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AbstrAct
Objectives To identify current ‘gaps’ in clinical 
practice or therapeutic knowledge of the care 
of neonatal neurointensive care patients and to 
determine the impact healthcare technologies 
can have on improving outcomes.
Design The Cambridge Institute for 
Manufacturing’s (IfM) roadmapping 
methodology.
Setting Cambridge, UK.
Participants 16 delegates were selected 
through professional networks. They provided 
coverage of academia and clinical skills, as well 
as expertise in neonatology, engineering and 
technology development.
Main outcome measures A ‘strategic landscape’ 
has been developed with ‘landmarks’ identified 
as ‘trends or drivers’, ‘patient pathway 
experience and unmet needs’ and ‘enabling 
project or resources’. Priorities were voted on by 
delegates.
Results 26 strategic ‘landmarks’ were identified, 
and of these 8 were considered ‘trends or 
drivers’, 8 ‘patient pathway experience and 
unmet needs’ and 10 as ‘enabling project or 
resources’. Of these, five priorities for the future 
of neonatal neurocritical care were identified 
by a voting process: real-time video monitoring 
for parents; individualised management of 
preterm infants in neonatal neurocritical care 
based on real-time multimodal monitoring; 
continuous electroencephalogram monitoring 
for early seizure diagnosis; neuroprotection: 
understanding basic mechanisms; and sleep 
measurement.
Conclusions Through the use of the IfM 
methodology, a list of priorities has been 
developed for future work into improving the 
experience and possible outcomes of newborn 
infants with brain injuries and their families. 
While not an exhaustive list, it provides the 
beginning for a national conversation on the 
topic.

bAckground
Neonatal brain injury is a significant cause 
of death, disability and financial cost for 
families and health systems.1 Around 1 
in 10 newborn infants are born before 
37 weeks’ gestation, equating to around 
60 000 infants/year in the UK.2 While 
the survival of very preterm infants 
(<32 weeks’ gestation) has increased 
over the past 20 years, the incidence of 
lifelong neurodisability has remained 
relatively constant. Around 50% of 
extremely preterm infants (<28 weeks’ 
gestation) will have some degree of cogni-
tive impairment or behavioural difficul-
ties.1 Globally it is estimated that around 
15 million babies are born prematurely, 
and the complications of preterm birth 
are the leading cause of death in children 
under 5 years.3 The cost of preterm birth 
in the UK was estimated at £2.9 billion 
in 2009.4 Term infants are also at risk of 
brain injury at birth, the most common 
disorders hypoxic-ischaemic encepha-
lopathy (HIE) and perinatal arterial isch-
aemic stroke affecting around 1 in 1000 
and 1 in 2500 births, respectively.

In 2015 the Department of Health 
issued a challenge to the medical estab-
lishment to reduce the number and 
severity of brain injuries suffered in this 
population.5 While access to good-quality 
obstetric care can reduce the risk of HIE,6 
the incidence has remained frustratingly 
static in recent years.7 Therapeutic hypo-
thermia represents the first neuropro-
tective therapy for infants with HIE, yet 
even with hypothermia over half treated 
infants are still at risk for moderate-severe 
cerebral palsy or death.8

No single intervention can amelio-
rate neonatal brain injury given the 
complex interaction between pathological 
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processes, developmental trajectory, genetic suscepti-
bility and environmental influences. However, a dedi-
cated brain-orientated approach to the management of 
adults with brain injury has been shown to improve 
clinical outcome.9 Neonatal neurocritical care is a 
relatively new concept, bringing together a multidis-
ciplinary team of healthcare professionals providing 
a brain-orientated approach to the care of high-risk 
infants.10

Neonatal intensive care has always been a technol-
ogy-driven specialty, with the need for continuous 
non-invasive physiological monitoring, point-of-care 
blood sampling and portable brain imaging. Further 
innovation is required if further progress is going to be 
seen in this high-risk patient group.

To open the discussion on the topic of improving 
the care of neonatal brain injury, the National Institute 
of Health Research (NIHR) Brain Injury Healthcare 
Technology Co-operative (HTC) set out to explore 
the gaps that currently exist in neonatal neurocritical 
care and to identify opportunities for future projects 
to fill these gaps. In order to do this, the Cambridge 
Institute for Manufacturing’s (IfM) landscaping meth-
odology was chosen. The IfM landscaping method-
ology provides a rigorous and systematic method 
of investigating strategic level processes in order to 
improve those processes.11 Landscaping is often used 
in industry12; however, it remains underutilised in the 
healthcare environment.

The specific aims of the exercise were to identify 
current ‘gaps’ in clinical practice or therapeutic knowl-
edge, and to determine what impact healthcare tech-
nologies can have on improving outcomes across the 
patient journey in the neonatal ‘neurocritical care’ unit, 
create ideas for areas of future research and service 
development projects, and encourage wider collabora-
tion between the key stakeholders in the field.

Methodology
Roadmapping is a process originally developed in the 
high-tech business sector in the 1970s initially at firm 
and then at industry levels.11 It brings together people 
with a strategic level of knowledge around a sector to 
identify opportunities and difficulties within a system. 
These are then targeted as areas to address in order to 
achieve a desired outcome.12

While there are many types and variations of road-
mapping, with different levels and types of analysis, 
an ‘agile’ approach is advocated at the start, iterating 
as a learning process. ‘Fast-start’ workshop methods11 
enable diverse groups of stakeholders to explore 
issues of common interest and to cocreate strategies 
for tackling these. The ‘S-Plan’ workshop approach11 
is suitable for tackling broad areas in a top-down 
fashion, initially developing a ‘landscape’ for the 
overall domain, and then identifying and prioritising 
key ‘landmarks’ (topics) in the landscape for further 
exploration in small groups.

Roadmapping and the S-Plan approach have been 
developed and tested in many sectors, but remain an 
underutilised method within the healthcare field, with 
its application to neonatal neurocritical care providing 
a useful demonstration of utility in this domain.

delegates
Delegates were identified through professional 
networks. A cross section of academia and clinical 
skills was achieved, as well as expertise in neona-
tology, engineering and technology development. All 
the clinicians apart from R R-R had specific interests 
in perinatal brain injury, with relevant publications in 
the field; the engineers, physicists and neuroscientists 
had expertise in advanced MRI (JS), signal processing 
(PS), optical imaging (JH, RC) and biomarkers (PY). 
Details and affiliations of the delegates are given in 
online supplementary appendix 1.

Preparatory work
These participants brought their expertise and their 
preparatory work looking into the following questions:

 ► Why do we need to take action (particularly regarding 
developing needs)?

 ► How can the patient pathway experience be developed 
to respond to these needs?

 ► What enabling projects and resources are required to 
deliver that pathway experience?

Workshops
Delegates attended a 5-hour facilitated workshop 
where each participant gave a 2–3 min pitch of their 
preparatory work. With the aid of the facilitators, 
each item was identified as fitting one of three possible 
criteria: either ‘trends and drivers’, a ‘patient pathway 
experience and unmet needs’ or ‘enabling project or 
resources’. Time scales of current, short term, medium 
term, long term or ‘vision’ were applied before being 
added to the landscape. Linkages between the different 
three aspects were agreed on to form a linkage chart 
which provides insights into current problems and how 
to address them.

Delegates then voted on the items to agree on prior-
ities before they were further explored by smaller 
groups. Their findings were then presented for whole 
group review.

results
Through this process 26 items were identified (figure 1). 
Of these 8 were considered ‘trends or drivers’, 8 
‘patient pathway experience and unmet needs’ and 10 
as ‘enabling project or resources’. These crossed all the 
time scales and showed a broad range of subjects, from 
a lack of robust way to measure neurological damage 
to the use of three-dimensional printing in neonatal 
care (figure 1). To further develop the ideas, linkages 
between items were discussed and agreed on during 
the workshop and were further considered after the 
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Cambridge Brain Injury Healthcare Technology Co-
operative: Current

2016
Short term
2016-17

Medium term
2018-20

Long term
2020-25

Vision
2025+

Neonatal neurocritical care landscape

STEEPL
Social, Technological, Economic, Environmental,
Political, Legal developments

Strategic healthcare context
Targets for reducing costs and

achieving earlier diagnosis

Neonatal early stage research network
to enable access to rare conditions

Complex cases require a synthesis of complex
data in real time

Weareable technology

3D printing

Creation of well-annotated multi-centre database of
high-fidelity monitoring data

Automated sleep analysis on ICU will improve
development

Early detection of degree of injury/earlier prediction of
prognosis

Extensive monitoring but limited real time
analysis (no comprehensive big data analysis or

machine learning technology)

Automated early diagnosis of
seizures is absent

Research not seen as essential
part of patient pathway

Enable efficient use of repurposed drugs for rare
neurological disorders

Continuous EEG monitoring of infants
at risk

Real-time video monitoring of infant for
parents

Set up trial in which sleep is promoted to
see if it improves outcome

Ongoing trial in progress on automatic detection
of seizures in term babies

No robust method to determine how
damaged the newborn injured brain

Near-infrared spectroscopy
technology/signal processing

Multi-modal data collection to review whether brain
metabolism can predict outcome early at cotside

Use of blood samples to determine the brain
injury

Develop novel early diagnosis technologies for
perinatal arterial ischemic stroke

Molecular understanding of tertiary damage

Wearable imaging technologies for continuous monitoring of
optical, ultrasound EEG, (MRI eventually)

Artificial intelligence and computer vision (3D) for continuous
monitoring

Individualised bedside monitoring
and information management

Better identification of preterms at risk
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Figure 1 Landscape. 3D, three-dimensional; EEG, electroencephalogram; ICU, intensive care unit; NHS, National Health Service; 
PAIS, perinatal arterial ischaemic stroke.
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Figure 2 Linkage chart. 3D, three-dimensional; EEG, electroencephalogram; ICU, intensive care unit; IfM, Institute for 
Manufacturing; PAIS, perinatal arterial ischaemic stroke.  
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session (figure 2). Of these, five priorities for the 
future of neonatal neurocritical care were identified by 
a voting process (online supplementary appendix 2). 
These were the following:

 ► Real-time video monitoring for parents.
 ► Individualised management of preterm infants in 

neonatal neurocritical care based on real-time multi-
modal monitoring.

 ► Continuous electroencephalogram (EEG) monitoring 
for early seizure diagnosis.

 ► Neuroprotection: understanding basic mechanisms.
 ► Sleep measurement.

Groups of delegates further expanded and developed 
these ideas using a preset structure (figure 3). The 
results were as follows:

real-time video monitoring for parents
Delegates identified that at present parents are often 
unable to visit their baby due to childcare issues with 
other children, work commitments or distance from 
home. This was identified as a risk for maternal and 
paternal depression and parents bonding, which could 
be addressed by real-time video monitoring in the 
neonatal unit. It was acknowledged that while this has 
been used in some settings, it is far from widespread 
and remains an area of inconsistency. The opportunity 
this provides for the observation of behaviours for 
research and teaching purposes was emphasised with 
delegates, highlighting the possible insights that could 
be gained into neonatal brain injury.

Data security, ethical considerations and infra-
structure installation were seen as key barriers to 
be addressed. The use of pre-existing system such 
as FaceTime, Skype or similar live techniques was a 
possible way of addressing these issues with minimal 
investment. If videos were to be stored for research or 
teaching purposes, then storage of very large quantities 
of data would have to be considered and a specialist 
system might need to be developed. Ethical and legal 
aspects are likely to need to be addressed, as well as 
education for staff and parents. The impacts that this 
might have on acute scenarios such as resuscitation, 
as well the possible added challenges that the use of a 
possible audio element would bring, were seen as areas 
that need further consideration.

Individualised management of preterm infants in 
neonatal neurocritical care based on real-time multimodal 
monitoring
For the second priority delegates considered the use 
of monitoring in the neonatal neurocritical care unit. 
They identified that preterm infants in intensive care 
have a number of physiological parameters such as 
heart rate, blood pressure and peripheral oxygen satu-
ration measured continuously. An alarm is triggered if 
a recording goes above or below a preset threshold, 
alerting staff to acute deterioration in a single system. 
But the assumption is that each parameter is inde-
pendent, so subtle changes in multiple parameters go 

unnoticed. Delegates emphasised that although there 
appears success of intelligent monitoring in adults, 
there has not yet been a large-scale clinical demon-
stration of neonatal multiparameter monitoring. They 
hypothesised that this may be due to the lack of homo-
geneity in the neonatal neurocritical care unit, with 
infants at different stages having very different phys-
iologies, depending on gestational age and condition, 
and because their resting parameters change substan-
tially as they mature.

Delegates saw a need to develop a greater under-
standing of how to interpret and exploit this moni-
toring in order to maximise survival and minimise 
resultant morbidity. To gain this understanding a multi-
centre analysis of monitoring, including longitudinal 
data with clinical annotations, was recommended. 
This analysis would also need to consider the outcome 
of the children after discharge from the neonatal neur-
ocritical care unit to provide a fuller picture of the 
importance of these observational trends. To be able to 
do this, a large central database is likely to be required 
to collect a unified data set from each child. This 
would again be likely to need a sophisticated network 
infrastructure to collect high-quality, high-resolution 
data, to validate these data and to provide final anal-
ysis. Delegates however saw the potential benefits as 
significant, as has been demonstrated in improving 
outcomes in adult neurocritical care.

continuous eeg monitoring for early seizure diagnosis
The third group developed further the idea of the use 
of continuous EEG in the neonatal neurocritical care 
unit. Delegates stated that at present clinical presen-
tations of seizures can be subtle and are easily missed 
and can cause long-term disability, and that interven-
tions are of high impact with associated side effects. 
The importance of the reduction of seizure burden 
was emphasised. To do this, delegates stated that there 
is a need for predicting onset of seizures and objec-
tively detecting them in order to improve the patient’s 
neurodevelopmental outcomes.

Delegates saw the expansion of the use of video EEG 
as vital to improving the care of the newborn at risk of 
seizures. The use of standard EEG caps in the neonatal 
neurocritical care unit was advocated, and the devel-
opment of algorithms to correctly analyse clinical and 
subclinical seizures was seen as important and would 
improve standardisation across units. The ability to 
monitor continuously for seizure activity therefore 
was seen as a gateway to developing an evidence base 
for a wider range of interventions which would further 
improve outcomes for these vulnerable patients.

neuroprotection: understanding basic mechanisms and 
long-term neurological outcome
The fourth group emphasised the importance of under-
standing the underlying basic mechanism of perinatal 
brain injury and its impact on long-term development 
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Figure 3 Priority proforma.
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in order to develop novel neuroprotective strategies. 
Delegates identified this as an area where improved 
knowledge of specific aspects of neuroprotection offers 
opportunities for reducing the impact of brain injury. 
Five areas were identified. These were the following:

 ► Inflammatory process, including its effects on the blood–
brain barrier and the consequent leaking of reactive 
astrocytes and microglia.

 ► Genomics, in particular extreme phenotypes and the 
impacts of rare disorders.

 ► Novel delivery of therapies: intravenous and across the 
blood–brain barrier or directly at target cells in the brain.

 ► Long-term follow-up of these children: the use of elec-
tronic health records across the National Health Service, 
and across the patient’s life for long-term outcome data, 
such as cerebral palsy.

Delegates highlighted current research into diag-
nostic imaging, animal models and human cell-based 
models as promising; however, further investigation 
was emphasised in the following areas: (1) additional 
therapies for hypothermia for term infants with HIE, 
such as the use of erythropoietin, (2) personalised 
medicine for rare genetic disorders and (3) the devel-
opment of an integrated infrastructure including 
imaging, genetics, trials and laboratory investigations 
in this population. The possible resource implications 
of this were acknowledged, but delegates stated that 
there appears to be a unique opportunity to consider-
ably improve outcomes and reduce the suffering of this 
vulnerable population group and their families.

sleep measurement
Sleep and its measurement was the final priority devel-
oped. Delegates highlighted the difficulties of facili-
tating high-quality sleep in infants in a busy intensive 
care setting. They stated that at present clinicians are 
unable to reliably measure a baby’s sleep cycle and 
therefore are unable to tailor care and interventions 
(feeding, drugs and so on) to the need of the child. 
In the longer term the development of a reliable sleep 
measurement system through the use of monitoring 
technologies and the opportunity to develop a wear-
able device were seen as possible ways forward, with 
high-quality evidence being developed into the effects 
of sleep on the developing brain. While in theshorter 
term, research could possibly focus on EEG, or blood 
markers such as melatonin and cortisol in monitoring 
sleep cycles.

Delegates again acknowledged that this may 
require an investment for initial development of the 
technology as well as for the analysis of the data to 
find what is normal before being able to detect the 
abnormal. However, the possible impact that these 
data could have on future research and care could be 
considerable.

dIscussIon
The care of the critically ill newborn infant in the crit-
ical care unit is complex and multifaceted. To improve 

mortality and morbidity, investment will be required 
and new approaches taken. The use of the IfM land-
scaping methodology has identified ‘gaps’ in the care 
of these children in a systematic way for the first time. 
However, of 26 possible avenues raised, only 5 were 
explored further within this exercise. All may need to 
be considered for discussion by the wider community 
with cost/benefit analysis as well as ethical consider-
ations discussed by all key stakeholders in this group. 
Also, this is by no means an exhaustive list and the 
authors acknowledge that areas of promise may not 
have been included. The most obvious of these is in 
the area of automatic seizure detection. It also must 
be acknowledged that one of the priorities devel-
oped is not directly related to the neonatal neurocrit-
ical care child but looking at the experience of the 
parents and their ability to be present in the care of 
their child (real-time video monitoring). However, 
if the medical community is to rise to the challenge 
issued by the Department of Health to improve the 
outcome of these children and their families, then 
these results must be considered by healthcare prac-
titioners, researchers, and the management as well as 
by the industry.

While centralisation of patient care is recommended 
in many conditions in order to concentrate clinical 
skills and improve care,13 a considerable downside 
of this as identified in this exercise is the difficulty of 
distance for parents. The difficulty this has caused in 
the context of maternity care has been documented,14 
but unfortunately methods of overcoming this have not 
been well described. The delegates identified standard-
ising the use of video monitoring as an improvement in 
this area. While video monitoring by parents of their 
children in the form of baby monitors have become 
routine in society at large,15 this has yet to become as 
common in the hospital environment. While concerns 
were raised regarding the use of such methods, similar 
systems have been described in other sections of the 
literature, and when practical issues were overcome 
patient care improved.16 The use of patient and public 
involvement is likely to be important in this partic-
ular strand, and its impact on not just patient care but 
also on the experience of the wider family should be 
acknowledged.

The use of multimodal monitoring remains a chal-
lenge in the neonatal neurocritical care unit. While 
the system described here of accumulation of a large 
quantity of observational data would be the first in 
this setting, the use of large data sets to identify trends 
and improve patient care has been demonstrated 
extensively.17 Although this method of extracting data 
and knowledge is unquestionably a valid method of 
moving forward the state of the art, such analyses 
require considerable investment of time, infrastructure 
and expertise.17 Buy-in from multiple centres would be 
required for this to collect the amount of data required 
for meaningful results.
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The use of continuous video EEGs has revolution-
ised the management of seizures in the general popu-
lation.18 However, its use remains a matter of debate 
in the neonatal neurocritical care unit. While its use 
for specific patients where seizure activity is suspected 
is best practice,19 evidence is growing that compre-
hensive use of continuous video EEG in the neonatal 
neurocritical care unit is able to pick up seizure activity 
which is missed with normal clinical observation, as 
well as ruling it out in others where there were clin-
ical concerns.20 21 While this may provide a significant 
improvement in patient care and possibly outcomes 
as identified by the delegates, there remain significant 
obstacles to overcome. Current practice is time-inten-
sive, with specialist technicians and clinicians needed 
to apply the EEG and to interpret the results. The use 
of computer learning and seizure algorithms would 
make continuous monitoring of large number of 
infants more feasible. Although it has been an ambi-
tion to develop this for many years, only recently with 
improvements in computer performance has it shown 
real promise in the neonate.22

As stated by the delegates, specific neuroprotective 
therapies are commonly used in the adult popula-
tion after brain injury and have shown considerable 
benefits.23 In the newborn population cooling is now 
routinely used in term infants with hypoxic-ischaemic 
brain injury.19 The difficulty however comes in diag-
nosing neurological insults in a timely manner and 
therefore being able to correctly target appropriate 
patients.24 This difficulty also limits any efforts to 
further subdivide this heterogeneous patient group 
in order to investigate the effects of adjuncts or of 
differing cooling regimens on different pathologies.8 
Therefore, development of improved neuroprotec-
tion protocols remains a difficult but potentially rich 
avenue to explore.

While the importance of the other priorities appears 
to be in standardising care or expanding current tech-
nologies, the impact of sleep and sleep measurement 
on the neonatal neurocritical care unit patient appears 
to be a novel output from this exercise. Sleep is poorly 
understood.25 However, its importance in normal 
development and recovery from health difficulties has 
been well explored.26 The constant interventions, poor 
day/night cycles and background noise in the intensive 
care environment have been found to have consider-
able long-term effects on those unlucky enough to be 
treated there.25 While in adult patients it is relatively 
easy to observe sleep–wake cycles and some effort has 
been made to improve these,26 it is a significant chal-
lenge in the neonatal neurocritical care unit. Non-in-
vasive monitoring of sleep in the preterm infant may 
therefore provide vital insights into the effects of envi-
ronment on these children, as well as allow staff to 
gain an appreciation of patients’ needs and how and 
when best to intervene.

next steps
This exercise aimed to bring to the fore a longer list 
of possible areas for development within the neonatal 
neurocritical care unit, as well as further developing 
areas seen as priorities for specific focus. As discussed 
previously the Brain Injury HTC continues with its 
programme, and further roadmapping exercises with 
other stakeholders will also provide valuable insights 
as well as possible areas of disagreement in priorities.

The next steps would be to individually fully analyse 
the priorities and possibly the whole landscape in the 
context of a limited health budget and possible nega-
tive outcomes. While that is not within the remit of 
the roadmapping technique, the question should be 
posed, and it is our aim that future researchers will 
pick up this challenge. The Brain Injury HTC has been 
successful in obtaining funding for a 5-year NIHR 
MedTech Co-operative with the aim of facilitating 
some of these discussions especially around the role of 
technology in moving these elements forwards.

strengths and weaknesses
The use of the IfM landscaping methodology has 
considerable methodological benefits. Its structured 
and transparent methods, visual output and well-doc-
umented impacts on processes mean that it provides a 
significant element of rigour to a strategic level service 
investigation. In this exercise, it allowed the wide range 
of experts that participated to provide insights that 
were not understood before, and the links that were 
made will drive forward future research and devel-
opment in this area. However, the lack of a patient/
parent representative was notable. Patient and public 
involvement has been shown to improve the applica-
bility of research and service development.27 Acknowl-
edging this as a weakness, a further landscaping event 
with parents and key charity stakeholders is planned 
and results will be made public.

There are also weaknesses in the IfM methodology 
that should be acknowledged. The most obvious being 
that it is dependent on the people who contribute 
to the session. Additionally elements which have 
been well discussed in the literature were not seen as 
priorities or even on the wider landscape in this exer-
cise. These include measuring long-term outcomes 
within this population,28 improving neuroimaging29 
and point-of-care testing in order to detect and aid 
management of neurological insults,30 among others. 
The difficulty that any methodology has in trying to 
draw out possible areas of priority will always be that 
other areas that show promise will be missed. Readers 
should consider this paper within the wider research 
landscape rather then seeing it as a stand-alone piece.

The impact of the session being run by the HTC 
should be considered especially in view of the apparent 
focus of the priorities on the possible use of technolo-
gies to address difficulties. While each delegate had a 
‘strategic level’ of knowledge of the area, each was also 
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an expert in their own area and therefore there may be 
a possible bias with regard to the selection of delegates 
and their areas of expertise or interest influencing the 
gaps identified. The inclusion therefore of the dele-
gate list is important as is the acknowledgement that 
a different group may bring further ideas and disagree 
with the priorities stated here.

conclusIon
Care of the newborn infant at risk of brain injury 
is complex and challenging. Through the use of the 
IfM landscaping methodology for the first time in an 
intensive care setting, this paper has illustrated five 
avenues for advancement in care. This list is in no way 
exhaustive and tends to be focused on the impact that 
technological developments could have. While these 
weaknesses are acknowledged, this paper aims to 
start the conversation with regard to the future of the 
newborn infant in the neonatal neurocritical care unit. 
It invites a discussion of other stakeholders in the area, 
be they clinicians, researchers, parents, former patients 
or industry, to bring their perceived ‘gaps’ and possible 
solutions to them in order to optimise care for this 
patient group.

acknowledgements We would like to thank all the delegates 
(online supplementary appendix 1) for their contribution to the 
process and the NIHR Brain injury HTC for their support on this 
project. This article was commissioned by the National Institute 
for Health Research (NIHR) Brain Injury Healthcare Technology 
Co-operative. The views expressed are those of the authors and 
not necessarily those of the NHS, the NIHR or the Department of 
Health.

Contributors CH is the corresponding author and guarantor of 
this work. CH completed the first and all subsequent drafts of the 
article. PJ and RP provided methodological expertise as well as 
in running the landscaping exercises. RP also contributed heavily 
to the Methodology section. MB organised the exercises and 
supported the final write-up. TA edited and contributed to all 
drafts, as well as setting the scope and running the landscaping 
exercise.

Funding This project was supported by the NIHR Brain Injury 
Healthcare Technology Co-operative as part of its portfolio of 
work. While this project was supported by the NIHR Brain Injury 
Healthcare Technology Co-operative, all authors had access to 
all information and had complete autonomy in the analysis and 
publication of this paper.

Competing interests None declared.

Patient consent Not required.

Provenance and peer review Not commissioned; externally peer 
reviewed.

Data sharing statement Full data set and technical appendix 
available from the corresponding author at  colin. hamilton@ 
addenbrookes. nhs. uk. Participants gave informed consent for data 
sharing.

reFerences
 1 Volpe JJ. Brain injury in premature infants: a complex 

amalgam of destructive and developmental disturbances. 
Lancet Neurol 2009;8:110–24.

 2 ONS. Gestation-specific Infant Mortality in England and Wales. 
London, England: Office of National Statistics, 2013.

 3 Morken NH. Preterm birth: new data on a global health 
priority. Lancet 2012;379:2128–30.

 4 Mangham LJ, Petrou S, Doyle LW, et al. The cost of preterm 
birth throughout childhood in England and Wales. Pediatrics 
2009;123:e312–e327.

 5 Hunt J. Department of Health. New ambition to halve rate 
of stillbirths and infant deaths [online]  Gov. uk. 2015 https://
www. gov. uk/ government/ news/ new- ambition- to- halve- rate- of- 
stillbirths- and- infant- deaths (accessed 19 Mar 2017).

 6 Kurinczuk JJ, White-Koning M, Badawi N. Epidemiology 
of neonatal encephalopathy and hypoxic-ischaemic 
encephalopathy. Early Hum Dev 2010;86:329–38.

 7 Kumar S, Paterson-Brown S. Obstetric aspects of hypoxic 
ischemic encephalopathy. Early Hum Dev 2010;86:339–44.

 8 O'Hare SS, Austin T. Protecting the brain of term infants: from 
bench to bedside. Paediatr Child Health 2014;24:390–6.

 9 Helmy A, Vizcaychipi M, Gupta AK. Traumatic brain injury: 
intensive care management. Br J Anaesth 2007;99:32–42.

 10 Glass HC, Bonifacio SL, Peloquin S, et al. Neurocritical care 
for neonates. Neurocrit Care 2010;12:421–9.

 11 Phaal R, Farrukh CJP, Probert DR. Strategic Roadmapping: 
A Workshop-based Approach for Identifying and Exploring 
Strategic Issues and Opportunities. Engineering Management 
Journal 2007;19:3–12.

 12 Moehrle MG, Isenmann R, Phaal R. SpringerLink eBook 
Collection. Technology Roadmapping for Strategy and 
Innovation: Charting the Route to Success. Berlin, Heidelberg: 
Springer Berlin Heidelberg, 2013.

 13 Boddy AP, Williamson JM, Vipond MN. The effect of 
centralisation on the outcomes of oesophagogastric surgery--a 
fifteen year audit. Int J Surg 2012;10:360–3.

 14 Bones E. The true cost of the centralisation of maternity 
services. MIDIRS Midwifery Digest 2005;15:559.

 15 Nelson MK. Watching Children. J Fam Issues 2008;29:516–38.
 16 Cournan M, Fusco-Gessick B, Wright L. Improving Patient 

Safety through Video Monitoring. Rehabil Nurs 2016.
 17 Wang Y, Kung LA, Byrd TA. Big data analytics: Understanding 

its capabilities and potential benefits for healthcare 
organizations. Technological Forecasting and Social Change 
2015.

 18 Dobesberger J, Walser G, Unterberger I, et al. Video-EEG 
monitoring: safety and adverse events in 507 consecutive 
patients. Epilepsia 2011;52:443–52.

 19 Bonifacio SL, Glass HC, Peloquin S, et al. A new 
neurological focus in neonatal intensive care. Nat Rev Neurol 
2011;7:485–94.

 20 Wietstock SO, Bonifacio SL, Sullivan JE, et al. Continuous 
Video Electroencephalographic (EEG) Monitoring for 
Electrographic Seizure Diagnosis in Neonates. J Child Neurol 
2016;31:328–32.

 21 Shellhaas RA, Chang T, Wusthoff CJ, et al. Treatment Duration 
After Acute Symptomatic Seizures in Neonates: A Multicenter 
Cohort Study. J Pediatr 2017;181:298–301.

 22 Mathieson SR, Stevenson NJ, Low E, et al. Validation of an 
automated seizure detection algorithm for term neonates. 
Clinical Neurophysiology 2016;127:156–68.

 23 Jain KK. Neuroprotection in traumatic brain injury. Drug 
Discov Today 2008;13(23-24):1082–9.

 24 Austin T. Shining light on the newborn brain. Infant 
2016;12:19–22.

 25 Cirelli C, Tononi G. Is Sleep Essential? PLoS Biol 
2008;6:e216–1611.

 26 Pisani MA, Friese RS, Gehlbach BK, et al. Sleep in the 
Intensive Care Unit. Am J Respir Crit Care Med  
2015;191:731–8.

 on 14 S
eptem

ber 2018 by guest. P
rotected by copyright.

http://innovations.bm
j.com

/
B

M
J Innov: first published as 10.1136/bm

jinnov-2018-000288 on 29 A
ugust 2018. D

ow
nloaded from

 

http://dx.doi.org/10.1016/S1474-4422(08)70294-1
http://dx.doi.org/10.1016/S0140-6736(12)60857-5
http://dx.doi.org/10.1542/peds.2008-1827
https://www.gov.uk/government/news/new-ambition-to-halve-rate-of-stillbirths-and-infant-deaths
https://www.gov.uk/government/news/new-ambition-to-halve-rate-of-stillbirths-and-infant-deaths
https://www.gov.uk/government/news/new-ambition-to-halve-rate-of-stillbirths-and-infant-deaths
http://dx.doi.org/10.1016/j.earlhumdev.2010.05.010
http://dx.doi.org/10.1016/j.earlhumdev.2010.05.009
http://dx.doi.org/10.1016/j.paed.2014.04.005
http://dx.doi.org/10.1093/bja/aem139
http://dx.doi.org/10.1007/s12028-009-9324-7
http://dx.doi.org/10.1080/10429247.2007.11431716
http://dx.doi.org/10.1080/10429247.2007.11431716
http://dx.doi.org/10.1016/j.ijsu.2012.05.012
http://dx.doi.org/10.1177/0192513X07310319
http://dx.doi.org/10.1002/rnj.308
http://dx.doi.org/10.1111/j.1528-1167.2010.02782.x
http://dx.doi.org/10.1038/nrneurol.2011.119
http://dx.doi.org/10.1177/0883073815592224
http://dx.doi.org/10.1016/j.jpeds.2016.10.039
http://dx.doi.org/10.1016/j.clinph.2015.04.075
http://dx.doi.org/10.1016/j.drudis.2008.09.006
http://dx.doi.org/10.1016/j.drudis.2008.09.006
http://dx.doi.org/10.1371/journal.pbio.0060216
http://dx.doi.org/10.1164/rccm.201411-2099CI
http://innovations.bmj.com/


9Hamilton C, et al. BMJ Innov 2018;0:1–9. doi:10.1136/bmjinnov-2018-000288

HeAlTH IT, sysTeMs And PRoCess InnovATIons

 27 Stewart D, Wilson R, Selby P, et al. Patient and public 
involvement. Annals of Oncology 2011;22(Suppl 7):vii54–
vii56.

 28 Rogers EE, Hintz SR. Early neurodevelopmental outcomes 
of extremely preterm infants. Semin Perinatol 2016;40:497–
509.

 29 Parikh NA. Advanced neuroimaging and its role in predicting 
neurodevelopmental outcomes in very preterm infants. Semin 
Perinatol 2016;40:530–41.

 30 Satriano A, Pluchinotta F, Gazzolo F, et al. The potentials and 
limitations of neuro-biomarkers as predictors of outcome in 
neonates with birth asphyxia. Early Hum Dev 2017;105:63–7.

 on 14 S
eptem

ber 2018 by guest. P
rotected by copyright.

http://innovations.bm
j.com

/
B

M
J Innov: first published as 10.1136/bm

jinnov-2018-000288 on 29 A
ugust 2018. D

ow
nloaded from

 

http://dx.doi.org/10.1093/annonc/mdr427
http://dx.doi.org/10.1053/j.semperi.2016.09.002
http://dx.doi.org/10.1053/j.semperi.2016.09.005
http://dx.doi.org/10.1053/j.semperi.2016.09.005
http://dx.doi.org/10.1016/j.earlhumdev.2016.12.005
http://innovations.bmj.com/

	Designing the landscape for technological development in neonatal neurocritical care
	Abstract
	Background
	Methodology
	Delegates
	Preparatory work
	Workshops

	Results
	Real-time video monitoring for parents
	Individualised management of preterm infants in neonatal neurocritical care based on real-time multimodal monitoring
	Continuous EEG monitoring for early seizure diagnosis
	Neuroprotection: understanding basic mechanisms and long-term neurological outcome
	Sleep measurement

	Discussion
	Next steps
	Strengths and weaknesses

	Conclusion
	References


