immediate result availability.
Transcutaneous measurement of bilirubin has proven to be helpful in
the assessment of jaundice.50 Related technologies can be used to mea-
sure glucose transcutaneously,51 and possibly serum electrolytes and
hematocrit. Breath analysis is now being used to measure hemolysis
based on exhaled carbon monoxide52 and may be extended to include
other gases including nitric oxide, methane and ammonia.

Genomic testing is increasingly being incorporated into neonatal in-
tensive care. An increasing number of diseases have been linked to ge-
netic defects that can be identified by fluorescent in situ hybridization,
comparative gene hybridization or single gene sequencing. Rare single
nucleotide variations are very common in an individual human's
genome53; such variations have recently been associated with risk and
severity of BPD in neonates.54 The day may come when large popula-
tions of babies will have genetic sequencing done at birth, and their
health status will be followed thereafter, leading to a much better un-
derstanding of the effects of many different genetic variations, and pos-
sibly their interactions with the environment. Meanwhile, there are a
number of commercial genetic labs focusing on testing formutations as-
sociated with specific symptoms and clinical findings, such as
respiratory failure or immunodeficiency. Such testing may be helpful
inmore rapidly diagnosing a fatal condition, e.g. surfactant protein defi-
ciency, and thereby allowing us to limit futile intensive care. Genetic
testingmay help us better understand an individual baby's metabolism,
e.g. being a slow or rapid metabolizer of phenobarbital, thereby helping
us guide pharmacologic therapies. There are significant confidentiality
and ethical issues raised by detailed genetic analyses being available
from birth, especially when there remains much uncertainty about the
clinical implications ofmostmutations.55 Newborn screeningwill even-
tually be expanded to include a wider range of genetic andmetabolome
measurements to provide risk assessment for a number of diseases seen
in the NICU.

NICU Environment and Family Integrated Care

Technological advances can help us to achieve the environment that
is optimal for a baby's neonatal development as well as the staff's
workflow and well-being.

Most neonates in the NICU spend the vast majority of their stay in-
side an incubator or an open warmer or crib. The newest generation of
incubators will provide better thermal support as well as help monitor
and track auditory and visual stimuli, while trying to bemore ergonom-
ic for staff and parents interacting with the baby. One of the biggest
needs of incubators and NICU furniture is to facilitate safe transfer of
babies between incubator and chair and back, thereby encouraging kan-
garoo care. Soundmonitoring should be done throughout theNICU or at
each bedside and can beused to give feedback toNICUpersonnel to help
limit their noise production. Lighting technology can be adapted for the
NICU to better stimulate circadian rhythm.

Efforts to declutter the NICU setting will include eliminating cables
from EKG leads and saturation monitors connecting to monitors and
bedside computers. More equipment may be driven by batteries that
are recharged by local magnetic fields, which would thereby obviate
the need for power cords. However, there is a growing concern about
the effects of electromotor radiation on neonates and their developing
brains. One recent study showed that turning on the power to incuba-
tors affected heart rate variability of newborns within them.56

Summary

Recent and upcoming technologies will change howwe deliver neo-
natal intensive care and how we support babies and their parents
through their NICU journey, from delivery to discharge. Introducing
new technologies should be donewith the same combination of enthu-
siasm and skepticism used to evaluate new drugs. Careful consideration
should be applied as to how these technologies will change the commu-
nication, workflow and environment of the NICU. Caregivers and fami-
lies should be encouraged to provide input on the development and
design of new NICU technologies, collaborating as needed with design
and engineering partners from academic institutions and industry.

Acknowledgment

The author wishes to thank Ian M. Rhine for his editorial assistance
in the preparation of this manuscript.

References

1. Committee on understanding preterm birth and assuring healthy outcomes. Board
on Health Sciences Policy. In: Behrman RE, AS B, eds. Preterm Birth – Causes, Conse-
quences, and Prevention. Washington, D.C.: National Academies Press; 2007

2. Summary of Revised Neonatal Resuscitation Guidelines. https://www2.aap.org/nrp/
docs/IU/2015_FallWinter_iu.pdf.

3. Chitkara R, Rajani AK, Oehlert JW, et al. The accuracy of human senses in the detec-
tion of neonatal heart rate during standardized simulated resuscitation: implications
for delivery of care, training and technology design. Resuscitation. 2013;84:369-72.

4. Phillipos E, Solevag AL, Pichler G, et al. Heart rate assessment immediately after birth.
Neonatology. 2016;109:130-8.

http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0005
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0005
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0005
https://www2.aap.org/nrp/docs/IU/2015_FallWinter_iu.pdf
https://www2.aap.org/nrp/docs/IU/2015_FallWinter_iu.pdf
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0015
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0015
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0015
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0020
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0020


212 W.D. Rhine / Newborn & Infant Nursing Reviews 16 (2016) 208–212
5. GrubbM, Carpenter J, Crowe JA, et al. Forehead reflectance photoplethysmography to
monitor heart rate: preliminary results from neonatal patients. Physiol Meas.
2014;35:881-93.

6. Vanderhal AL, Berci G, Simmons Jr CF, et al. A videolaryngoscopy technique for the
intubation of the newborn: preliminary report. Pediatrics. 2009;124:e339-46.

7. Campbell DM, Barozzino T, Farrugia M, et al. High-fidelity simulation in neonatal re-
suscitation. Paediatr Child Health. 2009;14:19-23.

8. Sandberg KL, Brynjarsson H, Hjalmarson O. Transcutaneous blood gas monitoring
during neonatal intensive care. Acta Paediatr. 2011;100:676-9.

9. Pichler G, Binder C, Avian A, et al. Reference ranges for regional cerebral tissue oxy-
gen saturation and fractional oxygen extraction in neonates during immediate tran-
sition after birth. J Pediatr. 2013;163:1558-63.

10. White L, Said M, Rais-Bahrami K. Monitoring mesenteric tissue oxygenation with
near-infrared spectroscopy during packed red blood cell transfusion in preterm in-
fants. J Neonatal-Perinatal Med. 2015;8:157-63.

11. Verhagen EA, Van Braeckel KN, van der Veere CN, et al. Cerebral oxygenation is asso-
ciatedwith neurodevelopmental outcome of preterm children at age 2 to 3 years.Dev
Med Child Neurol. 2015;57:449-55.

12. Plomgaard AM, van OeverenW, Petersen TH, et al. The SafeBoosC II randomized trial:
treatment guided by near-infrared spectroscopy reduces cerebral hypoxia without
changing early biomarkers of brain injury. Pediatr Res. 2016;79:528-35.

13. Kugelman A, Golan A, Riskin A, et al. Impact of continuous capnography in ventilated
neonates: a randomized, multicenter study. J Pediatr. 2016;168:556-61.

14. Morgan C, Newell SJ, Ducker DA, et al. Continuous neonatal blood gas monitoring
using a multiparameter intra-arterial sensor. Arch Dis Child Fetal Neonatal Ed.
1999;80:F93-8.

15. Wen YN, Lee AP, Fang F, et al. Beyond ausculatation: acoustic cardiography in clinical
practice. Int J Cardiol. 2014;172:548-60.

16. Patino M, Redford DT, Quigley TW, et al. Accuracy of acoustic respiration rate moni-
toring in pediatric patients. Paediatr Anaesth. 2013;23:1166-73.

17. Bohanon FJ, Mrazek AA, ShabanaMT, et al. Heart rate variability analysis is more sen-
sitive at identifying neonatal sepsis than conventional vital signs. Am J Surg.
2015;210:661-7.

18. Coggins SA, Weitkamp JH, Grumwald L, et al. Heart rate characteristic index monitor-
ing for bloodstream infection in an NICU: a 3-year experience. Arch Dis Child Fetal
Neonatal Ed. 2016;101:F329-32.

19. Suresh S. Big data and predictive analytics: applications in the care of children. Pediatr
Clin N Am. 2016;63:357-66.

20. Palma JP, Keller H, GodinM, et al. Impact of an EMR-based daily patient update letter
on communication and parent engagement in a neonatal intensive care unit. J Particip
Med. 2012;4:e33.

21. Baldoli C, Scola E, Della Rosa PA, et al. Maturation of preterm newborn brains: a
fMRI-DTI study of auditory processing of linguistic stimuli andwhite matter develop-
ment. Brain Struct Funct. 2015;220:3733-51.

22. Graven SN. Sound and the developing infant in the NICU: conclusions and recom-
mendations for care. J Perinatol. 2000;20:S88-93.

23. Ketko AK, Martin CM, Nemshak MA, et al. Balancing the tension between hyperoxia
prevention and alarm fatigue in the NICU. Pediatrics. 2015;136:E496-504.

24. Stein H, Firestone K. Application of neurally adjusted ventilatory assist in neonates.
Semin Fetal Neonatal Med. 2014;19:60-9.

25. Claure N, Bancalari E. Oxygen saturation targeting by automatic control of inspired
oxygen in premature infants. NeoReviews. 2015;16:e406-12.

26. Hütten MC, Goos TG, Ophelders D, et al. Fully automated predictive intelligent con-
trol of oxygenation (PRICO) in resuscitation and ventilation of preterm lambs. Pediatr
Res. 2015;78:657-63.

27. Mansfield JP, Wodicka GR. Using acoustic reflectometry to determine breathing tube
position and patency. J Sound Vib. 1995;188:167-88.

28. DePaoli AG, Davis PG, Faber B, Morley CJ. Devices and pressure sources for adminis-
tration of nasal continuous positive airway pressure (NCPAP) in preterm neonates.
Cochrane Database Syst Rev. 2008;23:CD002977.

29. Squires AJ, HyndmanM. Prevention of nasal injuries secondary to NCPAP application
in the ELBW infant. Neonatal Netw. 2009;28:13-27.

30. Gopel W, Kribs A, Hartel C, et al. Less invasive surfactant administration is associated
with improved pulmonary outcomes in spontaneously breathing preterm infants.
Acta Paediatr. 2015;104:241-6.
31. Dargaville PA, Aiyappan A, De Paoli AG, et al. Minimally invasive surfactant therapy in
preterm infants on continuous positive airway pressure. Arch Dis Child Fetal Neonatal
Ed. 2013;98:F122-6.

32. Lampland AL, Wolfson MR, Mazela J, et al. Aerosolized KL4 surfactant improves
short-term survival and gas exchange in spontaneously breathing newborn
pigs with hydrochloric acid-induced acute lung injury. Pediatr Pulmonol.
2014;49:482-9.

33. Owen LS, Manley BJ. Nasal intermittent positive pressure ventilation in preterm in-
fants: equipment, evidence, and synchronization. Semin Fetal Neonatal Med.
2016;21:146-53.

34. Manley BJ, Owen LS. High-flow nasal cannula: mechanisms, evidence and recom-
mendations. Semin Fetal Neonatal Med. 2016;21:139-45.

35. Manley BJ, Dold SK, Davis PG, Roehr CC. High-flow nasal cannula for respiratory sup-
port of preterm infants: a review of the evidence. Neonatology. 2012;102:300-8.

36. Kaushal A, McDonnell CG, Davies MW. Partial liquid ventilation for the prevention of
mortality andmorbidity in paediatric acute lung injury and acute respiratory distress
syndrome. Cochrane Database Syst Rev. 2013;28:CD003845.

37. Bryner B, Gray B, Perkins E, et al. An extracorporeal artificial placenta supports ex-
tremely premature lambs for 1 week. J Pediatr Surg. 2015;50:44-9.

38. Shah NA, Wusthoff CJ. How to use: amplitude-integrated EEG (aEEG). Arch Dis Child
Educ Pract Ed. 2014;100:75-81.

39. Sood BG, McLaughlin K, Cortez J. Near-infrared spectroscopy: applications in neo-
nates. Semin Fetal Neonatal Med. 2015;20:164-72.

40. Discenza D. Neuro-NICUs: nurturing the tiniest of brains. Neonatal Netw. 2015;34:
291-3.

41. Kaffashi F, Scher MS, Ludington-Hoe SM, et al. An analysis of the kangaroo care inter-
vention using neonatal EEG complexity: a preliminary study. Clin Neurophysiol.
2013;124:238-46.

42. Committee of Fetus and Newborn, Papile LA, Baley JE, et al. Hypothermia and neona-
tal encephalopathy. Pediatrics. 2014;133:1146-50.

43. Dingley J, Tooley J, Liu X, et al. Xenon ventilation during therapeutic hypothermia in
neonatal encephalopathy: a feasibility study. Pediatrics. 2014;133:809-18.

44. Arslanoglu S, Ziegler EE, Moro GE. World association of perinatal medicine working
group on nutrition. Donor human milk in preterm infant feeding. J Perinat Med.
2010;38:347-51.

45. Sullivan S, Schanler RJ, Kim JH, et al. An exclusively human milk-based diet is associ-
ated with a lower rate of necrotizing enterocolitis than a diet of human milk and bo-
vine milk-based products. J Pediatr. 2009;156:562-7.

46. Rochow N, Fusch G, Choi A, et al. Target fortification of breast milk with fat, protein
and carbohydrates for preterm infants. J Pediatr. 2013;163:1001-7.

47. Hartz LE, BradshawW, Brandon DH. Potential NICU environmental influences on the
neonate's microbiome: a systematic review. Adv Neonatal Care. 2015;15:324-35.

48. Capilouto GJ, Cunningham T, Frederick E, et al. Comparison of tongue muscle charac-
teristics of preterm and full term infants during nutritive and nonnutritive sucking.
Infant Behav Dev. 2014;37:435-45.

49. Barlow SM, Lee J, Wang J, et al. Frequency-modulated orocutaneous stimulation pro-
motes non-nutritive suck development in preterm infants with respiratory distress
syndrome or chronic lung disease. J Perinatol. 2014;34:136-42.

50. Taylor JA, Burgos AE, Flaherman V, et al. Utility of decision rules for transcutaneous
bilirubin measurements. Pediatrics. 2016;137. [pii:e20153032].

51. Woo HC, Tolosa L, El-Metwally D, Viscardi RM. Glucosemonitoring in neonates: need
for accurate and non-invasive methods. Arch Dis Child Fetal Neonatal Ed. 2014;99:
F153-7.

52. Christensen RD, Lambert DK, Henry E, et al. End-tidal carbon monoxide as an indica-
tor of the hemolytic rate. Blood Cells Mol Dis. 2015;54:292-6.

53. Tennessen JA, BighamAW, O'Connor TD, et al. Evolution and functional impact of rare
coding variation from deep sequencing of human exomes. Science. 2012;337:64-9.

54. Li J, Yu KH, Oehlert J, et al. Exome sequencing of neonatal blood spots and the iden-
tification of genes implicated in bronchopulmonary dysplasia. Am J Respir Crit Care
Med. 2015;192:589-96.

55. Char DS. Whole-genome sequencing in critically ill infants and emerging ethical chal-
lenges. Lancet Resp Med. 2015;3:333-5.

56. Bellieni CV, AcampaM,Maffei M, et al. Electromagnetic fields produced by incubators
influence heart rate variability in newborns. Arch Dis Child Fetal Neonatal Ed. 2008;93:
F298-301.

http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0025
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0025
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0025
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0030
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0030
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0035
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0035
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0040
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0040
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0045
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0045
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0045
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0050
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0050
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0050
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0055
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0055
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0055
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0060
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0060
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0060
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0065
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0065
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0070
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0070
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0070
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0075
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0075
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0080
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0080
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0085
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0085
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0085
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0090
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0090
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0090
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0095
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0095
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0100
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0100
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0100
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0105
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0105
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0105
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0110
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0110
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0115
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0115
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0120
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0120
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0125
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0125
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0130
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0130
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0130
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0135
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0135
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0140
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0140
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0140
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0145
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0145
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0150
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0150
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0150
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0155
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0155
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0155
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0160
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0160
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0160
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0160
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0165
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0165
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0165
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0170
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0170
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0175
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0175
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0180
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0180
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0180
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0185
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0185
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0190
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0190
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0195
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0195
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0200
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0200
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0205
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0205
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0205
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0210
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0210
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0215
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0215
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0220
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0220
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0220
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0225
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0225
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0225
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0230
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0230
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0235
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0235
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0240
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0240
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0240
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0245
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0245
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0245
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0250
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0250
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0255
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0255
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0255
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0260
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0260
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0265
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0265
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0270
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0270
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0270
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0275
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0275
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0280
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0280
http://refhub.elsevier.com/S1527-3369(16)30038-1/rf0280

	Technology�– Considerations for the NICU of the Future
	Delivery Room
	Sensing and Monitoring
	Information Technology
	Communication
	Imaging Technology
	Cardiorespiratory Care
	Neurologic Care
	Nutrition and Feeding Technology
	Laboratory Testing
	NICU Environment and Family Integrated Care
	Summary
	Acknowledgment
	References


