
UCSF
UC San Francisco Previously Published Works

Title
Interdisciplinary approach to neurocritical care in the intensive care nursery

Permalink
https://escholarship.org/uc/item/9c26x16v

Journal
Seminars in Pediatric Neurology, 21(4)

ISSN
1071-9091

Authors
Glass, HC
Rogers, EE
Peloquin, S
et al.

Publication Date
2014-12-01

DOI
10.1016/j.spen.2014.10.003
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9c26x16v
https://escholarship.org/uc/item/9c26x16v#author
https://escholarship.org
http://www.cdlib.org/


1071-9

http://d

Fundin
Fou
H.C
the
offic

From t
cisc

†Depar
Fran

Address
Neu
Lan
941
Interdisciplinary Approach to Neurocritical Care
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Neurocritical care is a multidisciplinary subspecialty that combines expertise in critical care
medicine, neurology, and neurosurgery, and has led to improved outcomes in adults who
have critical illnesses. Advances in resuscitation and critical care have led to high rates of
survival among neonates with life-threatening conditions such as perinatal asphyxia,
extreme prematurity, and congenital malformations. The sequelae of neurologic conditions
arising in the neonatal period include lifelong disabilities such as cerebral palsy and
epilepsy, as well as intellectual and behavioral disabilities. Centers of excellence have
adapted the principles of neurocritical care to reflect the needs of the developing newborn
brain, including early involvement of a neurologist for recognition and treatment of
neurologic conditions, attention to physiology to help prevent secondary brain injury, a
protocol-driven approach for common conditions like seizures and hypoxic-ischemic
encephalopathy, and education of specialized teams that use brain monitoring and imaging
to evaluate the effect of critical illness on brain function and development.
Semin Pediatr Neurol 21:241-247 C 2014 Published by Elsevier Inc.
Introduction
The advances in cardiopulmonary resuscitation and critical
care during the 20th century have lead to high rates of
survival among neonates with life-threatening conditions
such as perinatal asphyxia, extreme prematurity, and con-
genital malformations. However, in spite of these techno-
logical advances, neurologic complications of critical illness
remain high, with up to 25% of patients at referral center
intensive care nurseries having brain injury, seizures, or
other neurologic conditions.1,2 The sequelae of neurologic
conditions arising in the neonatal period include lifelong
disabilities such as cerebral palsy and epilepsy, as well as
intellectual and behavioral disabilities. The recent advances
in digital monitoring of brain function, including simplified
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trends like amplitude-integrated electroencephalogram
(aEEG), as well as safe brain imaging using magnetic
resonance (MR), allow physicians to evaluate the effect of
critical illness on brain function and development. Patients
who have both acute and subacute or chronic neurologic
conditions may benefit from specialized neurocritical care
(Table 1).
Neurocritical care is a multidisciplinary subspecialty that

uses these advances to combine expertise in critical care
medicine, neurology, neuroradiology, and neurosurgery,
and has led to improved outcomes in adults who have
critical illnesses.3 Centers of excellence in the United States
and abroad have adapted the principles of neurocritical care
(Table 2) to reflect the needs of the developing newborn
brain.
At our center, the core neurocritical care team consists of

a bedside nurse who is specially trained in neurology, a
neonatologist, and a neurologist. This core comanagement
team works together at the bedside to care for any neonate
with suspected or confirmed neurologic signs or symptoms
throughout the period of critical illness. The ancillary team
members include pediatric neurosurgeons, neuroradiolo-
gists, and epileptologists. Before discharge, a neonatology
specialist with expertise in developmental care and high-risk
follow-up coordinates with the core team to help identify
and care for children who are at risk for lifelong disability to
implement services before hospital discharge.
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Table 1 Neonatal Neurocritical Care Populations

Acute acquired brain injury
Hypoxic-ischemic encephalopathy (HIE)
Arterial and venous ischemic stroke
Intracranial parenchymal hemorrhage
High-grade intraventricular hemorrhage
Meningoencephalitis
Inborn error of metabolism

Seizures
Acute symptomatic seizures
Neonatal onset epilepsies (benign and malignant)

High risk for acquired brain injury
Encephalopathy
Extremely low gestational age (o28-wk gestation at birth)
Hydrocephalus
Need for extracorporeal membrane oxygenation (ECMO)
Congenital heart malformations
Postnatal cardiopulmonary arrest
Vascular malformations of the central nervous system
Symptomatic hypoglycemia

Developmental anomalies
Brain malformation
Microcephaly
Dysmorphic neonate
Multiple congenital anomalies
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Establishing a Neonatal Neurocritical Care
Program
The development of a neonatal neurocritical care program
entails more than including a neurologist in the day-to-day
care of the patient. Use of brain monitoring devices, the
application of neuroprotective therapies such as therapeutic
hypothermia, and increased awareness of neurologic com-
plications of critical illnesses result in a change in unit
culture to one where the brain is considered as an important
organ system that is affected by everyday management.
Training and education of all care providers, including
physicians, nurses, nurse practitioners, and respiratory
therapists, among others, as well as identification of leaders
in each care domain to provide consistent application of
guidelines and protocols, facilitates culture change. These
care providers learn to consider the neurologic system to be
as important as the cardiorespiratory systems, which results
in the provision of brain-focused care.
Within a given unit, a neonatal leader should be identified

to work with nursing and neurology leaders to develop a
Table 2 Principles of Neurocritical Care

Early recognition and treatment of neurologic conditions can lead
Attention to basic physiology, including temperature regulation, glu
can help prevent secondary brain injury

A protocol-driven approach can achieve lower mortality and highe
Specialized, multidisciplinary neurocritical care teams in dedicate
utilization

Adapted from Rincon and Mayer.3
neonatal neurocritical care program. Together, this group
develops neurology-specific guidelines and protocols. These
guidelines and protocols (Table 3) are meant to standardize
the approach to the neurologic evaluation and treatment and
reduce practice variation that can occur in large units with
high turnover of medical and nursing staff. A thorough
review of the literature, and concepts from team-training
science and quality improvement can facilitate the develop-
ment and application of these guidelines and protocols.4,5
The Role of the Neonatologist
The neonatologist plays a critical role in identifying patients
at risk of brain injury, as well as those neonates with an
acute or subacute neurologic condition, and in providing
optimized resuscitation and supportive care to prevent
secondary injuries. Neonatologists are primarily responsible
for and are experts in resuscitation and supportive manage-
ment of critically ill neonates. In the setting of a neurocritical
care service, the neonatologist triages patients with acute vs
subacute neurologic problems and consults the pediatric or
neonatal neurologist to participate in the day-to-day care of
patients with acute neurologic compromise.
With an increased awareness of neurologic complications

of prematurity and the effect of critical illness on the
developing brain,6 the neonatologist should be alert to
neurologic compromise in these patients. When evaluating
a neurologic sign or symptom, initial neonatal management
includes the following: (1) close attention to the main-
tenance of physiological homeostasis with a focus on
cardiorespiratory status, electrolytes, and glucose levels,
and thermoregulation to help prevent secondary brain
injury (Table 4); (2) early involvement of the pediatric or
neonatal neurologist to help guide treatment and determine
prognosis; and (3) initiation of brain monitoring to assess
for seizures and degree of encephalopathy. As discussed
later, the historical approach of neonatologists independ-
ently treating suspicious clinical events with anticonvulsants
without the initiation of brain monitoring or EEG con-
firmation of seizures should no longer be the standard
approach.
Resuscitation and Supportive Care
Since the initial period of neurologic compromise is often
around the time of delivery, the first consideration when
optimizing support for the developing brain is during
newborn resuscitation and with initiation of supportive
to improved outcomes
cose homeostasis, oxygenation, and blood pressure support

r rates of favorable outcomes
d referral units can reduce mortality and improve resource



Table 3 Guidelines and Protocols Developed by a Neonatal
Neurocritical Care Program

Therapeutic hypothermia for treatment of hypoxic-ischemic
encephalopathy

Patient selection criteria based on randomized, controlled
trials

Passive cooling during transport

Brain monitoring guidelines
Seizure management guidelines

Brain imaging guidelines
Patient selection
Imaging without the use of sedation

Guidelines for stroke management
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care. The “golden hour” after newborn delivery—a concept
that is borrowed from trauma and emergency medicine—
refers to the period during which prompt and appropriate
supportive care, as well as transfer to a center where
definitive care can be provided, will be most likely to
prevent death or permanent disability.7,8
Neuroprotection
Once the neonate has been resuscitated and the neonatol-
ogist has initiated supportive measures, neonates with
encephalopathy or suspected brain injury must be evaluated
for eligibility for neuroprotective strategies.
Therapeutic hypothermia is the standard of care for

neonates with encephalopathy due to hypoxic-ischemia
(HIE). According to a recent meta-analysis, therapeutic
hypothermia, initiated within 6 hours of life, reduces risk
of death and disability (risk ratio ¼ 0.76, 95% CI: 0.69-
0.84) and increases the rates of survival with normal
neurologic function (risk ratio ¼ 1.63, 95% CI: 1.36-1.95)
at 18 months of age.9 Total body cooling and selective head
cooling are equally effective; however, whole-body cooling
Table 4 Supportive Care to Minimize Secondary Brain Injury

Temperature
Active normothermia for any neonate with suspected brain inju
Hyperthermia can exacerbate underlying brain injury and is ass

Glucose
Active maintenance of normal glucose for any neonate with su
Low plasma glucose can cause de novo brain injury, or worsen

Oxygenation
Hyperoxia increases the risk of oxygen toxicity during reperfusi

proinflammatory responses
Room air should be used when possible, and then blended air a

blood gases62

Ventilation
Maintain normocapnea or mild hypercapnea
Hypocapnea disrupts cerebral autoregulation and blood flow an

Blood pressure
Support normal hemodynamics for adequate brain perfusion
allows easier access to the head for video-EEG monitoring
during the period of cooling and rewarming. Rapid initia-
tion of therapeutic hypothermia is optimal since earlier
initiation results in better outcomes.10,11 Cooling on trans-
port is feasible and safe, and results in quicker time to
therapeutic temperature than when initiated at the referral
center.12

Although therapeutic hypothermia has significantly
improved outcomes among neonates with HIE, the neuro-
protective effect is incomplete, with death and severe
disability rates at approximately 50% among those who
received treatment in the clinical trials.9 Furthermore, many
neonates do not qualify for therapeutic hypothermia, owing
to identification outside the 6-hour window, prematurity, or
brain injuries or encephalopathy or both due to causes other
than HIE. There are several agents “in the pipeline” that are
being evaluated for neuroprotection or use in combination
with therapeutic hypothermia or both, including growth
factors (eg, erythropoietin), antioxidants (eg, melatonin and
allopurinol), antiexcitotoxic agents (eg, topiramate, levetir-
acteam, and magnesium sulfate), mast cell stabilizers (eg,
disodium chromoglycate), as well as xenon and stem cells,
among others.13-16
Education
Neonatologists, especially those in academic units, large
quaternary care centers, and stand-alone children's hospitals
play an important role in the education of both trainees and
staff in their respective units, as well as in the education of
physician and staff at referral centers. Education is needed to
help staff at those smaller hospitals identify patients who
may benefit from neurocritical care. Communication and
education are critical to improve identification of patients
with neurologic compromise that may require transfer to a
higher-level of care. For example, patients with HIE due to
perinatal asphyxia need to be identified and transferred
quickly after birth, so that they may receive treatment with
ry
ociated with an increased risk of adverse outcome59,60

spected brain injury
existing tissue damage61

on, tissue damage from oxidative stress, and cerebral

nd oxygen used judiciously as guided by pulse oximetry and

d, therefore, should be avoided63
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therapeutic hypothermia. The incidence of HIE is relatively
high (1.5 per 1000 live births), but a small community
hospital may only see 1 patient per year.17 Other relatively
common, but sometimes underrecognized, conditions
include neonatal seizures and stroke. The decision to
transport a neonate with possible brain injury often centers
on a neurologic evaluation conducted by telephone. The
education programs for referring physicians should include
training to recognize candidates for therapeutic hypothermia
and early signs of neurologic compromise, as well as local
management guidelines. Furthermore, neurologic conditions
often occur in the context of multiorgan failure. Approx-
imately 25% of neonates who are treated with therapeutic
hypothermia have persistent pulmonary hypertension and
require inhaled nitric oxide or, less commonly, extracorpor-
eal membrane oxygenation support.18 These neonates may
benefit from transfer to a center that can provide both
neurologic care and maximal cardiopulmonary supportive
care. A training curriculum for transport teams and bedside
nurses, therefore, should include not only optimization of
cardiopulmonary resuscitation and care, but also early
recognition of clinical events that are suspicious for seizures,
as well as allocation of appropriate resources once the
neonate arrives at the referral center.
Specialized Nursing Care
The bedside nurse is often the first person to recognize
infants who display signs and symptoms of brain injury.
Specialized neonatal neurocritical care nurses that are
trained to understand the clinical aspects of common
neurologic illnesses can help to optimize care for neurologic
patients in the intensive care nursery.19,20

Specialized training through didactic sessions and hands-on
learning help to prepare the bedside nurse to care for neonates
with neurologic illnesses.21 Courses cover the fundamentals of
neurologic care, including neurologic examination skills,
neuroanatomy, hypothermia equipment and therapy, aEEG
application and pattern recognition, seizure recognition,
neurologic documentation, and palliative care.20,22,23

With these tools in hand, the specialized neonatal neuro-
critical care nurse becomes an integral member of the
interdisciplinary team.
The Role of the Neonatal
Neurologist
Historically, the role of the pediatric neurologist in the
nursery has been to provide brief consultation for children
with neurologic conditions that are resistant to first-line
therapies, for example, seizures that are resistant to pheno-
barbital, or patients with HIE that remain encephalopathic
after the first several days of life. Increasingly, however, the
neurologist is becoming involved early to help care for
neonates at the time of initial presentation of neurologic
signs or symptoms. The benefits of this early and more
prolonged involvement are multiple. First, the neurologic
perspective often leads to additional etiologies considered on
the differential diagnosis. Second, the neurologist is in a
good position to coordinate with the neurophysiology
service and EEG technicians (and in many centers, the same
neurologist will also serve as neurophysiologist). The
neurologist can help improve the speed of application and
interpretation of EEG to diagnose or confirm seizures
identified clinically or on aEEG, and aid in rapid, real-
time treatment of seizures. Similarly, the neurologist is in
frequent contact with the neuroradiology service and can
assist with choosing the best imaging modality and sequen-
ces, as well as interpreting imaging findings. Finally, the
neurologist perspective is important when discussing prog-
nosis and follow-up with the family, especially if the child is
expected to have a long-term disabling neurologic condi-
tion. These early discussions can help establish the relation-
ship between the families and the neurology service.
Brain Monitoring and Seizure
Management
Seizures are among the most common causes for neurologic
consultation in the intensive care nursery1 and are usually a
sign of a serious neurologic condition. They are most often
due to acute symptomatic causes, including treatable con-
ditions such as hypoglycemia, infection, or electrolyte
imbalance, as well as brain injuries due to focal or global
hypoxia or hemorrhage. In addition, there are several well-
described epilepsies with onset in the newborn period. The
management of seizures in the intensive care nursery
involves rapid and accurate identification of seizures with
electrographic correlate, medical management to abolish
electrographic seizures, and expedited stepwise evaluation
for the cause of seizures.
Detection of seizures by clinical observation is, unfortu-

nately, unreliable; distinguishing epileptic vs nonepileptic
paroxysmal events that are detected at the bedside, even by
the most experienced clinician, is accurate only approx-
imately 50% of the time.24 Furthermore, neonates often
have seizures without clinical correlate, especially after
administration of seizure medications or in the setting of
severe brain injury.25 Among neonates with HIE who are
treated with hypothermia, only half of those with clinical
events that are concerning for seizure go on to have
electrographic seizures when monitored using prolonged,
continuous video-EEG.26

To address the limitations of clinical monitoring and brief
intermittent monitoring, the American Clinical Neurophysiol-
ogy Society provides guidelines for continuous neonatal brain
monitoring. There are 3 main indications for monitoring:
(1) differential diagnosis of abnormal paroxysmal events,
(2) detection of electrographic seizures in selected high-risk
populations, and (3) to judge the severity of an encephalop-
athy. High-risk populations include neonates with encephal-
opathy, brain injury, critical illness, and central nervous system
infection.27 Conventional video-EEG using the International
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System 10-20 montage adapted for neonates is the gold
standard for monitoring. Adapted montages and trending, for
example, aEEG, which is widely used by neonatologists, can
provide important information about background and be used
for seizure detection, albeit with lower sensitivity and specific-
ity than conventional video-EEG.28 Monitoring should be
initiated as soon as possible after the first witnessed paroxysmal
event, determination of encephalopathy, or identification of
other risk factors. EEG monitoring should continue until 3-4
typical clinical spells have been captured, or the neonate has
been without EEG seizures for at least 24 hours.27 At our
center, the specialized bedside nurse quickly applies and, along
with the bedside team, interprets the aEEG. Concurrent video-
EEG is applied using the same machine and head set when the
technician is available. The EEG is analyzed remotely, whereas
the aEEG is displayed at the bedside. This model of seizure
comanagement may allow for quicker detection while mini-
mizing treatment of nonseizure artifact or nonseizure clinical
spells, especially if there is good communication between the
neonatology and neurology providers.
There are no widely accepted guidelines for medical

treatment of seizures in neonates. A common approach is
to treat clinically apparent events, with or without EEG
confirmation, sometimes for up to 6 months.29 This
approach exposes neonates to potentially harmful medica-
tions like phenobarbital and fails to adequately treat electro-
graphic events, by both overtreating paroxysmal events that
are not seizures and undertreating seizures that have subtle
or no clinical correlate. Expert opinion supports rapid
treatment of electrographic seizures using an accepted
institutional protocol to lower the burden of electrographic
seizures.30 Acute symptomatic neonatal seizures typically
resolve within 48-72 hours of onset and have a low risk of
early recurrence, and so most neonates can be safely
discontinued from medications after resolution of acute
symptomatic seizures,31 which decreases the duration of
exposure to sedating and potentially harmful medications.
Phenobarbital is the most common first-line agent.

Seizures are controlled in roughly half of patients using a
single loading dose.32 Levetiracetam is increasingly used for
refractory seizures.33,34 Although pharmacokinetic proper-
ties have been studied, and several studies report good safety
and tolerability, the efficacy data for levetiracetam are very
limited.35,36 Phenytoin (or, preferably, fosphenytoin) is
another agent for refractory seizures that has similar efficacy
as phenobarbital.32 Midazolam infusion is an alternative or
add-on agent in refractory cases and status epilepticus.37-39

Lidocaine is used for refractory neonatal seizures, especially
in Europe.40,41

Neonates who have seizures without apparent cause or
have refractory seizures must be evaluated for genetic
epilepsies (eg, KCNQ2 epileptic encephalopathy), vitamin-
responsive epilepsies, and inborn errors of metabolism.

Brain Imaging
Brain imaging for neonates with neurologic conditions is
important to determine both diagnosis and prognosis.42
Critically ill neonates can be safely imaged, optimally with
MR imaging (MRI), which is the most sensitive imaging
modality to visualize both the white and the gray mat-
ter.43,44 Ultrasound remains an important bedside tool that
is performed urgently for newborns with suspected neuro-
surgical conditions (eg, intracranial bleed or hydrocephalus),
or when more definitive imaging using MRI will be
delayed.45 We never use computed tomography for neo-
nates, as it requires a relatively high dose of radiation to
achieve adequate image resolution.46 Core MRI sequences
for neonates with encephalopathy include T1, T2, diffusion-
weighted imaging, and MR spectroscopy, and must be
adapted to account for the higher water content in the
neonatal brain.47 Susceptibility-weighted imaging is useful
for detecting blood products, and vascular imaging (MR
angiogram and MR venogram) can be useful when evaluat-
ing hemorrhage, vascular malformations, and venous sinus
thrombosis.48-50
Developmental Care and the
Follow-Up Specialist
For neonatal patients with brain injury, or those at high risk
for disrupted brain development, both inpatient develop-
mental care and long-term developmental screening and
therapy are critical to optimize neurodevelopmental out-
come. Several studies show that supportive care of critically
ill infants' development in the intensive care nursery, such as
through Newborn Individualized Developmental Care and
Assessment Program or Wee Care, has benefits for the
preterm population in both the short and the long term. For
example, small randomized controlled trials have shown
reduced ventilator days and length of hospital stay among
children receiving a formal developmental care program, as
well as improved parental satisfaction, and mental health
and cognitive and language development of the infant.51-53

However, randomized clinical trials and meta-analyses have
not shown statistically significant benefits of developmental
care programs.54 Despite this, many units have adopted
developmental care models as the standard of care owing to
the many psychosocial benefits and the perception that
ultimately, a connection between inpatient supportive care
and longer-term outcome will be found to be significant.
Inpatient developmental care in the neurointensive care

nursery consists of a multidisciplinary team of nurses,
physicians, occupational and physical therapists, lactation
experts, and developmental specialists who consider the
individual environment and changing needs of each infant
during their hospital course. Common issues include
positioning and containment, oral feeding readiness and
preparation, state regulation, and optimizing tone, strength,
and ability to deal with environmental stimulation. Thera-
pies are recommended and provided as needed, and the
family is involved in all assessments and interventions.55,56

After discharge, patients with brain injury or who are at
risk for disrupted development require specialized follow-up
with special focus on motor, cognitive, and behavioral
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development. Many institutions provide developmental
screening for their former preterm patients, but formalized
screening for term infants with seizures or suspected brain
injury is not yet commonplace within intensive care nursery
follow-up programs. For example, in the state of California,
the California Children's Services mandates that all infants
cared for in intensive care nurseries who meet specific
criteria be followed in high-risk infant follow-up program.
The eligibility for California Children's Services has been
expanded in recent years to include term infants at risk for
chronic neurologic conditions. Within this program, it is
mandated that at-risk patients receive neurologic and
neuropsychological assessments. A nurse case manager
who is familiar with risk factors for neurodevelopmental
impairment identifies patients while still inpatient and
enrolls them at the time of discharge. If deficits are detected
during follow-up, patients are referred to early intervention
services for physical, occupational, oral motor or speech, or
developmental therapy. In addition, patients with docu-
mented brain injury or abnormal neurologic assessment in
the nursery are referred to early intervention services upon
discharge, and are followed up by a neonatal neurologist.
Early intervention has been shown to improve both
cognitive and motor outcomes based on the activation of
the plasticity of the brain, which is known to vary with age,
and therefore early recognition and referral is essential.57,58

Communication is key between the neonatal, follow-up
clinic, and neurology staff to ensure that proper referrals are
made at the time of discharge or at the time neurologic
abnormalities are detected or confirmed after discharge to
take best advantage of the plasticity window.
Collecting information from these follow-up visits is

essential to tracking outcomes. The data generated are used
to evaluate new management guidelines or clinical practices
and to guide the family counseling and decision making in
the nursery. Understanding center-specific outcomes helps
ground prognosticating for families and making palliative
care decisions. It is critical to educate nurses and medical
providers about the management of these high-risk new-
borns and their outcomes.
Conclusions
Neonatal neurocritical care is a subspecialty that combines
expertise in critical care medicine and neurology. A multi-
disciplinary team that includes a specialized bedside nurse, a
neonatologist, and a neurologist can work together to
diagnose and prognosticate acquired neonatal injuries while
minimizing secondary injury, and applying neuroprotective
agents.
References
1. Glass HC, Bonifacio SL, Peloquin S, et al: Neurocritical care for

neonates. Neurocrit Care 12:421-429, 2010
2. Mulkey SB, Swearingen CJ: Advancing neurologic care in the neonatal

intensive care unit with a neonatal neurologist. J Child Neurol
29:31-35, 2014
3. Rincon F, Mayer SA: Neurocritical care: A distinct discipline? Curr
Opin Crit Care 13:115-121, 2007

4. Weaver SJ, Dy SM, Rosen MA: Team-training in healthcare: A narrative
synthesis of the literature. BMJ Qual Saf 23:359-374, 2014

5. Lee SK, Shah PS, Singhal N, et al: Association of a quality improvement
program with neonatal outcomes in extremely preterm infants: A
prospective cohort study. CMAJ 186:E485-E495, 2014

6. Kidokoro H, Anderson PJ, Doyle LW, et al: Brain injury and altered
brain growth in preterm infants: Predictors and prognosis. Pediatrics
134:e444-e453, 2014

7. Castrodale V, Rinehart S: The golden hour: Improving the stabilization
of the very low birth-weight infant. Adv Neonatal Care 14:9-14, 2014

8. Wyckoff MH: Initial resuscitation and stabilization of the periviable
neonate: The Golden-Hour approach. Semin Perinatol 38:12-16, 2014

9. Tagin MA, Woolcott CG, Vincer MJ, et al: Hypothermia for neonatal
hypoxic ischemic encephalopathy: An updated systematic review and
meta-analysis. Arch Pediatr Adolesc Med 166:558-566, 2012

10. Azzopardi DV, Strohm B, Edwards AD, et al: Moderate hypothermia to
treat perinatal asphyxial encephalopathy. N Engl J Med 361:
1349-1358, 2009

11. Thoresen M, Tooley J, Liu X, et al: Time is brain: Starting therapeutic
hypothermia within three hours after birth improves motor outcome in
asphyxiated newborns. Neonatology 104:228-233, 2013

12. Fairchild K, Sokora D, Scott J, et al: Therapeutic hypothermia on
neonatal transport: 4-year experience in a single NICU. J Perinatol
30:324-329, 2010

13. Gonzalez FF, Ferriero DM: Neuroprotection in the newborn infant.
Clin Perinatol 36:859-880, 2009

14. Shankaran S: Hypoxic-ischemic encephalopathy and novel strategies
for neuroprotection. Clin Perinatol 39:919-929, 2012

15. Juul S: Neuroprotective role of erythropoietin in neonates. J Matern
Fetal Neonatal Med 25:105-107, 2012 (suppl 4)

16. Patel SD, Pierce L, Ciardiello AJ, et al: Neonatal encephalopathy:
Pre-clinical studies in neuroprotection. Biochem Soc Trans 42:
564-568, 2014

17. Kurinczuk JJ, White-Koning M, Badawi N: Epidemiology of neonatal
encephalopathy and hypoxic-ischaemic encephalopathy. Early Hum
Dev 86:329-338, 2010

18. Martin-Ancel A, Garcia-Alix A, Gaya F, et al: Multiple organ involve-
ment in perinatal asphyxia. J Pediatr 127:786-793, 1995

19. Olson DM, McNett MM, Livesay S, et al: Neurocritical care nursing
research priorities. Neurocrit Care 16:55-62, 2012

20. Sables-Baus S, Robinson MV: Pediatric neurologic exam. Int Emerg
Nurs 19:199-205, 2011

21. Zimmerman D, Pilcher J: Implementing NICU critical thinking
programs: One unit's experience. Neonatal Netw 27:231-238, 2008

22. Ahern K: What neonatal intensive care nurses need to know about
neonatal palliative care. Adv Neonatal Care 13:108-114, 2013

23. Badr Zahr LK, Purdy I: Brain injury in the infant: The old, the new,
and the uncertain. J Perinat Neonatal Nurs 20:163-175, 2006. [quiz
176-7]

24. Malone A, Ryan CA, Fitzgerald A, et al: Interobserver agreement in
neonatal seizure identification. Epilepsia 50:2097-2101, 2009

25. Clancy RR, Legido A, Lewis D: Occult neonatal seizures. Epilepsia
29:256-261, 1988

26. Glass HC, Wusthoff CJ, Shellhaas RA, et al: Risk factors for EEG
seizures in neonates treated with hypothermia: A multicenter cohort
study. Neurology 82:1239-1244, 2014

27. Shellhaas RA, Chang T, Tsuchida T, et al: The American Clinical
Neurophysiology Society's Guideline on continuous electroencephalog-
raphy monitoring in neonates. J Clin Neurophysiol 28:611-617, 2011

28. Shellhaas RA, Soaita AI, Clancy RR: Sensitivity of amplitude-integrated
electroencephalography for neonatal seizure detection. Pediatrics
120:770-777, 2007

29. Guillet R, Kwon JM: Prophylactic phenobarbital administration after
resolution of neonatal seizures: Survey of current practice. Pediatrics
122:731-735, 2008

30. Abend NS, Gutierrez-Colina AM, Dlugos DJ: Medical treatment of
pediatric status epilepticus. Semin Pediatr Neurol 17:169-175, 2010

http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref1
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref1
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref2
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref2
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref2
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref3
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref3
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref4
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref4
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref5
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref5
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref5
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref6
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref6
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref6
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref7
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref7
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref8
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref8
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref9
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref9
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref9
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref10
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref10
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref10
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref11
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref11
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref11
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref12
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref12
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref12
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref13
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref13
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref14
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref14
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref15
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref15
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref16
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref16
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref16
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref17
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref17
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref17
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref18
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref18
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref19
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref19
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref20
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref20
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref21
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref21
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref22
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref22
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref23
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref23
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref23
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref24
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref24
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref25
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref25
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref26
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref26
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref26
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref27
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref27
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref27
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref28
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref28
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref28
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref29
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref29
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref29
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref30
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref30


Neurocritical care in the intensive care nursery 247
31. Guillet R, Kwon J: Seizure recurrence and developmental disabilities
after neonatal seizures: Outcomes are unrelated to use of phenobarbital
prophylaxis. J Child Neurol 22:389-395, 2007

32. Painter MJ, Scher MS, Stein AD, et al: Phenobarbital compared with
phenytoin for the treatment of neonatal seizures. N Engl J Med
341:485-489, 1999

33. Rakshasbhuvankar A, Rao S, Kohan R, et al: Intravenous levetiracetam
for treatment of neonatal seizures. J Clin Neurosci 20:1165-1167, 2013

34. Abend NS, Gutierrez-Colina AM, Monk HM, et al: Levetiracetam for
treatment of neonatal seizures. J Child Neurol 26:465-470, 2011

35. Sharpe CM, Capparelli EV, Mower A, et al: A seven-day study of the
pharmacokinetics of intravenous levetiracetam in neonates: Marked
changes in pharmacokinetics occur during the first week of life. Pediatr
Res 72:43-49, 2012

36. Merhar SL, Schibler KR, Sherwin CM, et al: Pharmacokinetics of
levetiracetam in neonates with seizures. J Pediatr 159:152-154, 2011

37. Shany E, Benzaqen O, Watemberg N: Comparison of continuous drip
of midazolam or lidocaine in the treatment of intractable neonatal
seizures. J Child Neurol 22:255-259, 2007

38. Yamamoto H, Aihara M, Niijima S, et al: Treatments with midazolam
and lidocaine for status epilepticus in neonates. Brain Dev 29:559-564,
2007

39. Castro Conde JR, Hernandez Borges AA, Domenech Martinez E, et al:
Midazolam in neonatal seizures with no response to phenobarbital.
Neurology 64:876-879, 2005

40. Malingre MM, Van Rooij LG, Rademaker CM, et al: Development of an
optimal lidocaine infusion strategy for neonatal seizures. Eur J Pediatr
165:598-604, 2006

41. Lundqvist M, Agren J, Hellstrom-Westas L, et al: Efficacy and safety of
lidocaine for treatment of neonatal seizures. Acta Paediatr 102:863-867,
2013

42. de Vries LS, van Haastert IC, Benders MJ, et al: Myth: Cerebral palsy
cannot be predicted by neonatal brain imaging. Semin Fetal Neonatal
Med 16:279-287, 2011

43. Ment LR, Bada HS, Barnes P, et al: Practice parameter: Neuroimaging of
the neonate: Report of the Quality Standards Subcommittee of the
American Academy of Neurology and the Practice Committee of the
Child Neurology Society. Neurology 58:1726-1738, 2002

44. Counsell SJ, Tranter SL, Rutherford MA: Magnetic resonance imaging
of brain injury in the high-risk term infant. Semin Perinatol 34:67-78,
2010

45. Volpe J: Neurology of the Newborn, 4th ed. Philadelphia, WB
Saunders, 2008

46. Brenner DJ: Should we be concerned about the rapid increase in CT
usage? Rev Environ Health 25:63-68, 2010

47. Rutherford M, Biarge MM, Allsop J, et al: MRI of perinatal brain injury.
Pediatr Radiol 40:819-833, 2010
48. Tong KA, Ashwal S, Obenaus A, et al: Susceptibility-weighted MR
imaging: A review of clinical applications in children. Am J Neuroradiol
29:9-17, 2008

49. Young PM, McGee KP, Pieper MS, et al: Tips and tricks for MR
angiography of pediatric and adult congenital cardiovascular diseases.
Am J Roentgenol 200:980-988, 2013

50. Widjaja E, Griffiths PD: Intracranial MR venography in children:
Normal anatomy and variations. Am J Neuroradiol 25:1557-1562,
2004

51. Als H, Lawhon G, Duffy FH, et al: Individualized developmental care
for the very low-birth-weight preterm infant. Medical and neurofunc-
tional effects. J Am Med Assoc 272:853-858, 1994

52. Fleisher BE, VandenBerg K, Constantinou J, et al: Individualized
developmental care for very-low-birth-weight premature infants. Clin
Pediatr (Phila) 34:523-529, 1995

53. Westrup B, Bohm B, Lagercrantz H, et al: Preschool outcome in
children born very prematurely and cared for according to the
Newborn Individualized Developmental Care and Assessment Program
(NIDCAP). Acta Paediatr 93:498-507, 2004

54. Ohlsson A, Jacobs SE: NIDCAP: A systematic review and meta-analyses
of randomized controlled trials. Pediatrics 131:e881-e893, 2013

55. Westrup B, Stjernqvist K, Kleberg A, et al: Neonatal individualized care in
practice: A Swedish experience. Semin Neonatol 7:447-457, 2002

56. van der Pal SM, Maguire CM, Cessie SL, et al: Staff opinions regarding
the Newborn Individualized Developmental Care and Assessment
Program (NIDCAP). Early Hum Dev 83:425-432, 2007

57. Bonnier C: Evaluation of early stimulation programs for enhancing
brain development. Acta Paediatr 97:853-858, 2008

58. Blauw-Hospers CH, Hadders-Algra M: A systematic review of the
effects of early intervention on motor development. Dev Med Child
Neurol 47:421-432, 2005

59. Wyatt JS, Gluckman PD, Liu PY, et al: Determinants of outcomes after
head cooling for neonatal encephalopathy. Pediatrics 119:912-921,
2007

60. Polderman KH: Induced hypothermia and fever control for preven-
tion and treatment of neurological injuries. Lancet 371:1955-1969,
2008

61. Adamkin DH: Postnatal glucose homeostasis in late-preterm and term
infants. Pediatrics 127:575-579, 2011

62. Perlman JM, Wyllie J, Kattwinkel J, et al: Part 11: Neonatal resuscitation:
2010 International Consensus on Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care Science With Treatment Recommenda-
tions. Circulation 122:S516-S538, 2010 (16 suppl 2)

63. Greisen G, Vannucci RC: Is periventricular leukomalacia a result of
hypoxic-ischaemic injury? Hypocapnia and the preterm brain. Biol
Neonate 79:194-200, 2001

http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref31
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref31
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref31
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref32
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref32
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref32
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref33
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref33
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref34
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref34
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref35
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref35
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref35
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref35
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref36
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref36
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref37
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref37
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref37
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref38
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref38
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref38
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref39
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref39
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref39
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref40
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref40
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref40
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref41
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref41
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref41
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref42
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref42
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref42
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref43
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref43
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref43
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref43
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref44
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref44
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref44
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref45
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref45
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref46
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref46
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref47
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref47
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref48
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref48
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref48
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref49
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref49
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref49
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref50
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref50
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref50
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref51
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref51
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref51
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref52
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref52
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref52
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref53
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref53
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref53
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref53
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref54
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref54
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref55
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref55
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref56
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref56
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref56
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref57
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref57
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref58
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref58
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref58
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref59
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref59
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref59
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref60
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref60
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref60
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref61
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref61
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref62
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref62
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref62
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref62
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref63
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref63
http://refhub.elsevier.com/S1071-9091(14)00078-3/sbref63

	Interdisciplinary Approach to Neurocritical Care in the Intensive Care Nursery
	Introduction
	Establishing a Neonatal Neurocritical Care Program

	The Role of the Neonatologist
	Resuscitation and Supportive Care
	Neuroprotection
	Education

	Specialized Nursing Care
	The Role of the Neonatal Neurologist
	Brain Monitoring and Seizure Management
	Brain Imaging
	Developmental Care and the Follow-Up Specialist
	Conclusions
	References




