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a b s t r a c t

Neurocritical care is an approach of comprehensive care through multidisciplinary coor-

dination and implementation of neuroprotective strategies to reduce the risk of neurologic

injury among critically ill patients. Premature infants are at a special risk of sustaining

brain injury and having adverse neurodevelopmental outcome. The pathogenesis of “en-

cephalopathy of prematurity” is tightly linked to hemodynamic instability during postnatal

transition, immaturity of the cerebral vascular bed and nervous system, and the commonly

encountered inflammation in an intensive care setting. Clinical assessment aided by

renewed monitoring techniques, together with therapies supported by best available evi-

dence may provide opportunities to salvage these vulnerable brains. Indeed, to promote

optimal brain development and to ensure neurodevelopmental intact survival is of impe-

rial priority in the modern care of preterm infants.
Disease burden of preterm birth

Preterm birth, defined as born before 37 completed weeks of

gestation, is a disease of worldwide epidemic. Recent esti-

mates show that approximately 10.6% of all live births globally

are preterm, which brings about a global incidence of preterm

birth of nearly 15 million per year [1,2]. Preterm birth is the

leading cause of neonatal death (i.e. during the first four

weeks of life or days 0e27) and death in children under age 5
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[3]. Preterm birth is further classified as moderate to late

preterm (32e37 weeks), very preterm (28e32 weeks), and

extremely preterm birth (less than 28 weeks) with the ma-

jority of preterm deliveries in the developed countries occur in

the late preterm period. With fast advances in maternal-fetal

medicine and neonatal intensive care, survival of extremely

preterm infants, or even of infants born near the limit of

viability, have increased significantly over the past decades.

However, complications arisen from premature birth remain

significant in the survivors, and the incidence and severity of
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the complications are positively correlated to the degree of

immaturity. Most important complications of prematurity

include long-term neurodevelopmental problems, such as

cerebral palsy (CP), motor and cognitive impairment, visual

and auditory deficits, and behavioral problems [4]. These not

only cause an emotional burden for families but also an eco-

nomic burden on society. The societal cost of prematurity in

the United States-accounting for medical costs, educational

costs, and lost productivity-has been estimated to be at least

26.2 billion dollars each year [5]. As such, the focus of care in

premature infants has shifted to not just survival but intact

neurodevelopmental outcome as well as reasonable quality of

life for the increasing number of NICU survivors and their

families.

In recent years, there are around 200,000 infants born in

Taiwan annually, and the preterm birth rate is estimated to be

8e10% [6,7]. Of these preterm births, very low birth weight

(VLBW) infants, defined as those with a body weight of

1500 g at birth, represent 0.8% of live births yet account for

over 50% of perinatal deaths in Taiwan [6]. It has been shown

that the high infant mortality rate, as compared to our

neighbor Japan, is attribute to our high preterm birth rate.

Under our National Health policy, Ministry of Health and

Welfare Central Health Insurance Agency of Taiwan govern-

ment reported that the average cost for each preterm infant

under 3 years of age ranged from 80,000 to 100,000 NT each

year (presented by Taiwanese Department of Health in the

27th Annual Meeting of Taiwan Society of Neonatology 3-12-

2017.) It is obvious that the disease burden comes not only

from keeping the preterm infants alive, but also from reme-

dying of the debilitating associated morbidities in the

survivors.
Concept of neurocritical care

The concept of neurocritical care was initiated in adult

intensive care for patients with severe neurological and

neurosurgical conditions. By implementing multidisciplinary

care and adherence to evidence based guidelines, patients

who received neurocritical care have shown improved sur-

vival and shortened hospital stay in adults, and better survival

and improved functional outcomes in childrenwith traumatic

brain injury [8e11]. Conventionally, the goal of intensive care

is to stabilize patient's cardiorespiratory system for adequate

delivery of sufficient oxygen to the tissue to meet metabolic

demands. Neurocritical care provides an interface between

the brain and other organ systems for comprehensivemedical

and specialized neurological support by integrating and

balancing the management of both the brain and the body

[12].

The first Neonatal Neurocritical Care Service was estab-

lished in 2008 at the University of California San Francisco

(UCSF). The highlight of this program emphasized the

importance of early collaboration of neonatologists and pe-

diatric neurologists in the care of newborn infants at risk for

neurologic compromise. To achieve standardized manage-

ment and to improve neurodevelopmental outcomes, crucial

elements of the program also involve education to nurses and

other medical providers of brain-focused care, application of
new therapies and diagnostic tools, and establishing path-

ways or care bundles to enable consistency of care and reduce

error [13]. The NICU (neonatal intensive care unit) experience

of adapting therapeutic hypothermia (TH) as a treatment

modality for term and near term infants with perinatal

asphyxia, and the compiling evidence of its beneficial treat-

ment effects in decreasingmortality and neurodevelopmental

deficits in the survivors [14] has accelerated the development

of NeuroNICUs across the United States and beyond. The

other major group of NICU admissions at risk of brain injury

are neonates born extremely preterm.

For preterm infants, neurocritical care should be consid-

ered in a significantly different prospect than that for other

population. First of all, preterm brain injury occurs at various

stages of early and ongoing brain development, therefore the

impact of disturbed normal maturation of the brain should be

taken into account. Secondly, other than exposure to the un-

protected ex-utero environment, in a way for preterm infants

neurocritical care seems to emphasize in the prevention of

specific insults that may lead to brain injuries to occur as

compared to remedying neurological consequences of acute

insults that had already happened, such as hypoxic-ischemic

encephalopathy following acute myocardial infarction or

birth asphyxia.
Brain injury in the premature infants

Studies of brain injury in the premature infants started in the

1970s. Based on both animal experiments and clinical corre-

lates between imaging and functional outcomes, we have

since gained much better insights in the pathophysiology of

premature brain injury [15]. The most important acquired

brain lesions of premature neonates are periventricular-

intraventricular hemorrhages (PIVH) and (diffuse) white

matter injury (WMI). Diagnosis of PIVH has been relied on

bedside cranial ultrasound studies. Papile et al. first classified

thewidely used severity of PIVH into four gradeswith Grade III

and IV denoting severe IVH with ventricular enlargement and

parenchymal involvement [16]. Volpe later modified the

grading system based on the presence and amount of blood in

the germinal matrix and lateral ventricle into: Grade I

germinal matrix hemorrhage (GMH) with no or minimal IVH

(<10% of the ventricular area), Grade II IVH 10e50% of ven-

tricular area, and Grade III IVH >50% of ventricular area, often

with distension of lateral ventricle. Volpe added a specific

notion of presence (and the location and extend) of periven-

tricular echodensity to signify periventricular hemorrhagic

infarction (PVHI) and involvement of white matter injury in

the severe form of PIVH, which accounts for most of the

morbidity attributable to IVH per se [17,18]. This type of lesion

occurs in only 4e5% of all very low birth weight (VLBW, birth

weight of <1500 g) preterm infants, but the incidence in-

creases significantly to 45% in those born with extremely low

birth weight (ELBW, birth weight of <1000 g) [19e21], and up to

75% of the involved infants develop mild to severe PIVH-

related sequelae in later life [22,23].

PIVH develops from the fragile vascular network of GM

where neurons and glial cells arise. In human, GM starts to

involute around 28-week gestation and often disappears at
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term. Predisposing factors of PIVH include a GM with an

immature vasculature, a pressure passive cerebral circulation,

and hemodynamic perturbations in sick premature infants

[24]. In >90% of the cases, PIVH occurs during the first 3

postnatal days when the immature cardiorespiratory system

is challenged to make the hemodynamic adaptation from

fetal-to-neonatal life that comes too early [18].

Another form of brain injury in the premature infants is

WMI, with periventricular leukomalacia (PVL) being the

fundamental and most well-known feature. PVL is defined as

focal periventricular necrosis associated with more diffuse

reactive gliosis and microglial activation in the surrounding

cerebral white matter [17,18]. Banker and Larroche first

described the lesion in detail and related it to cardiorespira-

tory events and cerebral ischemia causing injuries in the

watershed periventricular white matter [25]. The neuropa-

thology of dWMI was later elaborated by Volpe el al. and

termed as “encephalopathy of prematurity,” which consist of

primary destructive disease (acute cell death) and secondary

maturational and trophic disturbances causing failure of pre-

OL differentiation and hypomyelination [26]. It is generally

accepted that themain initiating pathogeneticmechanisms of

PVL are ischemia and inflammation, and further dWMI arise

from myelination failure and disturbed connectivity of CNS

pathways [17]. Inflammation leads to activation of microglia,

free radical attack, and excitotoxicity [27]. For instance, bac-

terial sepsis activates toll-like receptors that are present on

the surface of microglia in white matter. The activation of

microglia leads to a release of free radicals as well as pro-

inflammatory cytokines, and injury to the developing pre-

oligodendrocytes, axons, and neurons in the white matter

[27]. The activation of pro-inflammatory cytokines suppresses

the synthesis of growth factors, such as insulin-like growth

factor (IGF)-1, that are important for brain growth and
Table 1 Neuroprotective strategies for preterm neonates.

Prenatal

Prevent premature birth

Antenatal corticosteroids

Antenatal magnesium sulfate (MgSO4)

Intrapartum

Delayed cord clamping (DCC)

Postnatal

A. Maintain stable cerebral blood flow (CBF)

Hemodynamic monitoring to ensure systemic perfusion

NIRS for regional cerebral tissue oxygenation (rScO2)

Transcutaneous CO2 monitor

B. EEG monitoring and seizure control

EEG, amplitude-integrated EEG (aEEG) antiepileptic medications

C. Neuroimaging

Cranial ultrasound (CUS) and MRI

E. General Care

Optimal nutrition

Inflammatory cytokines

F. Pharmacological prevention

Erythropoietin (EPO)

G. Pain control and sedation

H. Developmental care

Abbreviation: NIRS: Near infrared spectroscopy.
differentiation [28]. Evidence to link brain injury caused by

PIVH-hemorrhagic infarction and dWMI with poor neuro-

developmental outcomes have been supported by neuro-

imaging and cohort follow up reports worldwide. Involved

neurodevelopmental domains include motor function,

cognition, behavior, hearing, and vision, and the impact could

last into adulthood for the survivors [29].
Neuroprotective maneuvers for the premature
neonates

In this review,wewill discuss themainstay of neuroprotective

interventions in today's standard of care for preterm infants,

and some strategies that have gained ample attention but are

still pending to win general consensus. The backbone of the

discussion is summarized in Table 1. Since researches in

neuroprotection for preterm infants are on-going and with

rapid progression, the discussion here although aiming at as

up-to-date as possible, could not cover all the work that has

been done so far. It should better serve as a scheme to lay out

howneurocritical care of premature infants can be structured.
Prenatal management

Prevention of premature birth is the single most effective way

to eliminate related sequelae. If preterm birth is inevitable,

antenatal corticosteroids effectively enhance fetal lung

maturity and reduce postnatal hypoxia and hypercarbia

events that may lead to PIVH. Guidelines of antenatal corti-

costeroids during imminent preterm delivery was initially

established in 1995 [30], and later studies have confirmed use

of antenatal corticosteroids compared to non-use is

https://doi.org/10.1016/j.bj.2020.03.007
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associated with a lower rate of PIVH as well as decreased

short- and long-term neurodevelopmental impairment

among VLBW and even ELBW infants born at 23e25 weeks

gestation [31,32].

Magnesium sulfate has long been used in pregnant women

for tocolysis, or for eclampsia seizure prevention. Following

observational reports in 1990s and later randomized control

trials on the neuroprotective effects of MgSO4, recent meta-

analysis confirmed an association between prenatal expo-

sure to magnesium sulfate and less frequent subsequent

neurologic morbidities in that magnesium sulfate given to

women with imminent preterm delivery reduces cerebral

palsy at 2 years of age by about 30% and the number needed to

treat is 63 (95% confidence interval 43 to 87) [33].
Delivery room management

Upon delivery, clamping of the umbilical cord physiologically

terminates placental-fetal circulation. From fetal point of

view, occlusion of the umbilical vein decreases right atrial

preload by 40e50% whereas occlusion of the umbilical artery

results in an immediate increase in LV afterload. Both the

decrease in preload and the increase in afterload negatively

affect cardiac contractility and output. In preterm infantswith

limitedmyocardial reserve, this drastic hemodynamic change

has a negative impact on postnatal circulatory adaptation and

causes low cardiac output (shock), fluctuations in cerebral

blood flow,whichmight further results in cerebral ischemia or

hemorrhage. Delayed cord clamping (DCC) usually allows

30e60 s’ of the placental transfusion to replenish neonatal

preload before cord clamping, if performed following lung

aeration to drop pulmonary pressure, may help establishing a

postnatal serial circulation and achieve a smoother transition

[34]. Although delayed “physiological” clamping after lung

aeration showed better perfusion and less bradycardia in an-

imal models [35], results from recent enthusiastic clinical

trials on if DCC aids in decrease of IVH or improves long-term

neurological outcomes in preterm infants are still inconclu-

sive [36,37].
NICU neurocritical care

Maintain stable cerebral blood flow and oxygen delivery
based on hemodynamic monitoring

Implementation of neurocritical care in NICU can be divided

into 4 domains: assessment, monitoring, protection, and

development. Since neurological and other physical exami-

nation in the sick tiny premature infants are often limited and

variable depends on their degree of maturity, monitor by

electronic devices resumes as a crucial approach of assessing

patients’ disease progress and response to treatment.

As discussed earlier, maintenance of circulatory homeo-

stasis during immediate postnatal transition is a real chal-

lenge in the premature infants. Successful transition from a

parallel fetal circulation into a serial neonatal circulation

relies on mature lungs to open alveoli and achieve optimal

oxygenation, so to mitigate pulmonary pressure and reduce
right to left shunting via foramen ovale and ductus arterio-

sus. Hemodynamic instability and unstable cerebral blood

flow (CBF) can play a key role in prematurity-related brain

injuries through causing weakening and rupture of the GM

vessels (PIVH), or triggering repeated ischemia-reperfusion

oxidative stress, leading to WMI [24,38]. Nevertheless, in

preterm infants within the first 48 h after birth, there is no

positive association with blood pressure and systemic blood

flow [39], and no consensus on how to define adequate blood

pressure, especially in the ELBW infants. How to establish

clear and firm hemodynamic boundaries, as a part of neu-

roprotective strategy, is still a clinical challenge that we are

facing.

Although there are various modalities for bedside hemo-

dynamic monitoring, from conventional heart rate, blood

pressure, O2 saturation measurement to Doppler ultrasound

assessment of cardiac output and regional organ blood flow,

none of themhas taken into account of the distributive factors

of cerebral circulation, specifically mediators of local vascular

beds, and the operation of autoregulation. For sick preterm

infants, cerebrovascular autoregulation, themechanisms that

control blood flow to the brain, is easily perturbed. Once the

limits of cerebral autoregulation are reached, cerebral perfu-

sion pressures will vary directly with arterial blood pressure,

and such pressure-passive perfusion has been identified as a

critical mechanism for PIVH [18].

Unfortunately, the lower limits of autoregulation in neo-

nates are not precisely known. A comprehensive graphic

illustration of how tissue oxygen delivery is determined by

macro- andmicrocirculation is illustrated in Fig. 1. It is crucial

to recollect the pathophysiological relevance of factors

contribute to circulatory compromise since the merit of neu-

rocritical care relies on correct interpretation of monitored

data to direct appropriate patient-specific interventions. Fig. 1.

Near infrared spectroscopy (NIRS)
Near infrared spectroscopy (NIRS)-derived monitoring of

regional tissue oxygen saturation provides a continuous, non-

invasive measurement of end-organ perfusion and oxygen

metabolism. Cerebral NIRS (cNIRS) has been increasing used

in the very preterm infant. Regional cerebral oxygen satura-

tion (rScO2) represents oxygen supply to the brain, while ce-

rebral fractional tissue oxygen extraction, which is the ratio

between rScO2 and systemic arterial oxygen saturation, re-

flects cerebral oxygen utilization. NIRS then can be applied to

assess cerebral autoregulation, blood volume, flow, and bal-

ance between oxygen supply and demand [40]. Recent Euro-

pean multicenter randomized controlled trial (the SafeboosC

study) demonstrated that using a dedicated treatment guide-

line in combination with cerebral NIRSmonitoring was able to

reduce the hypoxic burden in extremely preterm neonates in

the first days after birth [41]. Further follow-up study from this

SafeboosC cohort showed that the early burden of hypoxia

was associated with the occurrence of severe PIVH [42]. A

phase III SafeboosC trial of infants less than 28 weeks GA has

been initiated in 2018 with the objectives to investigate if NIRS

in combination with an evidence-based treatment guideline,

compared with treatment as usual, during the first 72 h of life

will result in a reduction in death or survival with severe brain

injury at 36 weeks postmenstrual age. Hopefully through this

https://doi.org/10.1016/j.bj.2020.03.007
https://doi.org/10.1016/j.bj.2020.03.007


Fig. 1 Determinants of cerebral blood flow and oxygen delivery.

Abbreviations used: CO: cardiac output; CaO2: arterial oxygen content; DO2: oxygen delivery; Hb: hemoglobin; SpO2: Oxygen

saturation; SVR: systemic vascular resistance.
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study interventions guided by cNIRS monitoring as a neuro-

protective maneuver in preterm infants could be

consolidated.

For the sake of reiterating pathophysiology of cerebral

oxygenation derangement and how clinical intervention could

eliminate subsequent injuries, treatment guidelines based on

cNIRS in the SafeboosC trial is summarized in Table 2 [43].
Non-invasive CO2 monitor

Inadvertent hypercarbia or hypocarbia is common in NICU

ventilated patients. Alterations in PaCO2 can significantly

affect cerebral hemodynamics in that hypocarbia and hyper-

carbia decreases and increases CBF, respectively [44,45]. Both

extremes and fluctuations of PaCO2 are associated with se-

vere intraventricular hemorrhage, whereas hypocarbia, cere-

bral vasoconstriction and ischemia can lead to PVL. Using

end-tidal CO2 monitor and NIRS, Dix et al. revealed that CO2

fluctuations are associated with changes in cerebral oxygen-

ation and electrical activity in the first 72 h of life in preterm

infants [46]. Therefore, to avoid significant hypocarbia and

hypercarbia, and to prevent related brain injury, it might be

prudent to incorporate continuous non-invasive CO2 monitor

into standard of care in the ventilated ELBW infants [47].
EEG monitoring and seizure control

Electroencephalography (EEG) is a common method of moni-

toring brain function. Due to technical difficulties in obtaining a

conventional EEG in the tiny premature infants from lack of

spaces for leads placement and disturbed signal quality in a

NICU setting, amplitude-integrated EEG (aEEG) has been adop-

ted as an alternative for continuous brain function monitoring

[48]. Developed in the 1960s by Prior and colleagues, aEEG in its
simplest form is a processed single-channel EEG that is filtered

and time-compressed [49]. Today a 2-channel or 4-channel

(C3eP3, C4eP4) aEEG is more commonly used. For preterm in-

fants, interpretation of aEEG had been mostly based on Hell-

strom-Westas’ classification using background analysis and

sleep wake cycling (SWC) [50]. However, researchers later

discovered that in very preterm infants aEEG patterns change

not only with increasing gestational age, and also as chrono-

logical and postmenstrual age (PMA) advances [51e53]. So far in

the neurocritical care of preterm infants, aEEG has been used in

the assessment of cortical functional maturity, for seizure

detection and monitoring, and in the prediction of long-term

neurological outcome, particularly in extremely preterm in-

fants [54]. Diagnostic algorithms have been proposed based on

EEG readings by ICNswith brain-focused care, and there're also

clinical evidence to support that aEEG or EEG recorded within

early postnatal (<7) days correlates with later neuro-

developmental outcome [55].

The use of anti-epileptic medication in preterm infants so

far are still based on experience from adult or pediatric pa-

tients, and there's a lack of clear understanding of what the

impact of immaturity on the neurophysiology and pharma-

cokinetics of seizure and its treatment might have. It is sug-

gested that standardized seizure guideline agreed upon by the

neurocritical care team should be established in advance to

specify which drugs shoul be used, in what order, and the

dosages recommended.
Neuroimaging

Neuroimaging of preterm infants has become part of routine

clinical care, with cranial ultrasonography (cUS) and MRI

being the two commonly used modalities. Clinical manage-

ment that would be taken based on neuroimage findings

include drainage of post-hemorrhagic hydrocephalus, early

https://doi.org/10.1016/j.bj.2020.03.007
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Table 2 Pathophysiologically Oriented Treatment Guideline for off range rScO2.

rScO2 low (<55%) rScO2 high (>85%)

A. Cardiovascular

Increase CBF by increase CO

(a) Fluid bolus

(b) Vasopressore/inotropes

(c) Correct PDA shunting

(d) Fix mechanical effect

(cardio-respiratory interaction) esp, lung overinflation

B. Respiratory
(a) If SaO2 low, [MAP first, [FiO2

(b) If PCO2 low, YMV to [CBF

C. Oxygen carrying capacity
RBC transfusion if anemic

D. Metabolic
Decrease oxygen demand by

(a) Sedation if agitated

(b) Treat sepsis

(c) Keep normal body temperature

A. Respiratory

(a) [MV if PCO2 high

(b) YFiO2 if SaO2 high

B. Metabolic
Treat hypoglycemia to YCBF by

decreasing capillary recruitment

Abbreviations: rScO2: regional cerebral oxygen saturation; CBF: cerebral blood flow; CO: cardiac output; PDA: patent ductus arteriosus;

MAP: mean airway pressure; MV: minute ventilation.

*1. This treatment guideline is targeted at premature infants, specifically those ELBW infants and within 72 h of life.

*2. Modified from recommendations of SafeBoosC phase II randomised clinical trial.

b i om e d i c a l j o u r n a l 4 3 ( 2 0 2 0 ) 2 5 9e2 6 7264
developmental intervention, prognostic prediction and

parental consultation. The widely used Papile's grading of

PIVHwas based on cUS findings. Today, cUS is still considered

effective for the diagnosis of a large GMH-IVH, but less so for

detection of WMI [56]. On the other hand, MRI may show le-

sionswhich are not always easy to interpret andmay be cause

for concern for parents [57]. It is suggested that using an MRI

scoring system for the scan taken at term equivalent age (TEA)

may help to assess scans in a systematic way and to predict

neurodevelopmental outcome [58].

There are many caveats in incorporating cUS and MRI as

part of the neurocritical care for the very and extremely pre-

term infants. In this imperative review by de Vries et al. [59]

the authors came to the following conclusions: For prediction

of CP, sequential cUS during admission, at discharge and at

TEA by an experienced professional should be able to recog-

nize most of the lesions which will result in moderate to se-

vere CP, GMFCS level IIIeV. For better understanding of more

subtle disabilities, MRI is helpful, especially when not only

using conventional imaging but also using advanced MR

techniques. MRI at discharge may be too early to reliably

assess myelination of the posterior limb of the internal

capsule (PLIC), which is one of the most important additional

findings and predictors of CP obtained with conventional MRI.

Performing a TEA MRI has the advantage of assessing subtle

whitematter lesions, cerebellar lesions andmyelination of the

PLIC [59].
General care

Meticulous NICU care provide opportunities to protect the

vulnerable preterm brain not only by attempting to reduce the
incidence of severe IVH but also by reducing other morbidities

such as growth restriction and nosocomial infection, all of

which likely would impact brain development and neuro-

developmental outcome.

Faltering growth is common in preterm infants. Nutri-

tional supply interrupted by preterm birth often causes

suboptimal energy provision and deficiency in macro- and

micronutrients, which subsequently jeopardizes normal

brain development. Early aggressive nutritional support has

been proven safe and is advocated in the standard of care

for even the tiniest ELBW infants [60]. Evidence of early

nutrition affecting morbidity and neurodevelopmental

outcome has been clearly provided by Ehrenkranz et al.

From the classic study they demonstrated that in ELBW

infants faster weight gain in the first weeks after birth is

associated with improved neurodevelopmental outcome in

a dose dependent manner. When the rate of weight gain

velocity increased from 12.0 to 21.0 g$kg�1$day�1, the

incidence of CP, low Bayley II Mental and Psychomotor

Developmental Indices, abnormal neurological examination

and neurodevelopmental impairment each decreased by at

least 50% [61].

Standardized neonatal intensive care by itself may also

help achieving better neurodevelopmental outcome in the

preterm infants. For instance, complying with a central

line care bundle may decrease line-associated infection

and late onset sepsis. And as previously discussed that

inflammation and cytokine surge induced by bacterial

infection can cause WMI, could be so avoided [62]. Another

example is the now well-known association between

necrotizing enterocolitis (NEC) and later neuro-

developmental disorder in ELBW infants, which was first

described by Salhab et al., in 2004 [63].

https://doi.org/10.1016/j.bj.2020.03.007
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Pharmacological prevention

Erythropoietin (EPO)

Anemia of prematurity (AOP) is a premature birth-related

complication arisen mainly from shifting of erythropoi-

etin (EPO) production from low hypoxemia-sensitive liver

in fetal stage to higher efficient renal production when

close to term gestation [64], and iatrogenic effects such as

phlebotomy blood loss in the NICU. Treatment of AOP

with recombinant human erythropoietin was first reported

by Halperin et al., in 1990 [65]. At the same time, there

was also evolution in understanding of erythropoietin's
role in neuroprotection. EPO and its receptor are upregu-

lated by exposure to hypoxia and proinflammatory cyto-

kines after brain injury. Binding of EPO and its receptors

results in neurotrophic effects of neurogenesis, oligoden-

drogenesis, and angiogenesis, thus aids in recovery of

locally injured neuronal cells. It also has neuroprotective

effects from setting off glial cells' release of mediators

causing neuro-inflammation and cell death [66]. Following

results of a meta-analysis showing preterm infants who

received EPO had better neurodevelopmental outcome

than those who received placebo [67], a phase 3 clinical

trial (Preterm Erythropoietin Neuroprotection Trial,

PENUT), was conducted to assess the safety and efficacy of

early high-dose erythropoietin for neuroprotection in

extremely preterm infants. Results of this multi-centered

trial involving 731 ELBW infants were recently published

which showed no significant difference between the EPO

group and the placebo group in the incidence of death or

severe neurodevelopmental impairment at 2 years of age.

There were also no differences between the groups in the

rates of any major complications of prematurity such as

ROP or intracranial hemorrhage [68].
Pain control and sedation

It was once questioned if neonates were able to perceive pain

due to the immaturity of the sensory nervous system. Strong

evidence of pain sensation in preterm infants were later

provided by neuroanatomical and behavioral studies [69].

Preterm newborns in the NICU experience frequent and re-

petitive painful stimuli from procedures such as heel pricking,

venous puncture or endotracheal intubation. There are

increasing concerns of what could be the consequences of

early life pain and how is it going to affect the infants as they

grow? A growing body of evidence reports long-term conse-

quences of early life pain in humans show the association

between early life pain and long-term neurosensory, cogni-

tive, and psycho-behavioral disorders [70,71]. However,

without methods to subjectively measure the degree of pain,

and with current uncertainty of the effect of analgesics and

sedatives exposure in the developing nervous system,

assessment of pain and how to best alleviate it remains an

important issue to be addressed in the critical care of preterm

neonates.
Developmental care

Initiated in 1986, Newborn Individualized Developmental Care

and Assessment Program (NIDCAP) is an individualized care

giving principle to reduce stress and promote physiologic

stability for better neurological outcome of sick neonates [72].

While the evidence base for NIDCAP specifically in improving

neurodevelopmental outcome is limited [73], it introduced the

concept of physical care that addresses the environmental

impact on the developing brain and considering patients’

progress through developmental stages. Nowadays, a team

consisted of parents, developmental specialists, occupational

therapists, physical therapist along with neonatologists and

neurologists are all crucial elements of a preterm infants care,

either during the hospitalization or at the time of discharge.
Conclusion and prospective

Walking through the path of establishing a comprehensive

brain-focused intensive care, we have gained insights and

humble success in salvaging the vulnerable brains of those

extremely premature infants. However, injury to and sub-

normal development of the periventricular white matter is

still common. Future direction of neuroprotection in the pre-

mature infants are aiming at both pharmacological preven-

tion, specifically using agents with anti-inflammatory (e.g.

melatonin) or neurotrophic properties (e.g. IGF-1), and repair

the injured brain with progenitor cells such as mesenchymal

stem cells. Both interventions are now under substantial

investigation and are showing promising potential to be able

to close the gap between survival and intact neurological,

mental and behavioral outcome in the survivors of premature

infants.

We are hoping that neurologically intact survival can be

achieved in all babies that are born preterm, even in those

most vulnerable ones with ELBW.
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