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ABSTRACT

Hypoxic-ischemic syndrome (HIS) and Hypoxic-ischemic encephalopathy (HIE) are conditions that affect
term and premature babies, with different pathophysiology and different brain disorders. HIE appears in
1-6 / 1000 live births and 26/1000 live births in developing countries. 15-20% die in the early neonatal
period, while surviving babies have severe neurological impairment, including cerebral palsy, epilepsy,
visual and hearing impairment, cognitive impairment, intellectual, behavioural, and social disorders. The
hypoxic-ischemic event occurs before, during or after birth. The reasons may be related to the mother,
the way of birth, the placenta, and the newborn. The criteria for diagnosis of HIE include a combination
of perinatal factors, the need for resuscitation, standard neurological examinations, neurophysiological
monitoring, neuroimaging methods and biochemical markers. The most effective treatment for HIE is
hypothermia in combination with pharmacological therapy. HIE and HIS are problem that still persist in
developing countries due to inadequate obstetric care, neonatal resuscitation, and hypothermia. Current
and emerging research for HIE examines new markers for early recognition, treatment, and appropriate
neuroprotection of high-risk term and premature infants.
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INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) per 1000 live births in developing countries [6]. Out

occurs in 1-6/1000 live births [1]. In developing
countries, HIE occurs in 26/1000 live births [2].
The incidence of HIE is 1.5 per 1000 live births in
developed countries and varies between 2.3-26.5
per 1000 live births in developing countries [3, 4].
The prevalence of hypoxic-ischemic encephalop-
athy (HIE) varies in the literature from 0.3 to 2 per
1000 term live births [5]. Frequency is two to nine

of'the total affected infants, 15-20% die in the early
neonatal period, and 25%-30% of survivors have
severe neurological impairment, including cerebral
palsy, epilepsy, visual and hearing impairment, cog-
nitive impairment, intellectual, behavioural, and
social disorders [7]. From that aspect, this condition
is one of the primary medical problems which sig-
nificantly affects the patient, the family, and society.
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Table 1. Epidemiology
for Hypoxic-ischemic encephalopathy

Epidemiology for Hypoxic-ischemic encephalopathy

1.5 per 1000 live births in developed
countries,

O 23-26.5 per 1000 live births in
developing countries

Prevalence 0.3 to 2 per 1000 term live births

Brequency 2-9 per 1000 live births in developing

countries

Hypoxic-ischemic syndrome (HIS) is a
lack of oxygen due to hypoxic or ischemic injury
occurring in the peripartum and/or intrapartum
period in the newborn [8]. The hypoxic-ischemic
event occurs before birth in 20% of newborns,
30% intrapartum, in 35% before and during birth,
and only in 10% of newborns will the hypox-
ic-ischemic event develop after birth [9). In every-
day clinical practice, there is a distinction between
the terms hypoxia-ischemia and asphyxia. Hy-
poxemia is a low concentration of oxygen in the
blood, hypoxia is reduced oxygenation of cells and
organs, and ischemia is the reduced blood flow to
tissues. Therefore, hypoxia and ischemia are often
combined. In contrast, asphyxia is a disturbance
in gas exchange and is characterized by anoxia
and extreme hypercarbia [10]. Hypoxic-ischemic
syndrome (HIS) affects the brain and other organs
as well as organic systems: the heart (43—-78%),
lungs (71-86 %), kidneys (46—72 %), the liver
(80-85 %), and the haematological system (3254
%) [11]. Involvement of multiple organic systems
within HIS leads to the development of multisys-
tem organ failure (MOF).

HIE is a complex, multifactorial, evolving
condition found in term and premature infants,
which has a different pathophysiology and differ-
ent affection of brain structures. Identifying, treat-
ing, neuroprotecting, and monitoring newborns
with this condition in both groups is a challenge in
everyday clinical practice. Recent data in regards
to the manner in which complex mechanisms of
HIE occur and potential predictive biomarkers
of the HIE staging and further neuro-behavioural
development are the focus of modern neonatology,
perinatology, and neurophysiology.

Aetiology of hypoxic-ischemic syndrome
(HIS)

Hypoxia-ischemia can develop before,
during, or after birth. The reasons may arise from

the mother, the way of birth, the placenta, and
the newborn (Table 2). The most common causes
are uterine rupture, placental abruption, prolapse
of umbilical cord, a cardiovascular compromise
with the mother, foetal-placental haemorrhage,
foetal tachycardia with recurrent decelerations,
and persistent minimal variables with recurrent
decelerations [12].

Table 2: Risk factors for HIS
Risk Factors

Spontaneous-vaginal, Caesarean section,

Birth .
irt Forceps, Vacuum extraction

uterine rupture, umbilical cord prolapse,
compromised maternal cardiovascular
system, infections, diabetes, hyperten-
sion, drugs, nicotine, alcohol

Mother

placental abruption, placental insufficien-

glasens cy, foeto-placental haemorrhage

pneumonia, sepsis, concomitant morbid-
ities in premature infants-respiratory dis-
tress syndrome, necrotizing enterocolitis,
bronchopulmonary dysplasia

Newborn

Defining HIE in term and preterm infants

The classic definition of HIE in newborns
proposed by the American College of Obstetri-
cians and Gynaecologists includes the following
criteria:

» Apgar score <5 in 5 min. and 10 min.

* -pH <7.0, and / or BE >-12 mmol / L,
from the umbilical artery

* Acute brain injury detected by MRI
(magnetic resonance imaging) or MRS (magnet-
ic resonance spectroscopy) of the brain during
the first week

* Multisystem organ failure in the first 48
hours [12].

The definition of HIE in preterm infants is
still controversial. Below are listed the criteria
for definite and probable HIE in preterm infants
[13].

Definite HIE in premature infants (both
criteria required)

* pH <7 and BE>-12 mmol / L in foetal /
umbilical / first neonatal blood sample (within 1
hour after birth).

* Neonatal encephalopathy — Sarnat staging
- all criteria (except EEG) for newborns between
33 and 35 weeks of gestation, significant changes
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in neurological examination and/or convulsions
(for newborns less than 33 weeks of gestation).

Probable HIE in premature infants (any
two criteria)

* pH 7.01-7.2 in a foetal / umbilical / first
neonatal blood sample.

* Early multisystem organ failure (less
than 48 hours)

* Preceding identifiable sentinel event-pla-
cental abruption, uterine rupture, umbilical cord
prolapse, cardiotocograph abnormalities

* Prolonged need for assisted ventilation in
the absence of respiratory disease/neuromuscu-
lar disorders (more than 72 hours).

* Prolonged metabolic acidosis (more than
24 hours).

* Specific change in MRI of the brain in
the first week of life.

However, the definition of HIE is a matter
of discussion and evolving controversy. Due to
the significant differences in the stated criteria,
their evaluation is needed. On the other hand, a
precise definition of HIE staging is needed, which
has not been published in our country so far.

Pathophysiological mechanisms of HIE in
term and preterm infants

The pathophysiological and biochemical
mechanisms in neonatal hypoxic-ischemic en-
cephalopathy involves a cascade of reactions,
where apoptosis or necrosis of nerve cells is the
end result of brain damage. The pathophysiology
of neonatal HIE includes three stages:

The first stage is the primary energy defi-
ciency. This is the period of the first 6 hours of
hypoxic-ischemic injury. It occurs in conditions
of reduced blood flow through the placenta, lead-
ing to foetal hypoxia-ischaemia, acidosis, de-
creased myocardial contractility, decreased arte-
rial blood pressure, and decreased cerebral blood
flow [14]. Due to this, hypoxic-ischemic attack
in the brain tissue, the anaerobic metabolism of
glucose in the nerve cells is enhanced and ade-
nosine triphosphate (ATP) is reduced. This leads
to depletion of energy in the cell, disruption of
the ion pump and transport of Na +, Ca ++, ac-
cumulation of lactate and free radicals, as well
as mitochondrial dysfunction, nerve oedema and
possible apoptosis.

The second stage is secondary energy de-
ficiency. It occurs 6 to 72 hours after the hypox-

ic-ischemic event. Excited neurotransmitters
(glutamate, GABA, aspatate) and free radicals
continue to be released, mitochondrial dysfunc-
tion is more pronounced, and phosphorus re-
serves are depleted. Progression of this phase
activates a number of cascading reactions, in-
cluding inflammatory factors that emphasize the
apoptosis or necrosis of nerve cells. Convulsions
are expected to occur during this period [7].

The third stage is called as the stage of
chronic inflammation. It occurs > 72 hours after
the onset of the hypoxic-ischemic process and
can last for days or months. Repair of damaged
brain tissue can occur at this stage, where neu-
rons and glial cells begin to multiply and regen-
erate, or when damage and degeneration of brain
tissue continues by releasing harmful cytokines
from microglia cells and astrocytes. This leads
to damaged axonal growth, synaptogenesis, and
neurogenesis [7,15].

Basal oxygen utilization is twice as high
in newborns as in adults [16]. But in newborns
with HIE, despite the hypoxic event, high doses of
oxygen during and after resuscitation can lead to
brain cell swelling and additional oxidative stress.

The outcome of HIE due to neuronal death
results with a number of neurological lesions
such as haemorrhage in brain structures, oedema,
white and grey matter necrosis, infarction, white
matter gliosis, atrophy, cysts, delayed myelin-
ation, ventriculomegaly, and hydrocephalus [17].

Studies of the pathophysiology of brain
structures in term and preterm infants with HIE
exhibit differences. The pathophysiology of HIE
in premature infants is a set of complex and het-
erogeneous changes in the developing brain with
a wide range of clinical manifestations. In pre-
mature infants there is still a highly active devel-
opmental process of dendritic / axonal growth,
vasculogenesis, myelinogenesis and angiogene-
sis, deficiency of long-chain essential fatty ac-
ids, insufficient synthesis of certain growth fac-
tors, and increased exposure to adverse effects
before, during and after delivery [17]. All of
these changes in the premature infant make the
developing brain vulnerable to injury from hy-
poxia-ischemia, inflammation, free radicals, and
excitotoxic damage.

One of the significant differences of HIE in
term and premature infants is in the histopatho-
logical features of the brain structures. In prema-
ture infants, the cerebral white matter is affected
by the development of periventricular leukoma-



80

Sanja Ristovska et al.

lacia (PVL), which results in the disruption of
oligodendrocyte development and reduced my-
elination in the brain [18, 19]. In term infants,
neuronal lesions are seen in the cerebral cortex,
basal ganglia, and thalamus, where selective
neuronal necrosis is predominant [20, 21].

HIE classification

The scale for HIE staging in term infants
proposed by Sarnat & Sarnat (1976) is still wide-
ly used, despite numerous diagnostic modalities.
According to this scale, based on the determi-
nation of consciousness, neuromuscular tone,
primitive reflexes, autonomic function, convul-
sions, EEG changes, and duration, HIE is classi-
fied as mild, moderate, and severe encephalopa-
thy [22, 23].

Diagnostic modalities

The diagnosis of HIE in term infants in-
cludes defined criteria in combination with peri-
natal factors such as acidosis, Apgar score, the
need for resuscitation, and standard neurological
examinations and neurodevelopmental monitor-
ing [13, 24]. Recognizing HIE in premature in-
fants is difficult. Neurological assessment may be
performed by standard neurological examination
in neonates at 33 to 35 weeks of gestation, but at
<33 weeks of gestation clinical features may be
masked by physiological immaturity [13]. There
are various tools for early detection of HIE, but
none of them is completely specific and sensitive.

Magnetic resonance imaging (MRI)
and proton magnetic resonance spectroscopy
(1H-MRS) are imaging methods for visualiz-
ing brain lesions in HIE, including white matter
changes, PLV, cysts, ventriculomegaly, delayed
myelination [25]. MRS measures local biochemi-
cal changes in the brain and is useful for assessing
metabolic changes associated with brain develop-
ment and injury [13]. These methods offer excel-
lent opportunities to predict the outcome and neu-
rological development in neonates with HIE [26].
In meta-analyses it is proven that posterior limb
of the internal capsule (PLIC) abnormalities on
MRI, apparent diffusion coefficient (ADC) values
of the thalamus, and MRS are most predictive of
neurodevelopmental outcomes. [27]

Amplitude electroencephalography (aEEG)
and electroencephalography (EEG) are powerful
tools for diagnosing and predicting the neurolog-
ical outcome of newborns with HIE. Meta-anal-

ysis shows that aEEG at 72 h and EEG at 24 and
72 h after birth were superior to aEEG at 6 h and
EEG at 48 h [27]. In preterm infants, interpre-
tation of the EEG is more complex due to the
development of the developing brain. Findings
of increased discontinuity, decreased rapid fre-
quency activity, and decreased amplitudes in the
first and second postnatal days of infants at 27 to
32 weeks of gestation indicate a high predictive
potential for neurological development. Also,
aEEG in the first 6 hours of birth in newborns
from 34-36 weeks of gestation is important in
neurodevelopmental processes [28, 29].

Near-infrared spectroscopy (NIRS) is use-
ful for the analysis of tissue oxygenation indices
and regional oxygen saturation in the brain in
various pathological processes. NIRS provides
important data on metabolic dynamics in differ-
ent regions of the brain and has prognostic sig-
nificance for HIE in term infants. The criteria for
the use of NIRS in preterm infants with HIE are
not fully defined [13].

Biomarkers for early detection and predic-
tion of HIE

In neonatal hypoxic-ischemic encephalop-
athy, the greatest challenge is to predict, detect,
and evaluate this condition in the newborn. Us-
ing the known clinical criteria, about 20 % of
newborns with poor outcome are missed [30].
Today's research focuses on discovering specific
and highly sensitive biological and physiologi-
cal markers for early detection, monitoring and
evaluation of HIE at an early stage, where rou-
tine neuroimaging tools are not yet able to re-
spond. There are certain studies which establish
a correlation between HIE and heart rate vari-
ability (HRV) as a potential biomarker for the
severity of neonatal HIE during the acute phase
of injury [31]. Most of the studied biomarkers
have a protein structure and are released when
nerve tissue is locally injured in the cerebrospi-
nal fluid and in the circulation. In selecting the
most suitable biomarkers for HIE, several fac-
tors are important: the time of sampling, the type
of biological fluid, the clinical phenotype and the
biochemical structure of the biomarker, as well
as its/their ability to predict. Studies have eval-
uated the predictive values of UCH IL-1, IL-6,
IL-16, activin A, LDH, GFAP, lactate, S100B,
NSE, microRNA [32, 33]. This list is long and
new biomarkers are explored daily which, in the
future, will offer early, rapid, and reliable iden-
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tification of neonates with HIE. Thus we will be
able to start neuroprotective interventions early.

Therapy and neuroprotection

An accepted therapeutic modality for HIE
is the use of hypothermia. Hypothermia is per-
formed according to standard protocols for the
selective cooling of the head. This includes "head
cooling" or the cooling of the whole body, "body
cooling’". The results of recent clinical trials sug-
gest that both methods have a neuroprotective
effect [34]. According to some meta-analyses,
whole body cooling is more applicable and effec-
tive due to the systemic effect of cooling almost
all parts of the brain, while selective head cooling
affects only the cortical part of the brain [35]. The
general standard for starting treatment with hypo-
thermia is the so-called "therapeutic window", the
first 6 hours after birth, when energy metabolism
is still not reduced. New research confirms that
hypothermia reduces and prevents the formation
of free radicals and NO much earlier, even with-
in 30 minutes of birth [9]. The exact mechanism
of neuroprotection of hypothermia is not clear
enough, but it is associated with reduced gluta-
mate release, decreased metabolism and energy
consumption in brain tissue, reduced neuronal ac-
idosis and promoted protein synthesis, decreased
leukotriene synthesis, reduction of blood-brain
barrier damage and brain oedema, free radical in-
hibition, inhibition of cell apoptosis and/or inhibi-
tion of free radical generation, and lipid peroxide
reaction [7]. Neurodevelopmental monitoring of
children up to 7 years of age has shown signif-
icant decrease in incidence of cerebral palsy, as
opposed to children without hypothermia [36].
Certain meta-analyses indicate that therapeutic
hypothermia reduces mortality and neurodevel-
opmental delays compared to usual care. Whole
body hypothermia is preferable for infants with
HIE, because it reduces the risk of morbidity as
well as neurodevelopmental delays [37].

The use of hypothermia in preterm infants
with HIE is limited. Under hypothermia, the hae-
moglobin dissociation curve shifts to the left and
reduces the tissue oxygen, impairing oxygen-
ation in preterm infants with severe respiratory
morbidity [10].

The most effective treatment for HIE would
be hypothermia in combination with pharmaco-
logical therapy that would mutually affect the de-
structive processes caused by hypoxic-ischemic
attack. The aim is to discover the optimal combi-

nation of a pharmaceutical preparation that will
complement the hypothermic therapy.

Clinical trials have shown that in neonates
with moderate/severe HIE, melatonin therapy in
combination with mild hypothermia reduces oxi-
dative stress, improves survival and neurological
development at 6 months of age [38].

Randomized studies with moderate hypo-
thermia and the use of high doses of recombi-
nant erythropoietin in neonates with HIE show
a reduction in MRI-confirmed brain changes and
improvement in motor function in the first year
[39, 40]. Erythropoietin promotes neuronal differ-
entiation and regeneration in HIE. It may inhibit
apoptosis, regulate the inflammatory response and
antioxidant damage, and thus promote vascular
regeneration and improve microcirculation [7].

Reduction of brain damage after hypox-
ic-ischemic attack by pharmacological neuro-
protection alone is not yet available.

Research for use of cannabinoids and
azithromycin as possible pharmacotherapy for
HIE are in the experimental phase. Cannabi-
noids have anti-neurotoxic and anti-inflamma-
tory properties and protect the brain after neo-
natal hypoxia-ischemia (41). Azithromycin is a
macrolide antibiotic that improves neurological
function, probably based on its anti-inflammato-
ry properties [42].

Recent clinical studies in regenerative med-
icine have focused on the study of embryonic
stem cells as a possible treatment for brain dam-
age caused by hypoxic-ischemic attacks. Embry-
onic stem cells have the potential to differentiate
into haematopoietic, nerve, or mesenchymal stem
cells. Of all of the above, mesenchymal stem cells
are studied in clinical trials and treatment is pos-
sible due to its neuro-regenerative and important
immune-modulating effects [43,44]. Mesenchy-
mal stem cells stimulate the formation of new
brain cells by paracrine action rather than the
transformation into neuronal tissue [45, 46].

CONCLUSION

HIE is a global problem. Developing coun-
tries are in a more difficult position as they lack
adequate and modern obstetric care, proper and
timely neonatal resuscitation and hypothermia
as possible therapy. By defining and discovering
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effective, affordable and inexpensive measures
and markers, this condition in newborns can be
identified early and treated appropriately. New
bio- and physiological markers, individually or
in combination, are in focus of modern research
for HIE, which will allow timely recognition,
treatment and appropriate neuroprotection of
high-risk term and premature infants.
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Pe3ume

XUINNOKCUYHO-UCXEMUYHA EHHEDAJIOIIATHJA (HIE)
KAJ JOHOCEHM 1 IPEMATYPHU HOBOPOAEHYHNIHA

Cama Pucroscka', Opxuaeja Cromnapocka', Iparan J{anuioBckn’

! VHuBep3uTeTCKa KIMHUKA 332 THHEKOJIOTHja W akymiepctBo, Memuuuncku dakynrer, Ckomje, PC
Makenonuja

2 THCTHUTYT 3a eMUIEMHOJIOTHja ¥ METUIIMHCKA cTaTucTrka, Meauimacku dakynret, Ckornje, PC Make-
JIOHU]a

XUMNoKCHYHO-ucxeMUaHUoT cunapoM (HIS) u xunokcnuno-ucxemuunara entedanonaruja (HIE) ce
COCTOjOM IITO Ce cpekaBaar Kaj JOHOCEHUTE U MIPEABPEMEHO poJeHnTe OeOrba, CO pa3IHYHH MaToPU3NO-
JIOIIKM MEXaHU3MH U pa3InuHo MO304HO HapymyBamwe. HIE ce mojaBysa kaj 1-6/1000 xuBopoaenu, a Bo
3eMjuTe BO pa3Boj kaj 26/1000 skuBopozaenu aena. 15-20 % on HoBopaeHunmara co HIE ymupaar Bo paHuot
HEeOoHaTaJleH EPUOI, 10ACKa PEKMBEaHUTE MMAAaT TEIIKH HEBPOJIOILIKY CEKBEJIH, BKITy1yBajKu LiepeOpanHa
napannsa, elMuJIeTcHja, OIITETYBake Ha BUAOT U Ha CITYXOT, KOTHUTHUBHHU, HHTEJICKTYaJIHH, OMXejBHOPAITHU
1 COLIMjaJIHU HapylIyBama. X UIMOKCHYHO-UCXEMHUYHHOT MPOLIEC CE jaByBa Mpe/l, 3a BpeMe UIIK O parame-
to. [IpyunHNTE MOXKE J1a ce MOBP3aHM CO MajKaTa, HAUMHOT Ha parame, IUIaleHTaTa ¥ HOBOPOACHYETO.
Kpurepuymute 3a nujarnosa Ha HIE BriryuyBaar komMOuHanuja Ha nepuHaTanHu (Gakropu, morpeda o
peaHnManuja, CTaHIapAHA HEBPOJIOIIKHU Mperieu, HeBpO(U3NOIOMKH MOHUTOPUHT, HEYPOUMUMHT U
ounoxemucku mapkepu. Hajeukacen tperman 3a HIE e xunorepmujara Bo KoMOHHaIM]ja cO (hapMaKOIOLIKa
tepanuja. HIE u HIS ce mpo6iemu mito c€ yire oncTojyBaar Bo 3eMjUTe BO pa3Boj MOpaaAn HECOOBETHATA
aKyIlIiepcka Hera, HeCOOJIBeTHaTa HeOHATaIHA IPUMapHa peaHnMalfja i XUoTepMHja. AKTYEITHUTE U HOBH
nctpaxysama 3a HIE ru ucnutyBaat HOBUTE MapKepH 3a paHO Npeno3HaBambe, TPETMaHOT U COO/IBETHATA
HEBPONPOTEKIMja Ha BUCOKOPU3MYHHUTE TOHOCEHH U MPEABPEMEHO POACHU HOBOPOJICHUUHA.

Kiy4unu 300poBH: XHITOKCHYHO-UCXEMUYHUOT CHHAPOM, XUTIOKCHYHO-UCXEMUYHATA eHIledarona-
THja, TOHOCEHU HOBOPOJIEHUNHA, PEMATUPHU HOBOPOJIECHINHA



