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Abstract | Advances in the care of high-risk newborn babies have contributed to reduced mortality rates 
for premature and term births, but the surviving neonates often have increased neurological morbidity. 
Therapies aimed at reducing the neurological sequelae of birth asphyxia at term have brought hypothermia 
treatment into the realm of standard care. However, this therapy does not provide complete protection from 
neurological complications and a need to develop adjunctive therapies for improved neurological outcomes 
remains. In addition, the care of neurologically impaired neonates, regardless of their gestational age, clearly 
requires a focused approach to avoid further injury to the brain and to optimize the neurodevelopmental 
status of the newborn baby at discharge from hospital. This focused approach includes, but is not limited to, 
monitoring of the patient’s brain with amplitude-integrated and continuous video EEG, prevention of infection, 
developmentally appropriate care, and family support. Provision of dedicated neurocritical care to newborn 
babies requires a collaborative effort between neonatologists and neurologists, training in neonatal neurology 
for nurses and future generations of care providers, and the recognition that common neonatal medical 
problems and intensive care have an effect on the developing brain.
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Introduction 
Over the past 40 years tremendous progress has been 
made in neonatology, especially with regard to provid-
ing life-support therapy and care for premature babies. 
Monitoring of heart rate, blood pressure and oxygen 
saturation are routine practices in neonatal intensive 
care. Despite the technological advances in caring for 
sick neonates, however, rates of neurological compro-
mise remain high.1,2 As a result, neonatologists are 
increas ingly focusing on brain function and develop-
ment in newborn babies. Several areas are undergoing 
active research: investigations into the brain’s suscepti-
bility to injury; the influence of neonatal care on brain 
development and injury; the relationship between brain 
injuries in neonates and long-term neurological status; 
and potential therapeutic agents to improve long-term 
neurological outcomes.3

Research into brain development has proved that 
responses to injury are specific to developmental stages 
and age.3,4 The concept that different brain regions show 
‘selective vulnerability’ to injury at different gestational 
ages has been demonstrated in animal models and is 
observed in human studies;3 the white matter of the 
brain is most vulnerable in preterm babies and gray 
matter injury is most common in term neonates. These 
patterns of vulnerability result in specific neurological 
sequelae, such as spastic diparesis in premature babies 
and spastic quadriparesis in severely injured babies born 
at term.

Despite the advances in research, few clinical trials 
have investigated neuroprotective strategies in preterm 
and term infants; to date, only hypothermia has shown 
efficacy in decreasing the risk of death or disability in 
term neonates with hypoxic–ischemic encephalopathy 
(HIE), although complete protection from this condi-
tion has not been realized with hypothermia alone.5,6 
The neurological sequelae of prematurity (such as 
intra ventricular hemorrhage, white matter injury, and 
periventricular leukomalacia) have not been addressed 
with any current therapies, although awareness is increas-
ing about the importance of providing optimal critical 
care that focuses on neuroprotection.

In this Review we highlight the advances in basic 
science, clinical studies and translational research that 
have provided a foundation for focused neurological 
intensive care in newborn babies, and describe a model 
of shared care, in which neonatologists and neurologists 
jointly manage sick neonates who are at risk of long-term 
neurodevelopmental impairment.

Advances in neuroprotective therapy
Therapeutic hypothermia
Therapeutic hypothermia is the first neuroprotective 
strategy that has demonstrated efficacy for neonatal 
HIE in multiple randomized controlled trials.6 These 
studies involved a total of more than 1,300 infants with 
HIE; a meta-analysis that included 767 of these neonates 
concluded that therapeutic hypothermia significantly 
reduced the risk of death or disability at 18 months 
(relative risk 0.81, 95% CI 0.71–0.93 versus standard 
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care), and the number of neonates needed to be treated 
for one newborn baby to be free of death or disability 
was nine (95% CI 5–25)6—an impressively low number 
considerin g the high cost of lifelong disability. 

Currently, hypothermia is not the standard of care in 
all institutions, but the 2010 International Liaison Com-
mittee on Resuscitation guidelines state that infants born 
at (or near) term with moderate to severe HIE should 
be offered therapeutic hypothermia, to be initiated and 
conducted under clearly defined protocols at neonatal 
intensive care facilities that provide multi disciplinary 
care and follow-up.7 Although simple in concept, pro-
vision of such therapy requires clinical expertise in evalu-
ating the neonate’s neurological status, nursing expertise 
in applying the therapy and monitoring for complica-
tions, as well as the availability of monitoring for sei-
zures, imaging studies after completion of therapy, and 
long-term developmental follow-up. Careful attention 
must be paid to the clinical management of newborn 
babies with HIE, regardless of whether hypothermia is 
implemented, as hypoxic–ischemic insults are not limited 
to the brain. Such insults might result in systemic com-
plications, such as hypoglycemia, and affect other vital 
organs (heart, lungs, kidneys, liver, bone marrow), the 
dysfunction of which may contribute to further brain 
injury.8,9 Unfortunately, no single therapy adequately 
ameliorates all forms of brain injury in newborn babies. 
The evidence from trials indicates that hypothermia is 
not 100% efficacious6 and the search for potential new 
adjuvant therapies must continue.

Erythropoietin
An exciting therapeutic approach being tested in pilot 
clinical trials in hypoxic–ischemic encephalopathy is 
erythropoietin. Preclinical data from rodent models of 
neonatal HIE have demonstrated both short-term and 
long-term histological and behavioral improvement after 
treatment with this agent.10 Single-dose and multiple-
dose treatment regimens of erythropoietin, following 
neonatal focal ischemic stroke in rats, reduced cerebral 
infarct volume and improved both short-term sensori-
motor11 and long-term cognitive12 outcomes, but the 
neuroprotective benefits seemed to last longer in female 
than male rats.13 In a rodent model of neonatal HIE, 
erythropoietin treatment initiated 24 h after induction 

of hypoxic ischemia also decreased brain injury.14 In 
addition, erythropoietin can enhance neurogenesis12 and 
direct multipotent neural stem cells toward a neuronal 
cell fate.15

In humans, erythropoietin is a safe and effective treat-
ment for anemia in premature babies.16 Neonates with 
extremely low birthweight have tolerated erythropoietin 
doses of 500–2,500 U/kg,17 and safety studies are ongoing. 
However, erythropoietin is given in much higher doses 
for neuroprotection (1,000–5,000 U/kg) than for anemia, 
in the hope that an effective level of erythropoietin 
will cross the blood–brain barrier, although the exact 
pharmaco kinetics of erythropoietin transport into the 
brain in humans are unknown. For human neonates 
with HIE, early studies have demonstrated the safety 
and benefit of erythropoietin treatment, with treated 
neonates showing improved neurological outcomes at 
18 months of age;18,19 however, large randomized trials 
have yet to be performed. The current evidence is insuffi-
cient to recommend adjunctive erythropoietin therapy 
for newborn babies with HIE who are undergoing hypo-
thermia, but a multicenter trial to investigate the safety 
and pharmacokinetics of this approach is currently 
being performed.

Xenon in combination with hypothermia
The best combination therapy for neonatal HIE should 
provide long-lasting neuroprotection while also enhanc-
ing repair and regeneration of the brain. One promis-
ing adjuvant treatment is xenon. This noble gas is an 
N-methyl-d-aspartate (NMDA) antagonist approved 
for use as a general anesthetic in Europe, and has also 
shown promise as a neuroprotective agent.20 Xenon is 
superior to other NMDA antagonists as a potent blocker 
of excito toxic damage and acts through inhibition of 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and kainate receptors, reduction of gluta-
mate release, and potential effects on ion channels.21–23 
In animal models, a combination of xenon and hypo-
thermia treatment (initiated 4 h after induction of 
neo natal hypoxic ischemia) provided synergistic histo-
logical and functional protection, which was evident up 
to 30 days after injury.24 An additive effect of xenon was 
shown in 7-day-old rats with hypoxic ischemia that were 
cooled to 32 °C and then received 50% xenon in air; the 
improvement in histology scores and long-term func-
tional performance after this combination treatment 
exceeded the benefits of either therapy in isolation.25 
Data from a piglet model of global hypoxic–ischemic 
insult show that neonates that received combined xenon 
and hypothermia treatment had reduced cerebral lactate 
accumulation.20 Pilot studies are underway to assess the 
safety of xenon treatment in human neonates.26

Antioxidants
N-acetylcysteine, a scavenger of oxygen radicals that can 
restore intracellular glutathione levels, is approved for 
use in neonates. In neonatal rats with HIE treated with 
systemic hypothermia, the addition of N-acetylcysteine 
reduced brain volume loss at both 2 weeks and 4 weeks 

Key points

 ■ Clinical trials in brain development and the pathophysiology of brain injury in 
premature and term neonates promote the development of new therapies for 
neurological conditions in neonates

 ■ Amplitude-integrated EEG and near-infrared spectroscopy enable monitoring 
of brain function during critical illness and improved ability to detect and treat 
neonatal seizures, and might provide early prognostic information

 ■ Hypothermia therapy is the only approach proven to decrease morbidity  
and mortality from neonatal hypoxic–ischemic encephalopathy in term infants; 
this treatment is being implemented in hospitals around the world

 ■ In the neonatal neurocritical care model, neonatologists and neurologists  
work together to care for newborn babies with primary and secondary 
neurological conditions
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after the hypoxic ischemic insult.27 No randomized trials 
of N-acetylcysteine in human neonates with HIE have 
been performed.

Another antioxidant, melatonin, has neuroprotective 
properties in small and large animal models.28–31 In addi-
tion, melatonin promotes oligodendroglial maturation in 
injured white matter in neonatal rats.32 Studies are under-
way to assess the combined benefits of hy pothermia 
with melatonin.33

Monitoring and supportive care
HIE is not the only form of brain injury in term neo-
nates: stroke occurs in one in 1,600–5,000 term newborn 
babies.34 Although no therapies currently exist for neo-
natal stroke, infants with this condition would benefit 
from dedicated neurological intensive care as they most 
commonly present with seizures, which can be difficult 
to control. In addition, advanced imaging techniques 
might identify the presence of a clot in either the venous 
or ar terial system, which could be treated to prevent 
extension of the infarct.35 Preterm neonates can also 
sustain brain injuries, including intraventricular hemor-
rhage, which, when severe, may cause progressive dilata-
tion of the ventricles and result in injury of the brain 
parenchyma. The manage ment of ventricular dilata-
tion remains under investigation, but will require close 
monitoring of the brain with ultrasonography and good 
communication between neonatologists, neurologists 
and neurosurgeons.36,37

Anticonvulsants
The evidence increasingly suggests that seizures con tribute 
to brain injury in term newborn babies.38 The use of hypo-
thermia in combination with anti convulsants is appealing, 
as these drugs are already being used in neonatal intensive 
care units to treat seizures in term neonates.

Here, we highlight currently available antiepileptic 
medi cations that might have secondary neuro protective 
pro perties. At present, the evidence is insufficient to 
recom mend one anticonvulsant drug over another with 
regard to achieving secondary neuroprotection. Each 
neo natal intensive care unit should use the drugs with 
which they are familiar and develop protocols for their 
use in seizure therapy with the goal of achieving rapid 
seizure cessation.

Phenobarbital
Phenobarbital is the medication most commonly used 
to treat neonatal seizures,36 even though it is known to 
induce neuronal apoptosis in the developing rodent 
brain37 and treatment with this agent does not achieve 
seizure-cessation in all patients.39–41 In a rodent model 
of HIE, the addition of adjunctive phenobarbital treat-
ment to delayed-onset hypothermia resulted in improved 
short-term and long-term neurological outcomes, and in 
reduced neuronal pathology as assessed via his tology.42 
How ever, data from retrospective cohort studies that 
assessed the prophylactic use of phenobarbital in neo-
nates with HIE did not demonstrate significant reduc-
tions in death or neurodevelopmental impairment among 

treated infants.43,44 Randomized clinical trials of hypo-
thermia plus phenobarbital have not yet been perform ed 
in human neonates.

Topiramate
Topiramate is an effective, clinically available anticonvul-
sant that has shown some synergistic effects in combina-
tion with hypothermia in animal models, but only if used 
immediately after the induction of hypoxic ischemia.45 
The anticonvulsant effects of topiramate seem to be 
mediated through multiple mechanisms, such as inhibi-
tion of carbonic anhydrase isozymes, modulation of 
AMPA and kainate receptors, as well as γ-aminobutyric 
acid type A receptor-activated ion channels, and voltage-
activated Na+ and Ca2+ channels.46 Topiramate increased 
the efficacy of a suboptimal delayed hypothermia 
treatment (that is, administered 3 h after the hypoxic– 
ischemic insult) in a rat model of neonatal stroke.45 In 
this study, neither topiramate nor delayed hypothermia 
alone conferred a neuroprotective effect, but rats that 
received topiramate plus delayed hypothermia had both 
improved functional performance and a reduction in the 
severity of brain injury after 3 weeks of recovery.45

Before combination treatment with topiramate (or 
any other agent) plus hypothermia can be considered for 
clinical trials, understanding how hypothermia affects 
the pharmacokinetics of each drug is essential. In a study 
of 13 asphyxiated neonates who were being treated with 
therapeutic whole-body hypothermia, daily oral admini-
stration of topiramate at a dose of 5 mg/kg during hypo-
thermia led to plasma concentrations of this drug within 
the reference range of 5–20 mg/l,47 showing that absorp-
tion of orally administered topiramate was maintained 
during hypothermia. No apparent effect on topiramate 
concentrations was detected in three neonates who also 
received phenobarbital.44

Levetiracetam
Levetiracetam, a regulator of excitatory synaptic trans-
mission mediated by AMPA and NMDA receptors, has 
attracted interest as a treatment for refractory neonatal 
seizures, owing to its good bioavailability and the avail-
ability of intravenous formulations.48 Interestingly, in 
contrast to several traditional anticonvulsant drugs, 
such as phenobarbital and phenytoin, levetiracetam does 
not cause apoptosis in the developing brain, even when 
used at doses several times higher than those needed to 
obtain a therapeutic effect, although it can worsen the 
toxic effects of phenytoin.49 Levetiracetam might be an 
especially good candidate for the treatment of seizures in 
neonates, but its use and safety in asphyxiated newborn 
babies must be studied carefully.

Advances in brain monitoring
EEG techniques
The ability to monitor electrical activity in the brain and 
to detect seizures has evolved from paper traces to digital 
recordings with video. The advent of digital video-EEG 
recordings enables the collection of large amounts of data 
and the capture of live recordings that can be reviewed 
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remotely. EEG is the gold-standard technique for seizure 
detection; however, the use of EEG requires specialized 
technicians for the application of leads and a physician 
trained in EEG interpretation. Additional training is 
required to interpret neonatal EEG recordings, to recog-
nize the developmental changes and maturity status of the 
brain in newborn babies. Recorded brain activity in neo-
nates is classified into various background patterns; the 
presence or absence of specific features in these patterns 
assists in the assessment of brain development and in the 
identification of neonates with possible brain injury.

Compared with standard EEG, amplitude-integrated 
EEG (aEEG) is a newer bedside monitoring technique, 
which was initially developed to monitor the depth 
of anesthesia during surgery, and brain activity after 
cardiac arrest in adults. 50 The technique was subse-
quently adapted for use in asphyxiated neonates.50,51 The 
monitors used to capture and display aEEG outputs are 
compact enough to be used at the bedside, and their use 
in the neurological neonatal intensive care unit requires 
minimal training. These monitors provide a compressed 
trace of brain activity that is categorized into background 
patterns52 similar to those produced by conventional EEG, 
which enable the identification of sleep–wake patterns 
and seizures (Figure 1).

EEG patterns as a predictor of outcome
Multiple studies have investigated the relationship between 
the EEG or aEEG background pattern demonstrated by 

an infant and their short-term and long-term outcomes. 
In a review of case histories of neonates with HIE who 
were not treated with hypothermia, the pattern of back-
ground activity observed on EEG at 1 week of life corre-
lated with long-term neuro developmental outcomes.53 In 
another study, brain activity recorded by EEG within the 
first 3 days of life correlated with both imaging findings 
and outcome after 1 week.54 The first study to investigate 
the association between early background brain activity 
(that is, recorded by aEEG within the first 6 h after birth) 
and neurodevelopmental outcomes at 12–18 months 
was published in 1995.51 In this study, aEEG demon-
strated good sensitivity, specificity and positive predic-
tive value for neurological outcome.55 Further studies 
have shown that the pattern of background activity on 
aEEG, measured as early as 3 h after birth, is predictive 
of outcome.56 In addition, recovery within 24 h from a 
severely abnormal background and sleep–wake cycling 
pattern detected on aEEG is predictive of a favorable 
neuro logical outcome in neonates with HIE who were 
not treated with hypothermia.57,58

The aEEG activity pattern remains an important 
predictor of outcome in neonates undergoing thera-
peutic hypothermia, but the time at which the aEEG 
activity pattern offers prognostic information is some-
what delayed compared with that in infants who are 
not undergoing this treatment. 59 Hypothermia-treated 
neonates who recover their aEEG background activity at 
up to 48 h after birth can still have a normal outcome.59 
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Figure 1 | Patterns of electrocortical background activity observed using aEEG. The patterns are classified as follows:  
a | continuous normal voltage (normal background pattern for term infants characterized by continuous activity with lower 
amplitude at [5]–7–10 μV and maximum amplitudes at 10–25–[50] μV). b | Discontinuous normal voltage (mildly abnormal 
in term infants, can be normal in some preterm infants depending on the postmenstrual age at the time of monitoring; 
characterized by discontinuous activity with some variability in the minimum amplitude, but mainly <5 μV and maximum 
amplitude >10 μV). c | Burst suppression (abnormal background pattern characterized by minimum amplitude without 
variability at 0–2 μV intermixed with bursts of high-voltage activity >25 μV) with seven short seizures (asterisks).  
d | Isoelectric or flat trace (severely abnormal background pattern with inactive background corresponding with 
electrocerebral inactivity. e |Two seizures (asterisks) can be identified by a rise in the upper and lower margins against a 
discontinuous normal voltage background. f | Saw-tooth pattern of status epilepticus.
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Similar findings were shown in studies that used con-
tinuous video-EEG to monitor infants’ brain activity 
throughout the 72 h of hypothermia treatment for HIE; 
the background brain activity patterns observed in these 
neonates during therapy correlated with the severity of 
brain injury on early MRI (<1 week of life).56 Continuous 
video-EEG also revealed that seizures were often clini-
cally silent—of 14 infants with electrographic seizures, 
eight showed no clinical signs.60 In this study, normal to 
mildly abnormal background activity, or patterns that 
showed a substantial improvement during the first 36 h 
of hypothermia therapy, correlated with minimal brain 
injury on post-treatment MRI. The delay in the time at 
which aEEG (or video EEG) brain activity patterns offer 
prognostic information in hypothermia-treated neonates 
is in keeping with the delay in recovery from encephalo-
pathy seen in cooled babies.61 Increases in regional brain 
oxygen saturation at 24 h, as measured by near-infrared 
spectroscopy, have also been associated with unfavor-
able long-term outcomes in infants with HIE.62 As deci-
sions must often be made regarding the direction of 
care in neonates with HIE, additional early predictors  
of outcome are clearly needed.

Monitoring for seizures
Neonatal seizures are difficult to diagnose accurately, 
owing to electroclinical dissociation (electro graphic 
seizures that do not display a clinical manifesta tion), 
and abnormal movements in sick babies that can be 
mis interpreted and treated as a seizure.63 Monitor ing 
with EEG or aEEG is the only method that can accu-
rately identify seizures and monitor the response to anti-
convulsant medication. With the advent of aEEG and 
automated mechanisms of seizure detection, the utility 
of diagnosis and treatment of seizures is an area of active 
research. A long-standing debate concerns the effect of 
seizures on brain injury and long-term outcome, as well 
as the potentially harmful versus beneficial effects of 
anti convulsants on the developing brain.64 The evidence 
increasingly suggests that seizures are independently 
associated with brain injury, alter neuronal connections 
and brain development, and increase the risk of cerebral 
palsy and global developmental delay.38,65–68 In a piglet 
model of HIE, animals with subclinical or clinical sei-
zures demon strated statistically significant alterations in 
metabolite ratios, as determined by proton magnetic reso-
nance spectroscopy.69 Increased injury was seen in brain 
tissue samples from piglets that had undergone seizures, 
and these animals also showed worse abnormalities on 
neurobehavioral testing than did seizure-free animals.69 
In humans, the results of imaging and long-term follow-
up studies of neonates with peri natal asphyxia mirror 
those of animal studies; newborn human babies with a 
high clinical seizure burden have substantial derange-
ments in regional brain metabolites, including increased 
lactate levels (a marker of neuronal injury),38 and worse 
motor and cognitive outcomes than babies without sei-
zures.70 Given these findings, the ability to monitor neo-
nates at risk of seizures with aEEG and/or video-EEG 
is important.8

a c

d e f

b

Figure 2 | MRI scans showing normal findings and examples of brain injuries in 
term newborn babies. a | T2-weighted image depicting normal term brain.  
b | Diffusion-weighted MRI scan showing hypoxic–ischemic injury to the deep gray 
nuclei (arrows). c | Diffusion-weighted MRI scan with watershed pattern of hypoxic–
ischemic injury (top and bottom arrows point to anterior and posterior watershed 
regions of the cortex and white matter, central arrows show injury to white matter). 
d | T1-weighted imaged depicting diffuse brain injury secondary to global hypoxic–
ischemic insult. e | Diffusion-weighted image showing injury to the white matter 
and cortex (arrows) in an 11-day-old term infant with congenital heart disease.  
f | Diffusion-weighted MRI scan showing focal stroke (arrow) in a term infant who 
presented with focal seizures on the second day of life. 

a

c d

b

Figure 3 | MRI scans of the brain in preterm newborn 
babies. a | MRI brain scan of a preterm newborn infant 
imaged at 26–27 weeks’ postmenstrual age. b | MRI scan 
of the same infant taken 6 weeks after the scan in panel a. 
Note the substantial growth and increased complexity of 
the developing brain. c | MRI brain scan of a preterm infant 
imaged at 29 weeks’ postmenstrual age, 1 week after birth 
showing hemorrhage in the brain tissue and ventricles 
(arrows). d | MRI brain scan of a preterm infant imaged at 
30 weeks’ postmenstrual age, 2 weeks after birth showing 
foci of white matter injury (arrows).
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Imaging in neonatal neurocritical care units
Cranial ultrasonography is the most common form of 
brain imaging in the neonatal intensive care unit, as it is 
noninvasive, can be easily performed at the bedside, and 
is thought to be safe. This technique is most commonly 
used in premature neonates to screen for intraventricular 
hemorrhage and to monitor the evolution of white matter 
lesions and ventricular dilatation. In term newborn 
babies, cranial ultrasonography can be limited by physical 
differences between the head of a term neonate and that 
of a preterm baby, and by the typical location of hypoxic– 
ischemic injury, such as in the deep gray nuclei and the 
cortical neurons located in the cerebral convexities 
—areas that can be difficult to access.71,72 Ultrasonography 
can also be limited in its capacity to detect abnormalities 
of cortical development and problems in the pos terior 
fossa, and it does not provide information on white matter 
development or maturation, or depict charac teristic 
changes that have been observed in the white matter of 
neonates with certain metabolic disorders.71

In an analysis of data from the Encephalopathy Regis-
try of the Vermont Oxford Network, VT, USA, up to 28% 
of full-term newborn babies had undergone CT scans; 
however, this technique is of limited value in neonates 
and exposes them unnecessarily to high doses of radia-
tion72 (T. Inder, personal communication). MRI does 
not employ ionizing radiation, and is safe and useful in 
both preterm and term infants.73 Advances in MRI tech-
niques over the past two decades have led to reduced 
image acquisition times and improvements in the quality 
of images of the newborn brain. Commercially available 
MRI-compatible incubators, ventilators and monitors 
enable physicians to transport sick neonates to the MRI 
suite safely.74,75

MRI in preterm neonates has provided important 
insights into brain development during periods of criti-
cal illness.76 Advanced MRI techniques also facilitate the 
study of various aspects of neonatal brain development 
and function: the way that important communicating 
fiber tracks develop in premature babies; alterations 
in brain metabolism at different regions; the effects of 
prematurity and critical illness on the developing brain; 
the growth and development of specific brain regions; 
and the association of these brain regions with various 
develop mental outcomes.71–75 Imaging studies in high-
risk neonates have identified risk factors for acquired 
brain injury (such as infection and chronic lung dis-
ease),77–80 and provided evidence that specific manage-
ment or medication strategies (such as caffeine therapy 
for apnea of prematurity) could have beneficial effects on 
brain microstructural development.81,82

MRI can be used to assess structural changes in 
the brain in neonates with various forms of hypoxic– 
ischemic injury (Figure 2). Brain MRI findings in prema-
ture infants also demonstrate the rapid growth and gain 
in complexity of this organ, and can be used to identify 
common forms of brain injury in such infants (Figure 3). 
In addition, MRI is increasingly being used to identify 
imaging features that can act as potential bio markers, or 
surrogate measures, of long-term outcome.83,84 The need 

Box 1 | Classification of neurological conditions co-managed at the UCSF NICN

At our center, the NICN neurology team is involved in the co-management of 
all infants with primary or secondary neurological problems. The neurology 
team conducts daily rounds with the neonatal team, and is available for acute 
neurological management 24 h a day. Treatment options for patients with acute 
or emergency conditions are discussed before or at the time of admission to the 
NICN, whereas those for babies with subacute conditions are discussed during 
daytime rounds.

Patients with acute or potentially emergency conditions

 ■ Neonatal encephalopathy (caused, for example, by asphyxia, metabolic 
disorders or infection)

 ■ Known or suspected seizures

 ■ Known or suspected stroke

 ■ Meningitis or encephalitis

Patients with subacute conditions

 ■ Premature newborn babies with ultrasound findings of grade III–IV 
intraventricular hemorrhage or ventriculomegaly

 ■ Premature newborn babies undergoing routine monitoring with amplitude-
integrated EEG (for example, during the first 24–72 h of life in babies of 
<28 weeks’ gestation)

 ■ Patients with a CNS malformation

 ■ Patients with critical illness being monitored with amplitude-integrated EEG

Abbreviations: NICN, neonatal neurological intensive care nursery; UCSF, University of 
California, San Francisco.

Box 2 | Management of newborn babies with seizures

The management of neonatal seizures varies across centers.39 No evidence-
based guidelines are available regarding the sequence of medications used to 
achieve seizure cessation.64 In our NICN, to facilitate management of neonates 
with seizures EEG is streamed live from the bedside to the EEG reading room and 
can be reviewed remotely. Communication between all team members is vital to 
provide appropriate and timely therapy. Anticonvulsant drugs are ordered instantly 
so that nurses can promptly administer treatment.

 ■ Neurologists are notified about all newborns with possible seizures

 ■ NICN guidelines are followed to manage clinical seizures during transport 
(lorazepam 0.1 mg/kg or phenobarbital 20 mg/kg initial loading dose)

 ■ The patient is evaluated by the neonatal and neurology teams and assigned to 
a nurse with training in NICN procedures

 ■ Monitoring with aEEG and video-EEG are initiated (aEEG leads are placed 
by nursing staff who mark events and notify physicians regarding possible 
seizures or changes in the background)

 ■ The aEEG output is reviewed after the first 20 min of recording; video EEG 
output is reviewed after 1 h of recording or when suspicious clinical or  
aEEG events are identified and at least twice in every 24 h, or more often  
as clinically indicated

 ■ If electrographic seizures are identified, the following treatment protocol is 
initiated: phenobarbital ≤40 mg/kg loading dose; fosphenytoin ≤30 mg/kg 
loading dose; levetiracetam 40 mg/kg loading dose

 ■ 30 min after administration of anticonvulsant medication, the aEEG and video 
EEG outputs are reviewed, and a plan for further review and communication 
between the teams is made

 ■ Identification of status epilepticus is considered and managed as an 
emergency with the goal of timely administration of anticonvulsant medication 
and seizure cessation

 ■ Video-EEG is continued until the patient is seizure-free for 24 h

Abbreviations: aEEG, amplitude-integrated EEG; NICN, neonatal neurological intensive  
care nursery.

REVIEWS

© 2011 Macmillan Publishers Limited. All rights reserved

CHIARA
Sottolinea

CHIARA
Sottolinea

CHIARA
Sottolinea

CHIARA
Sottolinea

CHIARA
Sottolinea

CHIARA
Sottolinea

CHIARA
Sottolinea

CHIARA
Sottolinea



NATURE REVIEWS | NEUROLOGY  VOLUME 7 | SEPTEMBER 2011 | 491

for such measures in neonatal neurology is growing. New 
therapeutic trials aimed at improving outcomes in school-
age children are expensive to fund, as they would require 
5–8 years of follow-up. In addition, MRI findings might 
be used to select patients who are suitable for enrollment 
in future trials of therapies for neonatal stroke.

Lessons from adult neurocritical care
Neurocritical care is a relatively new subspecialty. In 
2002, the Neurocritical Care Society was established 
with the aim of improving outcomes for patients with 
life-threatening neurological illnesses, and in 2007 the 
Accreditation Council for Graduate Medical Education 
administered the first certification examination in adult 
neurocritical care. The subspecialty of neurocritical 
care was initially developed to address the postoperative 
needs of neurosurgical patients, and has since grown to 
encompass a broad range of serious neurological condi-
tions, including stroke, status epilepticus, CNS infection, 
and traumatic brain injury.

Although the developing brain differs enormously 
from the mature brain, several basic lessons from adult 
neurocritical care can be applied to the emerging field 
of neonatal neurocritical care: careful attention to basic 
physiology (including temperature regulation, glucose 
homeostasis, oxygenation, and blood pressure support) 
can improve outcomes by preventing secondary injury in 
patients with neurological illnesses;85,86 the use of special-
ized neurocritical care teams can reduce mortality and 
improve resource utilization;87–92 and dedicated units that 
use a protocol-driven approach can achieve reductions in 
mortality and increased rates of favorable outcomes.93–96 
Although neurocritical care is a subspecialty that relies 
heavily on advanced monitoring and imaging techniques, 
the principles themselves are simple and can be applied 
at most tertiary care centers.

Shared management
The staffing structure of a neonatal neurocritical care 
service might vary depending on the needs and capa-
bilities of the institution. Critically ill newborn babies 
with neurological conditions who are at risk of adverse 
neuro developmental outcomes include children with 
complex primary medical conditions, such as extreme 
prematurity, congenital heart disease, multisystem 
disease, perinatal asphyxia, neonatal seizures, status epi-
lepticus, and acute traumatic brain injury.97,98 Caring for 
these children is complex and requires health pro viders 
with expertise in both neonatal critical care medicine and 
neurology. Given the complexity of both the medical and 
neuro logical problems seen in newborn babies, a shared 
management model that combines neonatology and 
neurology teams, such as that used in our institution, is 
desirable. At our center at the University of California, 
San Francisco, CA, USA, neurologists have an impor-
tant role in the daily management of babies with acute 
and subacute neurological problems (Box 1), in inter-
pretation of EEG and imag ing studies, and in treat-
ment  decision-making and pre dictions of prognosis. An 
example of our co- management strategy for neonatal 

seizures is outlined in Box 2. A multidisciplinary neonatal 
neurological intensive care nursery working group for-
mulates evidence-based protocols for the evaluation and 
management of neurological disorders that are common 
in newborn infants (Box 3). Although day-to-day bedside 
shared management might not be feasible at every center, 
special ists in neonatal neuro critical care (either neurolo-
gists or neonato logists) can formulate evidence-based 
guidelines for use in the institution and provide education 
for trainees and nursing staff. These efforts will improve 
awareness of acute neuro logical problems and facilitate 
the application of optimal neurocritic al care.

A new nursing focus
In the neonatal intensive care unit, the traditional focus 
of monitoring is on the cardiorespiratory systems, and 
each neonatal bed space contains equipment to monitor 
blood oxygenation, respiration, and cardiac function. 
Neonatal nurses are skilled at using these monitoring 
devices and are experts in caring for infants with com-
promised cardiopulmonary function. With the advent of 
hypothermia therapy and bedside monitoring of brain 
electrical activity, the integration of these new techniques 
into bedside neurological assessments and the involve-
ment of nurses trained to analyze and interpret the data 
from these new technologies are critical to the provision 
of brain-focused care.

To understand the principles of neuroprotection and 
brain monitoring, nurses receive didactic education 

Box 3 | Treatment and evaluation protocols for babies with neurological disorders

A selection of current protocols used at the UCSF NICN for the management of 
neurological disorders in neonates are listed below. The goal of these protocols is 
to facilitate consistent evidence-based evaluation and management of neonates 
with neurological disorders.

Hypothermia therapy for neonatal HIE
Passive and active therapy during transport to UCSF
Whole-body cooling after admission to UCSF NICN
 ■ Standardized order set specific for patients receiving hypothermia therapy
 ■ Standardized nursing assessment and care

Seizure therapy guidelines (see Box 1)

Brain monitoring protocols for:
Suspected seizures
Neonates at risk of seizures, such as those with critical illness, sepsis, 
respiratory failure, or metabolic disorders
Premature newborn babies <28 weeks’ gestation

Evaluation of neonates with perinatal stroke

Indications for brain MRI in neonates
Babies born at <28 weeks’ gestation are imaged at term-correct age
Infants with a critical illness, such as congenital diaphragmatic hernia, or after 
extracorporeal membrane oxygenation therapy
Infants with HIE (who should undergo MRI at 3–6 days of life to observe maximal 
changes in diffusion, as imaging findings at this time are predictive of outcome; 
most of these patients are discharged home before day 10 of life)
Infants with seizures (who should undergo MRI with DWI, MRA and MRV at 
24–48 h after admission)

Abbreviations: DWI, diffusion-weighted imaging; HIE, hypoxic–ischemic encephalopathy; NICN, 
neonatal neurological intensive care nursery; MRA, magnetic resonance angiography; MRV, 
magnetic resonance venography; UCSF, University of California, San Francisco.
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(including lessons, lectures and training) in neuro-
anatomy, pathophysiology and basic electrophysiology. 
Nurses trained in neonatal neurocritical care, who can 
assess the severity of HIE, monitor and respond to 
physiological changes that occur during hypothermia, 
interpret the aEEG output, and rapidly alert the physi-
cian team regarding changes in the patient’s neurological 
status, are crucial to the provision of specialized neuro-
logical care. In addition, nurses provide appropriate 
neuro developmental care to patients, including position-
ing that is appropriate for the maturational status of the 
patient, minimizing stimulation and painful procedures, 
and offering both information about the principles of 
neurocritical care and emotional support to families.

The benefits of providing developmentally appropri-
ate and family-centered care of neonates have long been 
recognized, although the effect of this approach on long-
term outcomes has been difficult to demonstrate.99–101 
Commonly employed practices include positioning, 
noise and stimulation reduction, clustering of nursing 
care to limit the number of contact episodes, and ‘kan-
garoo’ care (providing prolonged skin-to-skin contact to 
the newborn baby). The effects of complex developmen-
tal care interventions, such as the Neonatal Individual-
ized Developmental Care and Assessment Program 
(NIDCAP), on short-term and long-term measures of 
out come are controversial, as some trials show a benefit 
and others show no difference in outcomes.102–104 Neonates 
included in a small randomized trial of NIDCAP demon-
strated a positive correlation between use of NIDCAP 
and improved brain structure and function;105 however, 
further work is needed in this area to support the wide-
spread implementation of models of developmental care 
that are both time-intensive and staff-intensive.

Conclusions
Provision of neurological intensive care for newborn 
babies is a new paradigm in neonatal intensive care that 
requires further training of neonatal nurses, students, 
resi dents and fellows, as well as close collaboration 
between neonatologists, neurologists and neuro radio-
logists. Neuro logical intensive care of neonates applies 
principles learned from adult neuro critical care, such as 
the need for neurological evaluations and monitoring of 
brain activity. The current focus of research in this setting 
is on developing evidence-based protocols and guidelines 
for the management of acute neurological problems in 
newborn babies, adopting brain-protective strategies, and 
incorporating ‘brain care’ into the routine manage ment 
of these patients. As therapies for brain injury continue 
to develop, and technologies used for brain monitoring, 
seizure detection and imaging continue to evolve, neo-
natal intensive care units will need to adapt and imple-
ment the principles of focused neurological care into their 
daily practice.
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