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Abstract 

Background: Hypoxic Ischemic Encephalopathy (HIE) is the most common cause of perinatal 

brain injury. Treatment is available, therapeutic hypothermia (TH), but reliable tools are needed 

to determine early after birth who will benefit most. Cytokines, as indicators of brain injury, are 

potential biomarkers and are best studied by understanding network changes. Aim: This study 

sought to identify the cytokine molecular signatures associated with abnormal MRI or death in 

neonates with HIE. Methods: Multiplex immunoassay was used to quantify cytokine levels at 

multiple timepoints from birth to 96 hours of life. Machine learning algorithms were used for 

pattern identification to gain mechanistic insights. Results: Cord blood levels of IL-6, IFN!, IL-

1ra, G-CSF, FGF-b and MCP-1 were significantly elevated in neonates with HIE compared to 

controls. Neonates with abnormal MRI or death had elevated cord blood IL-10 and MCP1 levels, 

high serum IL1ra and G-CSF levels at 24 hours, and low PDGF and IP10 levels at all time 

points. Further, in neonates with adverse outcomes IL-10, G-CSF, MCP1, IL-6, TNF-", IL-8, 

and IL-1ra levels were elevated,  while IL-4, PDGF, MIP1a, IL-15, IP10, and IFN-! were lower 

at all time points. Conversely, the combinations of TNF-" levels < 74.4 pg/ml with IL8 levels > 

0.85 pg/ml and IFN-! levels > 0.04 pg/ml in cord blood predicted normal MRI (sensitivity 100%, 

specificity 37.5%). Similarly, IL-10 levels > 36.7 pg/ml or a combination of IL-6 levels < 8.46 

pg/ml and IL-8 levels > 59.5 pg/ml at 24 hours were predictive of unfavorable outcome 

(sensitivity 95.2%, specificity of 62.5%). Regardless of the encephalopathy grading, TH shifted 

the cytokine balance towards neurotrophic factors (G-CSF) and Th2 cytokines (IL-4, IL-5, IL-

10) around 24 hours of life followed by a reversal towards Th1 cytokines (IL-2, TNF-" and IFN-

!) after termination of TH. Conclusion: This general analysis of the peripheral cytokines in HIE 

delineates the principal drivers of the cytokine network that may serve as biomarkers. 

Upregulation of proinflammatory cytokines accompanied by active modulation of anti-

inflammatory cytokines could account for the variations in patient-specific innate compensatory 

response that ultimately characterizes the short-term clinical outcome. 

 

Keywords: Hypoxic Ischemic Encephalopathy, Perinatal Asphyxia, Neuroinflammation, 

Cytokines, and Neurodevelopmental Outcome 
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Chapter 1: Introduction 
 

1.1  Hypoxic Ischemic Encephalopathy 
Definition of Hypoxic Ischemic Encephalopathy (HIE) remains controversial to these days. 

Hypoxic ischemic encephalopathy (HIE) refers to an asphyxial insult that happens around the 

time of birth to the developing brain manifested as encephalopathy. In turn, asphyxia is a 

nonspecific term used for deprivation of oxygen resulting in neurologic injury (1). World 

Health Organization (WHO) defined birth asphyxia in 1997 as the clinical description of a 

newborn who ‘‘fails to initiate or maintain regular breathing at birth’’ (2). In comparison, 

neonatal encephalopathy is a clinical syndrome of neurologic dysfunction manifested by 

alterations in consciousness or seizures, difficulty maintaining respiration, and depression of 

tone and reflexes (3). The American College of Obstetrics and Gynecology (ACOG) 

identified criteria that increase the likelihood that asphyxial injury was incurred during the 

birth process (Table 1) (3). Multiple other causes may lead to neonatal encephalopathy 

evident at birth, such as maternal/fetal infection, fetal anomalies, aneuploidy, or genetic 

syndromes, thus should be ruled out before diagnosing HIE (1). 

 

Table 1: ACOG definition of Hypoxic Ischemic Encephalopathy 

 
Neonatal Signs 
Consistent 
With an Acute 
Peripartum or 
Intrapartum 
Event 

Apgar Score of Less Than 5 at 5 Minutes and 10 Minutes 

Fetal Umbilical Artery Acidemia, pH <7 and/or base deficit >= 12 

Neuroimaging Evidence of Acute Brain Injury Seen on Brain MRI/MRS Consistent 
With Hypoxia–Ischemia 
Presence of Multisystem Organ Failure Consistent With Hypoxic–Ischemic 
Encephalopathy 

Type and 
Timing of 
Contributing 
Factors That 
Are Consistent 
With an Acute 
Peripartum or 
Intrapartum 
Event 

A Sentinel Hypoxic or Ischemic Event Occurring Immediately Before or During 
Labor and Delivery 

Fetal Heart Rate Monitor Patterns Consistent With an Acute Peripartum or 
Intrapartum Event 

Timing and Type of Brain Injury Patterns Based on Imaging Studies Consistent With 
an Etiology of an Acute Peripartum or Intrapartum Event 

No Evidence of Other Proximal or Distal Factors That Could Be Contributing Factors 

Developmental 
Outcome  

Spastic Quadriplegia or Dyskinetic Cerebral Palsy specific for intrapartum hypoxic 
injury 
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1.1.1 Epidemiology 

Epidemiological studies report a significant variability in the incidence of HIE due to 

differences in definitions, methodologies and whether population-based versus hospital-

based cohorts were included (4-8). The incidence of neonatal encephalopathy due to 

perinatal asphyxia is estimated to be 1.3-1.7 per 1000 live births (9). At least 30% of the 

cases of neonatal encephalopathy in resource-rich and 60% in resource-poor countries 

present with some evidence of intrapartum asphyxia. An overall mortality rate of 15–20% 

with 25% risk of severe disabilities resulting from hypoxic-ischemic insult in the 

perinatal period makes it one of the research priorities in the western world (10). 

Regarding morbidity, a meta-analysis from 184 countries estimated that in low and 

middle-income countries, 27% of survivors are affected with moderate-to-severe 

impairment and 21% of survivors with mild impairment, emphasizing the effects on 

individuals cognitive development, and economic productivity (11). Severe and lifelong 

sequelae of HIE are a medical concern with high socio-economic significance for the 

health-care system and the society. 

 

1.1.2 Risk Factors 

Identifying the risk factors for HIE is one of the keys to understand the causal pathways 

and promote the development of preventive strategies.  

Antepartum Factors: Badawi et al. reported that the most significant antepartum risk 

factors for neonatal encephalopathy are increasing maternal age, the absence of private 

health insurance, family history of recurrent non-febrile seizures, maternal thyroid 

disease and infertility treatment (13). In this study, severe preeclampsia, moderate or 

severe vaginal bleeding in pregnancy, and medical attendance for a presumed viral 

infection are all associated with an increased risk of neonatal encephalopathy. Of note, 

the population included in the study were neonates with a diagnosis of encephalopathy 

due to any cause including HIE. In comparison, studies which analyzed maternal 

antepartum characteristics of babies with HIE only showed a significant association with 

lower maternal age, primiparity, maternal obesity and exposure to smoking. Other factors 

reported to increase the risk of perinatal asphyxia are the history of infertility, antenatal 

trauma, antepartum hemorrhage, oligohydramnios, maternal pyrexia and gestational 
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hypertension (6, 12-14). Unfortunately, not all risk factors known to be associated with 

HIE are preventable or amenable to interventions. 

Intrapartum Factors: Emergent obstetric complications, which may cause maternal/fetal 

hemorrhage or loss of blood flow to the fetus such as, umbilical cord prolapse, placental 

abruption, and uterine rupture have strong association with infants who suffered from 

perinatal asphyxia (15, 16). They account for at least 12% of the cases of HIE (15). 

Intrapartum complications, such as shoulder dystocia and other prolonged deliveries have 

been associated with an increased risk of asphyxia (17). Because these catastrophic 

events are usually not predictable and may not be preventable, HIE continues to be a 

clinical challenge. 

 

1.1.3 Diagnosis 

Early diagnosis of HIE is crucial for the initiation of effective treatment. Continuous 

intrapartum fetal monitoring, biophysical profile testing by ultrasound, fetal pulse 

oximetry with fetal scalp electrodes, and ST segment analysis of the fetal 

electrocardiogram are some techniques used to predict fetal hypoxia risk for timely 

intervention. These investigations are essential for prevention of HIE. Postnatally, HIE is 

diagnosed based on the evaluation of classical clinical features, blood tests and 

supportive evidence of brain injury on electrophysiological recording of brain activity 

and neuroimaging. 

Clinical Parameters Among the various etiologies of neonatal encephalopathy, it can be 

quite challenging to identify HIE specifically from only clinical signs of encephalopathy. 

Another challenge is that clinical features are dynamic and evolve over days after birth 

(18). Several tools have been developed to categorize infants at birth based on the 

neurological examination objectively. 

Apgar Score: Since its description in 1950, the Apgar score has been used worldwide as a 

practical index that evaluates the condition of a neonate by scoring five physiological 

parameters: heart rate, respiration, muscle tone, behaviour and colour (19, 20). Even to 

date, it continues to be the most commonly used and validated method to assess the need 

for and response to resuscitation immediately after birth (21, 22). The scoring system was 

initially intended to objectively describe clinical condition at birth enabling comparison 
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between individual cases. The clinical utility of a low score was further demonstrated to 

be predictive of increased risk of neonatal mortality. The 5-minute Apgar score has a 

stronger association with mortality within two days than the 1-minute score (23, 24). 

Apgar score <= 3 at 5 minutes is an essential requirement to diagnose perinatal asphyxia 

according to American College of Obstetricians and Gynaecologists in collaboration 

definition of perinatal asphyxia (25). But the applicability of Apgar score as a criterion 

for the diagnosis of HIE has been questioned in several studies. A 5 minutes score in term 

infants correlates poorly with future neurologic outcomes. A score of 0-3 at 5 minutes 

only a slightly increases the risk of cerebral palsy compared with scores >3 (26). 

Moreover, out of all surviving infants with Apgar scores of 0–3 at 10 minutes, 80% had 

no major disability (CP, cognitive deficits, hearing loss, speech delay) at early school age 

(26). A significant limitation of the Apgar score is that it is affected by many factors in 

addition to hypoxia including drugs, trauma, congenital anomalies, infections, 

hypovolemia, and gestational age. Although the score alone has poor predictive value, 

Apgar score, when combined with other markers of asphyxia better, identifies infants at 

risk of developing seizures (27). Apgar scores thus serve as supportive but not diagnostic 

evidence of HIE. 

Standardized Scoring Systems applied within first 7days: The Sarnat classification of HIE 

(1976) has been widely used to grade the severity of encephalopathy based on clinical 

features and EEG findings (Table 2) (28). While the Sarnat staging allows longitudinal 

assessment, it is unreliable within first 24 hours after birth, as neonates may not fit neatly 

into the staging criteria. The concurrent use of medications for sedation and paralysis also 

makes this system difficult to use. 

 

Table 2: Modified Sarnat and Sarnat Classification of HIE 

 
 Mild/ Stage 1 Moderate/ Stage 2 Severe/ Stage 3 

Level of Consciousness  Hyperalert Lethargic/Obtunded Stupor/Coma 

Muscle Tone Normal Mild Hypotonia Flaccid 

Suck Reflex Weak Weak/ Absent Absent 

Moro Strong Weak Absent 

Seizures None Common Uncommon 
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Modified Thompson Score (1997): The Thompson Encephalopathy Scoring system, 

developed for prognostication in neonatal encephalopathy, is much simpler to apply and 

allows precise description by assigning a numeric score (29). Table 3 itemizes the clinical 

features included in this scoring system. A peak score of 15 or higher in the first seven 

days of life has a positive predictive value of 92% and a negative predictive value of 82% 

for an abnormal neurodevelopmental outcome at 18 months. This scoring system has 

excellent inter-rater reliability with a kappa coefficient of 0.8 (30). 

 

Table 3: Thompson Encephalopathy Score 

 

Score Sign 0 1 2 3 

Tone Normal Hyper Hypo Flaccid 

Alertness Normal Hyperalert, stare Lethargic Comatose 

Fits None <3/day >2/day  

Posture Normal Fisting, cycling Distal flexion Decerebrate 

Moro Normal Partial Absent  

Grasp Normal Poor Absent  

Suck Normal Poor Absent  

Respiration Normal Hyperventilation Apnea (brief) IPPV 

Fontanelle Normal Full, not tense Tense  

 

Standardized Scoring Systems applied within first 6 hours (Table 4): Two newer scoring 

systems have been developed recently for clinical trials to assess infants immediately 

after birth. One of them is the Neonatal Encephalopathy Scoring System developed by 

The National Institute of Child Health and Human Development (NICHD) to identify 

patients with moderate-severe encephalopathy within the first 6 hours of life (31). The 

other one is the HIE Score of the Iberoamerican Society of Neonatology (SIBEN) that 

was proposed in 2017 to assess infants based upon ten clinical aspects (32). SIBEN scale 

only relies on clinical criteria, which significantly facilitates clinical monitoring and 

potentially early diagnosis of HIE.  
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Table 4: SIBEN Neurological Score 

 

HIE Mild Moderate Severe 

Level of 

consciousness 

Hyperalert Lethargy Stupor 

Spontaneous activity Normal Decreased Not present 

Posture Mild distal flexion Marked distal flexion Decerebration 

Tonus Normal Hypotonia Flaccidity 

Suction Weak Weak or absent Absent 

Moro Reflex Strong Weak Absent 

Pupils Mydriasis Miosis Nonreactive 

Heart rate Tachycardia Bradycardia Variable 

Breathing  Spontaneous Periodic Apnea 

Convulsion Absent Infrequent Frequent 

 

Laboratory tests!!

Metabolic Acidosis: It is well known since 1958, that umbilical cord blood gas is an 

indicator of preceding fetal hypoxic stress and lactic acidosis (33). Reduced blood flow or 

oxygen delivery to the fetus leads to acidosis due to the accumulation of hydrogen ions 

from carbonic and lactic acids produced via aerobic and anaerobic metabolism, 

respectively. Acidosis is usually tolerated well by the fetus unless it becomes severe. The 

removal of CO2 or carbonic acid from the fetus depends almost entirely on the placenta 

while lactate in the human fetus is usually either metabolized or excreted through the 

placenta. Umbilical cord blood gas is thus one of the key indicators of fetal asphyxia. 

Goldaber et al. reported that neonatal death and seizures are associated with umbilical 

cord pH < 7; thus it is considered the cut off for pathological acidosis (34). This finding 

was further confirmed when in comparison with other indices, pH < 7 was found to be 

the best independent predictor of neonatal seizures (35). Goodwin et al. found that 12% 

of infants with cord pH < 7.0, 33% with cord pH < 6.9, 60% with cord pH < 6.8, and 

80% with cord pH < 6.7 were diagnosed with HIE (36). Another determinant of acid-base 

balance as a reflection of stress and potential brain injury, the base excess/deficit (BE, an 

indicator of the metabolic component of the acidosis), has been studied. A cord arterial 

BE greater than 12 mmol/L is associated with increased risk of moderate to severe 
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neonatal complications in term infants (37). The blood gas parameter, which best predicts 

neonatal outcome remains controversial. A large prospective study by Tuuli et al. found 

that elevated umbilical arterial lactate (>3.9 mmol/L) was more sensitive and specific for 

neonatal morbidity and adverse neurological sequelae than low pH or high base excess 

(38, 39). Not only the severity of acidosis at birth but also the time needed to recover is 

important factors in predicting morbidity. The likelihood of developing seizures during 

the first 24 hours after birth is higher among those infants in whom acidosis persists for 2 

hours beyond delivery (odds ratio, 13.0; CI 6-27)(40). Recent data suggest that while 

serum lactate levels in the first 30 minutes of life do not predict the severity of 

encephalopathy, the time to achieve normal lactate levels correlates significantly with 

EEG seizure burden (41). Thus, metabolic acidosis provides important information about 

exposure although it may not accurately predict the outcome. 

 

Evidence of Multiorgan Dysfunction Systemic abnormalities related to ischemia, often 

accompany the neurological abnormalities in HIE. Even after the advent of therapeutic 

hypothermia, multiple organ dysfunction in HIE continues to be prevalent and highly 

correlated with the severity of encephalopathy in the first three days of life (42). 

Approximately 20% of infants with apparent fetal asphyxia have no evidence of organ 

injury, while 16% of infants have only CNS involvement (11, 18, 43). Acute kidney 

injury and transient impairment of renal function is by far the most frequent organ 

involvement noted to have a strong correlation with mortality (44). Serum levels of urea, 

creatinine, sodium, and potassium are used to evaluate renal function (45). The 

prevalence rate of renal injury among the asphyxiated term infants varies between 40-

70% (46-49). Hepatic dysfunction associated with perinatal asphyxia has been 

documented in several studies but using various diagnostic criteria thus reporting 

prevalence rates that range from 23% to 84% of asphyxiated neonates (50-52). Liver 

injury is likely due to hypoperfusion resulting in the initial rise of Transaminases (AST 

and ALT) but typically improves by the end of 72 hours (50, 53, 54). Multiple other liver 

enzymes such as Alkaline Phosphatase (ALP), lactate dehydrogenase (LDH) along with 

the coagulation profile (PT, INR) is significantly elevated on the first day of life, but only 

LDH has been noted to be increasing along with progression in severity of 

encephalopathy (55). The rate of cardiovascular system involvement has ranged from 50-
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60% of infants exposed to asphyxia (50, 52, 56). Asphyxia may lead to global ischemia 

of the cardiac muscles, reflected by elevated serum cardiac enzymes such as Troponin 

and Creatinine Kinase-MB (CK-MB) (57). Serum Troponin T levels can accurately 

predict the development of HIE after perinatal asphyxia (58). High Troponin I level is a 

significant predictor of mortality with a sensitivity of 33% and specificity of 80%, 

whereas CK-MB does not show any significant predictive value (59). In spite of the 

variable severity of multiple organ dysfunctions, its presence along with acute neonatal 

encephalopathy is supportive of the diagnosis of perinatal hypoxic-ischemic insult. 

 

Hematological changes: Coagulopathy has been reported in infants with birth asphyxia, 

resulting from the cumulative effect of liver dysfunction and increased consumption (60, 

61). Infants exposed to perinatal asphyxia have lower plasma levels of factor XIII and 

higher levels of thrombin-antithrombin complexes, D-dimer, fibrinogen, fibrin 

degradation products (61). As a consequence, at least 50% of infants with HIE require 

fresh frozen plasma infusion after birth (62). Disseminated intravascular coagulation 

(DIC) affected almost 14% of the cases enrolled in the NICHD clinical trial for whole 

body hypothermia (63). In clinical practice, fresh frozen plasma is often transfused to 

either correct International Normalized Ratio (INR) values or as part of fluid resuscitation 

for blood pressure control.  

         Both acute and chronic hypoxia can lead to a compensatory increase in the 

production of oxygen-carrying red blood cells (RBC) mediated by erythropoietin (EPO) 

secretion. Mature RBC released from the bone marrow under physiological conditions 

lack the nucleus; thus circulating nucleated red blood cells (NRBC) indicates release of 

more immature cells in response to higher oxygen demand. NRBC higher than 14 per 100 

leucocytes in peripheral blood smear under high power field is believed to be a marker of 

fetal acidosis (64). Among term infants with cerebral palsy (CP), a significantly increased 

NRBC in the fetoplacental circulation suggests the presence of antenatal stress of 6 to 12 

hours before delivery (65). Another study indicated that the hypoxic process must have 

been initiated at least 28 hours before birth to have an elevated NRBC count at birth, 

given the time required for transcription and translation of EPO gene resulting in an 

elevation in plasma EPO concentration (66). The degree of elevation in mean NRBC 

counts is proportionate to the duration of fetal distress (64).  
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        Unlike red blood cells, hypoxia leads to decreased platelet production. Hypoxia 

directly injures the cells in the bone marrow surrounding megakaryocytes and reduces the 

release of platelet promoting factors (67). Reduced platelet count occurs in 30% of term 

and preterm newborns with umbilical cord pH < 6.9 (68). Rapidly declining platelet 

count after platelet transfusions in infants with birth asphyxia suggests the increased 

destruction of platelets contributing to thrombocytopenia (69). The platelet count reaches 

its nadir on day 3 and normalizes by 2-3 weeks (68). Among asphyxiated infants 

undergoing therapeutic hypothermia, the rate of thrombocytopenia is widely variable 

from 6% to 55% (48, 54, 63, 70, 71). Various hematological changes can be supportive 

evidence of HIE, but not specific to HIE at all. 

            

Electroencephalography (EEG): The EEG is a sensitive and useful test in the 

neurological evaluation of neonates after hypoxic-ischemic insults. Excessive 

discontinuity marked voltage suppression, and isoelectric EEG pattern is consistent with 

diffuse cortical and thalamic neuronal necrosis (18). Excessive sharp waves positive in 

the vertex and frontal regions, while negative in the occipital region are associated with 

periventricular leukomalacia (18). Focal periodic lateralized epileptiform discharges 

indicate focal cerebral injury (18). Before the introduction of therapeutic hypothermia, a 

severely abnormal EEG background within 6 hours of birth was predictive of poor 

outcome (72). Early EEG can predict the favourable outcome if normal within the first 

eight hours of life or if any abnormality reverses within 24 hours (73). But a persistent 

grossly abnormal background activity that continues beyond 12 hours of life indicates 

poor outcome (74). In the post-hypothermia era, severely abnormal background EEG 

activity at 36h and 48h after birth is predictive of severe injury on MRI and abnormal 

neurodevelopmental outcome (75). In severe HIE, EEG background evolves from voltage 

suppression to an excessively discontinuous pattern, interspersed with asynchronous 

bursts of sharp and slow waves (18). Gradually the discontinuous pattern may become 

more prominent, with severe voltage suppression and fewer bursts (burst-suppression) 

(73). Almost 48% of asphyxiated term infants with a burst-suppression pattern in the first 

hours of life will normalize within 24 hours (76). In the worst-case scenario, for severely 

affected infants, the excessively discontinuous EEG may then evolve into an isoelectric 

tracing. 
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Near Infrared Spectroscopy Near-infrared spectroscopy (NIRS) allows continuous 

bedside monitoring of cerebral hemodynamics and oxygenation by measuring changes in 

the concentration of oxygenated and deoxygenated hemoglobin. It enables continuous 

monitoring by serial measurements over time. Both mixed venous saturation and cerebral 

blood flow increases during the first three days in term newborns with HIE. Newborns 

with severe encephalopathy have lower cerebral blood flow compared to newborns with 

moderate encephalopathy (77). Toet et al. prospectively determined the value of regional 

cerebral oxygen saturation (rSo2), fractional cerebral tissue oxygen extraction (FTOE) 

measured by NIRS after birth asphyxia in relation to neurodevelopmental outcome. They 

concluded rSo2 increases and the FTOE decreases after 24 hours in infants with an 

adverse outcome compared to stable values in the normal outcome group (78). The role 

of NIRS in predicting outcome has been recently introduced for research and still far 

away from being applied to clinical practice. 

 

MRI Recently, neuroimaging has received a significant emphasis for diagnosis and 

prognostication of hypoxic-ischemic injury. It takes 3-4 days for abnormalities to be 

visible on T1W or T2W MRI. Imaging patterns have been classified traditionally in 4 

types based on a topographical involvement:  

(a) Basal ganglia–thalamus pattern (BGT) predominantly affecting bilateral central grey 

nuclei (ventrolateral thalami and posterior putamina) and perirolandic cortex with the 

potential involvement of the hippocampus and brainstem (Plate 1);  

(b) The watershed predominant pattern of injury (WS) is the injury to the vascular border 

zones, i.e. the brain areas supplied by the end arteries of the major cranial feeding vessels 

such as anterior, posterior and middle cerebral artery, affecting white matter and 

sometimes overlying cortex (Plate 2); 

 (c) Subcortical white matter and cortex involvement with sparing of the immediate 

periventricular white matter and central grey matter (Plate 3); and  

(d) A mixed injury pattern(79, 80).  

There may be overlap between the broadly defined categories in individual cases. In 

neonates with a global ischaemic insult, referred to as “acute near total asphyxia”, usually 

basal ganglia and thalami along with the intervening posterior limb of the internal capsule 

(PLIC) show abnormal signal intensity on T1W. These lesions may be accompanied by 
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injury to the cortex and subcortical WM, especially around the central sulcus in half the 

cases (81). On the contrary, a “prolonged partial asphyxia” is believed to injure vascular 

watershed zones of the brain thus white matter and overlying cortex seen as a loss of 

cortical ribbon and grey-white matter differentiation on MRI (80). 

 
Plate 1: Acute, near total asphyxia. MRI (a) T2 FLAIR sequence and (b) DWI demonstrating abnormal 

signal within the posterior limb of the internal capsule, areas of increased signal intensity within thalami 

and basal ganglia (Adapted from de Vries et al. Patterns of neonatal hypoxic-ischaemic brain injury. 

Neuroradiology. 2010; 52(6):555-66) (80)  

 
 

Diffusion-weighted imaging (DWI) provides good supportive evidence to T1W and T2W 

sequences and clinically useful for the early identification of ischaemic lesions. DWI is 

based on the molecular diffusion of water and shows abnormalities within the first 24 to 

48 hours after birth. As the brain injury evolves and recovery process starts the DWI 

changes can undergo “pseudo-normalization” within 7-8 days thus the optimal time to 

capture this kind of sequence imaging is between 3 and 5 days after delivery (82, 83). 

However, DWI lacks sensitivity and may lead to underestimation of the extent of lesions 

especially if done too early because of the regional variability in manifestation of brain 

injury (84, 85).  
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Plate 2: Watershed predominant pattern of injury showing the loss of cortical ribbon with increased signal 

intensity of corpus callosum (a) T2W and  (b) ADC showing watershed injury (Adapted from de Vries et 

al. Patterns of neonatal hypoxic-ischaemic brain injury. Neuroradiology. 2010;52(6):555-66)(80). 

 
 

MR spectroscopy has also proven to be helpful in the diagnosis of HIE. Proton MR 

spectroscopy can detect markers of cell injury like increased lactate and decreased N-

acetyl-aspartate in the injured regions of brain parenchyma (86). Although still only used 

in research, diffusion tensor imaging (DTI) has been used to quantify white matter injury 

in relation with neonatal brain and hypoxic injury, which is not possible by the previously 

listed methods (87). It is particularly beneficial in the early detection of HIE (88).  

 

Other Neuroimaging techniques: Cranial (head) ultrasound (HUS) is readily available at 

the bedside and can be helpful in ruling out antenatal injuries and malformations. 

However, HUS is usually normal within the first 6 hours after hypoxic insult except for 

some cerebral edema. Thus, it has low predictive value for future neurological outcome. 

Doppler velocimetry added to HUS can detect reduced resistive index indicative of 

increased cerebral blood flow. A resistive index of 0.55 or lower is usually predictive of 

unfavorable outcome (89).  
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Plate 3: MRI pattern, (a) T2W and (b) DWI showing increased signal intensity in the white matter with 

relative sparing of the basal ganglia and periventricular white matter. (Adapted from de Vries et al. Patterns 

of neonatal hypoxic-ischaemic brain injury. Neuroradiology. 2010;52(6):555-66) 

            
 

1.2 Pathophysiology of Injury 

Immediately after the period of hypoxic insult (HI) “primary” phase of the injury ensues 

characterized by depletion of high-energy metabolites, leading to cellular swelling, 

accumulation of excitatory amino acids due to the failure of reuptake mechanism and 

excessive neuronal depolarization (90). If ischemia is sufficiently prolonged period neurons 

may die, but many neurons initially recover from the initial insult into a “latent” phase. There 

is a transient recovery of cerebral oxidative metabolism, followed by “secondary” 

deterioration with cerebral energy failure from 6 to 15 hours after injury (Figure 1) (91, 92). 

Hypothermia effectively contains this secondary phase of brain injury (93). The timing of 

energy failure after HI is highly correlated with the severity of histologic brain damage, 

implying that it is primarily a function of evolving cell death (94, 95). There is also a 

“tertiary” phase of repair and reorganization characterized by new cell development and 

“rewiring” of surviving neuronal circuits (96). 
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Figure 1: Schematic representation of course of events after hypoxic-ischemic injury 

(97) 

 
 

1.2.1 Primary Energy Failure 

Constant generation of high energy phosphates (ATP) by oxidative metabolism is crucial for 

cell survival. In the absence of oxygen, oxidative metabolism ceases thus oxygen deficiency 

precludes cellular switch from oxidative phosphorylation to anaerobic metabolism which 

generates a limited number of ATP molecules. In the neurons, this leads to depletion of ATP, 

accumulation of lactate and a decrease in cellular pH. Efflux of Na+ is the most energy-

dependent process driven by Na+/K+ ATPase that maintains the ionic homeostasis of the 

neuronal cell essential for resting membrane potential and integrity. The energy depletion 

results in unbalanced Na+ influx leading to cellular swelling, ultimately cell injury which can 

cause depolarization and release of excitatory neurotransmitters. As a consequence of 

excessive release along with the failure of energy-dependent reuptake mechanism, excitatory 

neurotransmitter glutamate accumulates in the synaptic cleft. Glutamate receptors on the 

postsynaptic neurons are ion channels, which on binding to glutamate leads to a massive influx 

of Cl- and Na+  into the cells leading to cytotoxic edema (76). If the insult is severe and 

prolonged enough, this process culminates in cell death by necrosis (Figure 2). 
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Figure 2: Consequences of cellular ATP depletion following ischemia. (From 

Kumar V et al: Robbins and Cotran Pathologic Basis of Disease, Ed 9, 

Philadelphia, 2015, Saunders)  

 

1.2.2 Latent phase 

As noted above, neurons may not undergo necrosis during the primary phase of injury 

especially when the restoration of cerebral blood flow reestablishes glucose and oxygen 

delivery. However, the primary insult triggers a cascade of pathologic changes that lead 

to the secondary phase of energy failure over time. It differs from primary energy failure 

because the decline in high energy phosphates occurs without acidosis. The time between 

the end of the primary phase and beginning of secondary phase (latent phase), varies 

depending upon the severity of the hypoxic-ischemic insult. More severe insult shortens 

the subsequent latent period, worsens the secondary energy failure and results in more 

severe tissue damage (98). Currently, the exact timing of the onset and end of primary 

energy failure phase, the latent period, and the secondary energy failure phase remain 

unknown. Some instances like cord prolapse or uterine rupture may suggest the time 

primary energy failure began, but in most cases it is unknown. The latent period is 

considered the optimal time to start therapeutic interventions which may prevent the 

onset or decrease the severity of secondary failure (99, 100). Preclinical studies have 
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characterized the time of initiation of therapeutic hypothermia that is most effective in 

neonates after a hypoxic- insult. In late-gestation fetal sheep, 30 minutes of brain 

ischemia was followed by 72 hours of hypothermia, initiated at 1.5 hours, 5.5 hours or 

8.5 hours following an insult and the extent of neuronal injury assessed at five days. 

(101) Neuroprotective effects of hypothermia were not noted when hypothermia was 

initiated at 8.5 hours after injury. Thus, for clinical application therapeutic window was 

ascribed approximately to 6 hours. But deciding a fixed therapeutic window in every 

scenario may not be straightforward. The interval between recovery of high energy 

phosphates following hypoxia-ischemia and the start of secondary energy failure in 

newborn piglets was around 17.5 hours (98). On the contrary, it is also reported in rodent 

models of ischemia, that initiation of hypothermia more than 6 hours following injury is 

more effective than earlier start times (102). Until stronger evidence is available in 

support of the time and duration of the therapeutic window, 6 hours is taken to be the 

ideal time window after birth to initiate neuroprotective therapy. 

 

1.2.3 Secondary energy failure 
HIE is not a single event but an evolution of a delayed cascade of molecular events that 

ultimately lead to programmed cell death. While necrosis predominates in the areas of 

severe injury,  areas with mild ischemic injury often undergo apoptosis in the days 

following initial insult. The newborn brain responds to various insults with activation of 

apoptotic cascades due to the importance of programmed cell death in the normal 

development of the central nervous system (103). Activation of the pro-apoptotic protein, 

caspase-3 is noted in the neonatal rodent model of cerebral hypoxia-ischemia, which is 

prolonged and moderate to high levels of activated caspase-3 persist for at least 7 d after 

the injury (104). The initial insult triggers the onset of multiple downstream effects which 

together culminates in delayed cell death (Figure 3). 
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Figure 3: Prinicipal biochemical mechanisms and site of damage. (From Kumar V 

et al: Robbins and Cotran Pathologic Basis of Disease, Ed 9, Philadelphia, 2015, 

Saunders) 

 
 

Oxidative Stress: The fetus under physiologic conditions is exposed to a low oxygen 

environment with a mean arterial oxygen saturation of 40-45%. Exposure to higher 

oxygen concentration after birth can lead to severe oxidative stress. The mitochondrial 

electron transport systems have the crucial role in the synthesis of oxygen free radicals. 

The primary sources of free radicals include metabolic pathways that involve 

lipooxygenases, arachidonic acid, xanthine oxidase, auto-oxidation of catecholamines 

and amino acid neurotransmitters. The antioxidant enzymes like superoxide dismutases, 

catalases, and glutathione peroxidases neutralize the production of free radicals. 

Excessive production of free radicals causes activation of apoptotic pathways, breaks 

down proteins and disrupts cell membrane integrity. They can also induce the expression 

of pro-inflammatory mediators that further propagate neuroinflammation by attracting 

inflammatory cells from the circulation (105). Neonatal brain is particularly susceptible 

to free radical injury because of low concentrations of antioxidants (106). Deficiency of 

antioxidants can results in free radical excess because the generation continues runs 

unchecked in a vicious circle. A widely distributed enzyme nitric oxide synthase is 

activated during reperfusion producing a large amount of weak free radical nitric oxide 

(NO), which in turn combines with superoxides to generate potent radicals like 

peroxynitrite that stimulates lipid peroxidation (107). The developing brain is prone to 

lipid peroxidation-mediated injury because of the abundance of membrane lipids (108). 

In addition, the protein bound iron is also released in response to hypoxic insult yielding 

free iron (Fe2+) available to react with peroxides and form free radicals. To summarize 
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due to multiple factors, neonatal brain is susceptible to free radical induced cell death 

especially after a hypoxic insult. 

Excitotoxicity: The pathophysiology that is specific to the brain after hypoxia-ischemia is 

excitotoxicity. It is defined as a neuronal injury caused by high levels of extracellular 

neurotransmitters that over stimulate excitatory post-synaptic receptors. Glutamate is a 

ubiquitous excitatory neurotransmitter with a well-known system of production, release, 

uptake and recycles to maintain physiological homeostasis. In the resting state, glutamate 

is contained within the pre-synaptic nerve terminal until stimulated by neuronal 

depolarization to release. The quant of glutamate that is released into the synaptic cleft 

either binds to receptors or is quickly taken up by glutamate transporters in astroglia that 

surrounds synapses and nerve terminals. Consequently, a significant fraction of brain 

glutamate concentration is stored in synaptic vesicles and the concentration of 

extracellular glutamate is only 1µM (109). Glutamate is converted to glutamine within 

the astrocytes before being transported back into the nerve terminal. The glutamate 

reuptake transporter is dependent on a transmembrane sodium gradient, and after 

ischemia glutamate removal from the synapse is impaired due to lack of ATP. Decreased 

cellular energy store builds up intracellular Na+ that results in increased release of 

glutamate thus resulting in excessive stimulation of glutamate receptors and cell death. 

The three major groups of glutamate receptors in the postsynaptic membrane are; (1) N-

methyl-D-aspartate (NMDA), (2) "-amino-3-hydroxy-5-methylisoazole-4-propionic acid 

(AMPA), and (3) the kainic acid (KA) receptors. All types of glutamate receptors when 

overstimulated can lead to neuronal death by inducing rapid of Ca2+ influx (109). 

Sustained elevations of intracellular Ca2+ activates catabolic enzymes, such as proteases, 

phospholipases, and endonucleases which lead to alterations of ion channels, free radical 

formation, DNA breakdown and disruption of cytoskeleton thus affecting cellular 

integrity (110). Both reactive oxygen species and high intracellular Ca2+ can result in 

mitochondrial failure and disruption of electron transport chain releasing proteins that act 

as pro-apoptotic factors. 

Mitochondrial dysfunction: Paradoxically, mitochondria are both the primary source of 

reactive oxygen species (ROS) and the target of ROS attack. Besides, as previously 

discussed immature brain is particularly susceptible to uncontrolled ROS production and 

ROS-induced cell death. The oxidative stress can disrupt mitochondrial permeability and 
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uncoupling of oxidative phosphorylation causing mitochondrial swelling. Injury to the 

outer membrane allows the release of mitochondrial intermembrane proteins that activate 

the apoptotic pathway. Mitochondria are also important intracellular Ca2+ buffers to 

maintain homeostasis; thus mitochondrial dysfunction leads to the influx of intracellular 

Ca2+ (111). Such mitochondrial dysfunction is an essential step towards apoptosis, which 

is genetically programmed mechanism of delayed neuronal cell death after hypoxia-

ischemia. Apoptosis is mediated by a family of Ca2+dependent cysteine proteases called 

Calpains, that decompose Ca2+ATPase, protein kinase C, spectrin and nuclear factor 

kappa B, resulting in cellular remodeling, membrane destruction and neuron degeneration 

(112-114).  

      Technological advances in microscopy enabled the visualization of mitochondria as 

dynamic organelles that continually divide (fission) and fuse (fusion), even under the 

resting condition of cells (115).!The discovery of human diseases caused by mutations in 

fission-fusion proteins and connections with apoptosis and mitophagy appreciates the 

biological relevance of frequent mitochondrial fission and fusion events for cell survival 

(116). The effect of hypoxia on mitochondrial fusion-fission dynamics in the immature 

brain has been studied experimentally in vitro. Primary neurons from a rodent model of 

neonatal HI brain injury were exposed to the oxygen-glucose deprivation that showed 

rapid induction of mitochondrial fission into short fusion incompetent forms at 24 hours 

after injury (117, 118). Interestingly, Demarest et al. evaluating brain mitochondrial size 

after HI in immature rats, found sex-specific differences in the degree of mitochondrial 

fragmentation being more marked in males than females (119). Thus, mitochondrial 

dysfunction plays a central role in the hypoxia-induced delayed bioenergetic failure. 

 

Activation of Apoptotic mechanism: Apoptosis is defined as a controlled process of 

programmed cell death leading to cell blebbing, shrinkage, nuclear fragmentation, 

chromatin condensation, proteolysis, and DNA breakdown (120). The apoptotic pathway 

can be initiated after hypoxic insult via both extrinsic and intrinsic stimulus. As described 

before, the oxidative stress-mediated mitochondrial injury is the prime signal for an 

intracellular apoptotic pathway. In the developing brain, the proapoptotic Bcl-2 

associated X protein (Bax) plays a vital role in mitochondrial permeability (121). 

Mitochondrial membrane damage releases pro-apoptotic factors such as cytochrome c, 
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apoptosis-inducing factor, and caspase-9 into the cytoplasm (Figure 4)(122). These lead 

to activation of caspase-9 between 3 and 24 hours after the insult and subsequent 

conversion of procaspase-3 to active caspase-3 between 6-48 hours after injury (123). 

Activated caspase 3 ultimately leads to nuclear fragmentation and cellular death.  

           Signals leading to apoptosis can also originate extracellularly from the absence of 

trophic factors or the presence of inflammatory mediators (TNF-") that bind to Fas-

receptors or NF-$B receptors (124). Such interaction leads to caspase-8 activation and the 

cleavage of Bcl-2 family protein Bid that eventually induces both apoptosis and cell 

survival triggering intrinsic signals. Evidence also suggests the presence of a caspase-

independent apoptotic pathway mediated by Poly(ADP-ribose) polymerase (PARP-1), a 

nuclear enzyme that transfers ADP ribose groups from NAD+ to nuclear proteins and 

facilitates DNA repair. PARP activation consumes NAD+ needed for mitochondrial 

energy production, triggering translocation of AIF from mitochondria into the nucleus, a 

caspase-independent mechanism of cell death (125). Developing brain is more 

susceptible to undergo caspase-independent apoptosis because the movement of AIF into 

the nucleus is higher in the immature brain than in the adult (126).  

         Traditionally, necrosis has been associated with primary energy failure while 

apoptosis with secondary energy failure. But newer studies have challenged the clear 

demarcation between necrosis and apoptosis. In this connection, another cell death 

mechanism named necroptosis has been identified. Necroptosis is a highly regulated cell 

death process that resembles necrosis morphologically. It is activated when ATP 

deficiency inhibits the caspase-dependent apoptotic pathways.  Hypoxic insult in 

developing brain can lead to coactivation of apoptotic and necrotic cell deaths pathways 

(127, 128). This hybrid form of cell death is under the control of the adaptor proteins 

receptor-interacting protein (RIP)1 and RIP3 kinase and is initiated by cytokine-mediated 

death receptor activation (129).!Necrostatin, a specific inhibitor of RIP1, was found to be 

a potent neuroprotective drug in animal models of neonatal HI brain injury by blocking 

necrotic cell death, previously believed to be unregulated (130). Necrostatin also 

decreased the accumulation of oxidants, prevented mitochondrial dysfunction and 

improved ATP levels 24 hours and 96 hours after HI (131). Necroptosis in the immature 

brain is also a mitochondria-dependent pathway. Irrespective of the pathological process 

leading to cell death, mitochondria is further established to be at the center stage. 
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Figure 4: Intrinsic apoptotic pathway. (From Kumar V et al: Robbins and Cotran 

Pathologic Basis of Disease, Ed 9, Philadelphia, 2015, Saunders)  

 

 
 

 

1.2.4 Neuroinflammation in HIE 

Traditionally, the brain was considered an immune-privileged organ, but modern neuroscience 

has challenged this belief to expand our understanding of the immune processes that occur 

after acute insult. Similar to other organs, inflammatory cells play a vital role in remodeling 

and repair after brain injury. The neuroinflammatory response in HIE is characterized by 

microglial activation, migration of peripheral macrophages, monocytes, and neutrophils and 

the release of inflammatory mediators (132). 

Microglia: Microglia are the residing immune cells of the brain, which continuously 

survey the microenvironment and assume diverse phenotypes in response to ischemic 

injury. They constitute 10–15% of the total glia and densely populated in grey matter 

compared to white matter. Following an insult, activated microglia develop macrophage-

like abilities including phagocytosis, the production of cytokines, antigen presentation 
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and the release of matrix metalloproteinases, which lead to the blood-brain barrier (BBB) 

breakdown (132). Compared to adults, microglial activation in neonates is much more 

rapid and continues for weeks (133, 134). Microglial activation after HI brain injury in a 

rat model of developing brain was seen as early as 2 hours after HI injury (135). Further 

studies also showed that microglia exhibited a time-dependent, differential upregulation 

of specific immune mediators from day 1 to day 28 post-injury (136). Microglial 

activation is particularly detrimental to developing brain because it contributes to 

cytokine-mediated oligodendrocyte injury and disturbs myelination (137). Microglia like 

neurons are susceptible to cell death due to severe hypoxia and glucose deprivation, but 

mild-moderate ischemic conditions in the ischemic penumbra allow microglial survival 

and profound changes in their genomic profile (138). There is growing evidence that 

microglia even during physiological postnatal brain development has the ability to 

change phenotypes in a context-dependent manner (139). Although for a long time 

activated microglia following acute insult was believed to have a detrimental role in the 

evolution of neuronal injury, evidence has started coming up in support of a protective 

role of microglia.  In the context of neonatal ischemic brain injury, a function of 

microglial cells in protection from intraparenchymal hemorrhages and disruption of 

blood-brain barrier has been described (140). Microglial inhibition with minocycline 

potentially attenuated cerebral atrophy and memory impairment in mice after HI but the 

effect depended upon the age at which the injury was induced (141). The release of anti-

inflammatory cytokines like IL-10, previously seen in experimental meningitis model 

mediates some of these effects. However, the production of IL-10 comes after expression 

of other pro-inflammatory cytokines such as IL-6 (142). Although controversial, this 

apparent contraindication has been explained by dichotomous differentiation of microglia 

into M1/M2 phenotypes, where M2 is neuroprotective (143, 144). M1 cells, on the other 

hand, produce damaging cytokines such as IL-6, IL-12, and TNF" (144). However, 

recently researchers have demonstrated that molecules produced by microglia do not 

often fall into clear categories of M1/M2 classification and features of both phenotypes 

can be expressed simultaneously (145). Furthermore, M2 phenotypes cannot be ascribed 

exclusively to a neuroprotective function in certain pathological conditions like 

Alzheimer's disease and amyotrophic lateral sclerosis (146, 147). M2 cells may enhance 

disease progression in age-related macular degeneration or glioblastoma multiforme due 
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to pro-angiogenic effects (148). Thus the current understanding of the real role of 

microglia is an ongoing debate, especially its contribution to the evolution of perinatal 

brain injury needs further exploration. 

 

Astrocyte: Astrocyte activation following ischemia results in the release of pro-

inflammatory cytokines, including IL-6, TNF-", IL-1", and % and IFN! exacerbating 

apoptotic neuronal death and inhibiting neurogenesis (149, 150). Reactive astrocytes also 

secrete chemokines, which results in the attraction of immune cells to the ischemic site 

(151). Experimental studies in animal fetuses concluded that astrocytes are resistant to 

damage during the neonatal period and easily proliferate in areas adjacent to the region of 

necrosis (152). 

 

Peripheral Inflammatory cells: In contrast to the exacerbated neutrophil and 

lymphocytic infiltration observed in adults, neonates have a diminished ability to mount 

such response to ischemia (153). Neonatal neutrophils have reduced the ability to 

extravasate from blood vessels; thus neutrophils do not accumulate in ischemic brain 

parenchyma in neonatal rodents to the extent that they do in adults. This theory has been 

supported by studies, which showed that neutrophils did not migrate into the brains of P7 

rats following HI injury within 42 hours (154). However, such an influx of neutrophils 

into the injured hippocampus and white matter can take up to seven days in preterm 

sheep following a global HI insult (155). This neutrophilic infiltration is a critical 

histopathological finding in cerebral ischemia primarily localized in the perivascular zone 

(156). Such influx of neutrophils may further aggravate neuroinflammation that was 

initiated by immediate cell death and microglial activation. 

 

Inflammatory Mediators: Cytokines are known for their pleiotropism and redundancy. 

Whether the overall effect of a cytokine storm is pro- or anti-inflammatory in the context 

of ischemic insults remains controversial. IL-1% and TNF-" are among the early response 

cytokines, which are expressed concurrently and has potent pro-inflammatory actions. 

Chemokines are classified based on the positions of key cysteine residues act through 

specific and shared receptors. They play a pivotal role in controlling inflammatory cell 
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trafficking. The significance of these molecules in the pathophysiology of HIE has been 

dealt in details in the next chapter. 

 

1.2.5 Tertiary phase  
Beyond the commonly outlined phases of acute and secondary cellular responses, there is 

growing evidence that active pathological processes occur for weeks, months and years after 

hypoxic-ischemic insult that worsens outcome, predisposes to further injury, and prevents 

repair or regeneration of the brain called tertiary phase. This phase of injury currently needs 

further studies in developing brain models. Three mechanisms may be involved in tertiary 

brain injury (157). Firstly, aberrant microglial activation can continue long after inflammation 

or injury altering synaptic pruning, neurogenesis, pathway excitability, and memory. Secondly, 

astrogliosis and glial scar can persist for many years after the injury. The products of activated 

astrocytes and expression of adhesion molecules also remain raised for months after injury 

inhibiting axonal regrowth and remyelination. Lastly, epigenetic modifications including 

enzymatic regulation of transcription (acetylation, methylation, ubiquitination, 

phosphorylation, and sumoylation) on histones/DNA/microRNA that in turn regulates 

translation (157, 158). The morphologic and functional changes in the microglia that follow an 

acute ischemic insult to the immature brain are still not very well studied. 

 

1.3 Management 

       Despite the complex pathophysiology of HIE, the multiple steps involved in the process 

leading to cellular death provides multiple opportunities for therapeutic intervention. 

Management of HIE includes supportive management for multiorgan dysfunction, seizure 

control, neuroprotective and neurorestorative strategies. 

 

 

1.3.1 Therapeutic Hypothermia 

Therapeutic hypothermia is currently the standard of care for neonates with HIE; the treatment 

uses mild hypothermia in the range of 33°C to 34°C. It is the only neuroprotective treatment 

which has been clinically tested in large randomized controlled trials to minimize brain injury in 

asphyxiated term neonates and found to be safe and efficacious (159-164). The safety of 
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hypothermia for late preterm neonates is yet uncertain. Term infants with a lower birth weight 

are at risk of overcooling to <32.0°C while undergoing whole body cooling using a servo-

controlled system (165). 

Timing and Depth of Cooling: Mild Hypothermia started within 6 hours of birth and 

continued for 72 hours is most effective (48, 63, 70, 71, 166-168). The time to initiate 

hypothermia correlates well with outcomes. Neonates undergoing cooling therapy within 

3 hours of birth have better outcomes in comparison to those who undergo the therapy 3-

6 hours after birth (169). Therapeutic hypothermia initiated between 6 to 24 hours after 

birth compared with normothermia may have some benefit in the reduction of 

death/disability, but effectiveness is uncertain (170). Among term neonates with 

moderate or severe HIE, cooling for >72 hours, to lower than 33.5°C, or both do not have 

any additional benefit (171).  

Efficacy: Systematic reviews and meta-analysis of hypothermia trials demonstrated that 

cooling reduces the risk for death or severe neurodevelopmental disabilities at 18 months 

of age in neonates with moderate to severe HIE with a number needed to treat of nine 

(172-175). Two large multicenter hypothermia trials published their follow-up data at 

school age (176, 177). The CoolCap Trial Group demonstrated the strong association 

between disability at 18 months and the functional outcomes at 7-8 years of age in HIE 

infants (176). NICHD Neonatal Research Network group reported a significant reduction 

in death and severe disability at 6 to 7 years of age (178). Interestingly, a follow-up study 

of the enrolled patients in TOBY trial surviving at 6–7&years showed a slightly favourable 

health-related quality of life in patients who are randomized to moderate hypothermia 

arm compared to controls although not statistically significant (179). 

Adverse Effects: The only consistent adverse effects of hypothermia are physiological 

sinus bradycardia, increased thrombocytopenia, and a marginal increase in ionotropic 

support. During mild therapeutic hypothermia, average heart rate decreases by 40-50 bpm 

at 320C, but this also improves left ventricular filling, exerting an overall ionotropic 

effect (180). Arrhythmia is not an issue during clinical application in neonates because of 

the risk of arrhythmias increases at temperatures less than 320C (181, 182). Hypothermia 

decreases spontaneous repolarization of cardiac myocytes thus prolongs the duration of 

the action potential and impulse conduction reflected by prolonged PR, QRS, and QT 

intervals (181). Additionally, an increase in mean arterial pressure and cardiac output is 
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noted despite bradycardia due to an increase in systemic vascular resistance from 

peripheral vasoconstriction (183). 

      Due to the inhibition of inflammatory response by hypothermia, there is a potential 

risk of an increase in infection rate, like pneumonia, wound infection and catheter-related 

infections. But most clinical studies using hypothermia of short duration reported either 

no or only a small difference in the rates of infection. Traumatic brain injury patients 

treated with prolonged hypothermia compared to controls reported no difference in the 

rates of infections (184, 185).  

              Another major concern with this therapeutic modality is its effect on platelets at 

temperatures less than 350C and coagulation profile at a temperature less than 330C 

(186). Eicher et al. showed an increase in intraventricular hemorrhage in deep 

hypothermia (30-330C), but this finding was not confirmed in two other larger 

randomized trials (187). Temperature is an essential determinant of the rate of 

biochemical reactions; therefore an induced reduction in core body temperature affects 

most biological processes in the body. Initiation of therapeutic hypothermia thus warrants 

careful evaluation of risks versus benefits. 

Mechanism: Even before the clinical trials, the neuroprotective effect of hypothermia 

was proven in a large number of preclinical studies with multiple animal models (188, 

189). One of the proposed underlying mechanism is the inhibition of apoptotic signaling 

events that initiates the cell death cascade (189). Hypothermia may also attenuate 

inflammation triggered by ischemia by suppressing pro-inflammatory cytokine 

expression. Cooling significantly reduces local IL-18 expression in ipsilateral hemisphere 

after left carotid artery occlusion in immature rats as well as suppresses microglial 

activation (190). Similar studies in P-7 rats, hypothermia after insult, caused considerable 

reduction of astrocytosis, TNF-", and IL-6 along with the lower volume of infarct (191). 

However, the effect of hypothermia is more complex because it also inhibits anti-

inflammatory cytokines like IL-10 and TGF% (192). Another major pathway of 

neuroprotection is by reduction of cerebral metabolism and preservation of cellular 

energy stores (193-196). An estimated decrease of 6-7% in cerebral metabolic rate per 

10C drop in core body temperature results in decreased oxygen demand and lactic 

acidosis in the acute phase of the injury (181, 196, 197). Decreased cerebral oxygen 

consumption thereby results in decreased cerebral blood flow, preventing reperfusion 
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injury (196). In the setting of ischemia, hypothermia is proven to reduce the release of 

excitatory amino acids (198). It suppresses glutamate-induced NO synthesis as well as 

NMDA receptor phosphorylation (181, 199). Hypothermia thus attenuates increased 

vascular permeability due to  neuronal NO synthase activation and NO release (181, 199, 

200). Mild hypothermia diminishes oxidative DNA damage in the brain after focal 

ischemia and reperfusion in rats (199). Moreover, hypothermia suppresses 

metalloproteinases that degrade extracellular matrix while augmenting the expression of 

metalloproteinase inhibitors (200). Thus therapeutic hypothermia acts via several 

mechanisms that have a protective effect against secondary brain injury following 

ischemia. 

 

1.3.2 Other Neuroprotective Strategies 
Ongoing research is looking for adjuvant therapies that may act synergistically with therapeutic 

hypothermia. Potential agents include xenon, erythropoietin, melatonin, and stem cell therapy. 

Novel molecules being studied in preclinical experimental studies are summarized in Table 4. 

Xenon: Xenon, a noble gas, is an NMDA receptor antagonist used as an inhalational 

anesthetic. Xenon may affect other ion channels and reduce neurotransmitter release in 

general. It readily crosses the blood-brain barrier, has a rapid effect and has myocardial 

protective properties (201). In neonatal rodents, xenon alone had limited benefit but when 

given in combination with hypothermia has a synergistic neuroprotective effect for up to 

30 days (202). A phase 1 trial, using xenon as an adjuvant to hypothermia, demonstrated 

its feasibility in clinical practice with no adverse cardiovascular or respiratory effects 

(203). Recently, in an open-label RCT, administration of 30% xenon for 24 hrs with 

hypothermia was found to be safe, but without any additional neuroprotective effect 

(204). 

Erythropoietin: Erythropoietin (EPO) is an endogenous glycoprotein, upregulated locally 

in CNS after injury but commonly used to stimulate erythropoiesis in anemia of 

prematurity. This anti-inflammatory agent provides neuroprotection by binding to its 

receptors on astrocytes and microglial cells and reducing apoptosis (205). EPO also 

rescues neurons from NO-induced death and protects them from excitotoxicity (206). It 

serves as a neurotrophic factor involved in neurogenesis, differentiation, and repair after 
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injury (207). EPO has been studied in neonates both in isolation and in combination with 

hypothermia. Neonates diagnosed with moderate-severe HIE who received erythropoietin 

monotherapy without hypothermia within 48 hours of birth every alternate day for 1-2 

weeks had reduced rates of death or disability at 18 months (208, 209). Recently, a 

pharmacokinetic study combined EPO with hypothermia and demonstrated that 

participants tolerated doses up to 1000 U/kg, which produced plasma concentrations 

similar to those in animal models of HI injury that are neuroprotective (210). Among 22 

infants who were treated with EPO and hypothermia (no comparison group), only one 

infant had a moderate-severe disability at the age of 2 years without any mortality (211). 

There are also studies which found that low dose of EPO given in the early stages of HIE 

can affect the short-term outcome and serum tau protein levels but not the long-term 

neurodevelopmental outcome (212). The dosage schedule and duration of EPO therapy 

that provides efficient neuroprotection is yet unknown. A single dose of EPO compared 

to hypothermia in a resource-poor setting offers better neuroprotection than hypothermia 

group (213). Like all therapeutic intervention, EPO therapy has its fair share of adverse 

effects like polycythemia, thrombosis, hemangioma but it has been safely used in preterm 

neonates for other indications. 

Melatonin: Melatonin is synthesized by the pineal gland to regulate circadian sleep-wake 

cycling. Melatonin is an effective scavenger for reactive oxygen species decreases pro-

inflammatory cytokine levels and stimulates antioxidant enzymes (191, 192). It is a 

dietary supplement used in the treatment of insomnia, jet lag, epilepsy, and ageing. 

Neurons and glia can accumulate melatonin periodically, to a level exceeding 50 times its 

plasma concentration (193). In asphyxiated newborns, 10mg melatonin given orally for 

eight doses decreased lipid peroxidation, NO production while increasing the efficiency 

of mitochondrial electron transport (194). Melatonin in combination with cooling 

improved neuroprotection in animal models with moderate and severe HIE (195, 196). 

Stem cell therapy:  Stem cell transplant may increase levels of brain trophic factors and 

anti-apoptotic factors, decrease inflammation, preserve endogenous tissue, and support 

the replacement of damaged cells (197). A recent pilot study showed better outcomes 

with the combination of hypothermia plus autologous umbilical cord blood vs. 

hypothermia alone (198). Validation of the efficacy of stem cell therapy will require a 

bigger sample size and protocols that standardize the source of cells, doses, and method 
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of delivery. Currently, the use of stem cells for neonatal HI brain injury is still in its 

experimental phase; there needs to be a sufficient amount of data demonstrating the 

safety and efficacy before transplantation therapy can be used in the clinical scenario. 

 

Table 5: Potential neuroprotective drugs in experimental stage(214-216) 

 

Osteopontin Multifunctional glycoprotein that regulates cerebral cell proliferation, cell survival, 
and oligodendrocyte differentiation after injury 

Interferon beta Reduce TNF-" levels, proliferation and activation of T-cell lymphocytes, and pro-
inflammatory cytokines  

Edaravone Inhibits apoptosis, lipid peroxidation; ROS scavenger that inhibits both lipid and 
DNA peroxidation 

Cannabinoids Modulates the intensity and extension of neurotoxic processes  regulates 
inflammatory response and promotes cell survival 

Allopurinol Xanthine oxidase inhibitor, direct scavenger of hydroxyl radical, results from 
ongoing clinical trials awaited 

Topiramate Anticonvulsant, AMPA and Kainate receptors inhibition; Blockade of Na+ channels, 
high voltage-activated Ca+ currents, mitochondrial permeability transition pore. 
Multicentre RCT showed TPM in newborns with HIE is safe but does not reduce the 
combined frequency of mortality and severe neurological disability 

 

1.3.3 Supportive Care 

The goal of systemic support is to maintain optimum cerebral blood flow, which ensures 

adequate delivery of the metabolic substrates oxygen and glucose to the brain.  

Respiratory System Reduction in arterial partial pressure of carbon dioxide (PaCO2) 

leads to cerebral vasoconstriction, and therefore serum CO2 levels demand close 

monitoring during therapeutic hypothermia, to prevent cerebral ischemia.  Infants 

undergoing hypothermia have lower metabolic rate thus less overall CO2 production. 

Due to compensatory tachypnea associated with metabolic acidosis, neonates are further 

prone to hypocapnia. Moreover, sudden fluctuation of the PaCO2 is not uncommon. 

Sedatives often used to help neonates tolerate cooling as well as anticonvulsants needed 

to control seizures increase the risk of respiratory suppression and subsequent 

hypercapnia. Additionally, pulmonary insufficiency resulting from meconium aspiration 

and persistent pulmonary hypertension is also seen as a consequence of perinatal 

asphyxia. Thus, neonates after HI insult often require ventilatory support to maintain the 

optimum PaCO2. Hypocapnia is harmful in patients with HIE because it decreases 

cerebral perfusion and oxygen release from hemoglobin. Hypocapnia during cooling has 
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been associated with death and poor neurodevelopmental outcomes (217). Hyperoxia can 

also be detrimental by exaggerating oxidative stress (218). The appropriate method of 

blood gas analysis in hypothermic patients has also been a controversial question because 

automated blood gas analyzers may overestimate PaCO2 and underestimate pH if 

temperature correction for the blood samples actual temperature is not done (219).  

Optimum systemic blood pressure is critical for maintaining good cerebral perfusion and 

preventing secondary brain injury. The ideal mean arterial blood pressure for term infants 

with HIE is not known. Mean arterial blood pressure maintained within the narrow range 

of 40 to 60 mmHg is generally acceptable in HIE. Neonates have limited capability to 

increase stroke volume, so they respond to the need of increased cardiac output by 

increasing heart rate. Hypothermia itself causes bradycardia and prolongation of Qt 

interval, thus predisposing to hypotension. In neonates with HIE, hypotension may also 

result from hypovolemia (fluid loss or third spacing) or cardiac dysfunction or a 

combination of both. The optimum ionotropic support in each case would be different. 

Certain bedside tools have been essential for management of hypotension. For example, a 

neonatal targeted echocardiogram is a valuable investigation that helps to make these 

therapeutic decisions. Due to the uncertainty of safe blood pressure limits, NIRS is 

emerging as an investigation to assess organ perfusion and adjust ionotropic management 

accordingly.  

Fluids, Electrolytes, and Nutrition: The affected infants are particularly susceptible to 

cerebral edema and syndrome of inappropriate antidiuretic hormone secretion, thus 

needing strict fluid management during the first 72 hours of life. A renal ischemic injury 

may add on to the risk of fluid retention. Ischemic insult affects explicitly neonatal 

glucose metabolism. Under physiological conditions, the brain relies entirely on glucose 

to provide the substrate for metabolism. After hypoxic insult, anaerobic glycolysis 

depletes hepatic glycogen stores, and hepatic gluconeogenesis is insufficient to meet 

cerebral metabolic demands. Neuronal hypoglycemia is often associated with perinatal 

brain injury and may result in secondary injury if not promptly treated (220). Therefore, 

strict glucose monitoring is inevitable to maintain homeostasis.  

Seizure Control: There is no consensus regarding the best medication for treating 

seizures in patients with HIE. Phenobarbital is the first-line drug used, but only 27% of 

seizures are controlled with phenobarbitone. Recently, topiramate has emerged as a 
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potential neonatal anti-seizure medication with neuroprotective action, but its efficacy in 

neonates is unknown. Levetiracetam is also a promising anti-seizure medication that 

decreases excitotoxicity and does not induce neuronal apoptosis, but the efficacy of this 

drug needs to be evaluated in large clinical trials. 

!

1.4 Neurodevelopmental Outcome!

Long term outcome of HIE is highly correlated with the severity of the neonatal encephalopathy 

(221). The neurodevelopmental outcome after perinatal hypoxic injury includes a broad range of 

conditions including both motor and cognitive deficits. 

 

1.4.1 Motor Deficits 

For years the primary research focus was on the early neurodevelopmental outcome at 18–24 

months, looking mainly at the development of cerebral palsy (CP) or severe disability. A 

population-based case control study of term infants with moderate-severe encephalopathy found 

39% of the patients have a composite outcome of death/ CP/ significant developmental delay and 

10% develop CP that is more likely after neonatal seizures. Almost 62% of severe 

encephalopathy and 25% of moderate encephalopathy neonates have a poor outcome in the pre-

hypothermia era (222). Studies documenting neurodevelopmental outcome at 18-24 months of 

age have reported highly variable results, ranging from 5-80% of moderate to severe disability in 

asphyxiated infants (223, 224). Among a cohort of 95 term infants with evidence of intrapartum 

distress or low Apgar score or need for significant resuscitation, 65% have normal to mild 

disability, and 28% develop moderate to severe impairment (223). In a larger epidemiological 

Swedish study, all infants with severe HIE either die or develop neurological damage, while at 

least 50% moderate HIE infants are reported to be normal at 18 months of age. Overall a total of 

0.2 per 1,000 infants develop a neurological disability related to birth asphyxia (224). Mulligan 

et al. reported that 18% of asphyxiated infants have a severe impairment and 13% had both 

neurologic and intellectual handicaps at five years of age (225). Out of 167 term neonates with 

HIE at 3.5 years of age, all severe HIE and 21% of moderate HIE infants have a severe disability 

(226). A meta-analysis of 13 HIE follow up studies, found adverse outcomes such as death, 

cognitive impairment, sensory-motor impairments under three years in none of the infants with 

mild HIE, 32% in those with moderate HIE and almost 100% of those with severe HIE (227, 
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228). Another study from Nepal studied a cohort of infants with moderate encephalopathy and 

reported hearing and visual impairment in 5% of patients, abnormal tone and deep tendon 

reflexes in 46% of patients at three months, 20% at the age of 2 years. They also noted gross 

motor delay was found in 30% and fine motor delay in 18% of the patients (229). Barnett et al. 

studied the incidence of minor neurological dysfunction and perceptual-motor difficulties in 

children aged 5 – 6yrs, who had been born full-term with neonatal encephalopathy. The study 

revealed that among the survivors 36% were diagnosed with CP. Out of the children who were 

considered normal at two years of age, only 15% have minor neurological dysfunction and/or 

perceptual-motor difficulties at six years (230). To summarize, different studies have used 

different selection criteria to determine their cohorts that may affect their results. But they have 

consistently concluded the majority of infants with mild encephalopathy are neurologically 

normal in future while those with moderate-severe encephalopathy may have a broad spectrum 

of disabilities not necessarily diagnosed by 18 months of age. 

 

1.4.2 Cognitive Deficits 

As the HIE infants are followed further into school age and beyond, it is now increasingly 

recognized, that even in the absence of motor deficits they may be affected by subtle cognitive 

disabilities. Application of standardized school-readiness tests was used to assess nondisabled 

survivors of mild-moderate encephalopathy and healthy controls, which showed that children 

with moderate encephalopathy have significantly lower scores than normal and mild 

encephalopathy group (231). Robertson et al. also assessed mild-moderate HIE neonates at eight 

years of age. They found visual-motor integration, receptive vocabulary scores, as well as 

reading, spelling, and arithmetic grade levels for those with moderate-severe encephalopathy, are 

significantly below peers. They also concluded that children with mild encephalopathy have 

school performance similar to their peers (232). This finding was further supported by Perez et 

al., who reported that children with a history of perinatal asphyxia without significant disability 

tested with Wechsler Intelligence Scale for Children-Revised have lower full-scale and 

performance IQ scores compared to controls at a mean age of 12 years (233). 

Neuropsychological testing of children without motor disability found that infants with severe 

neonatal encephalopathy have lowest cognitive scores along with impaired memory and 
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attention/executive functions. Compared to controls, these children have special educational 

needs and lower achievements on the national curriculum (234).  

       Follow up studies have further considered HIE patients beyond the early school years. 

Lindström et al. reported that 81% of children who had moderate encephalopathy at birth have 

cognitive deficits at 15–19 years of age (235). White matter changes in MRI can explain such 

cognitive deficit. Using diffusion tensor imaging shows long-term white matter disturbances in a 

small group of adolescent patients who had mild-moderate HIE as neonates (236). Van Handel et 

al. reported that infants with mild and moderate encephalopathy assessed at 9-10 years of age 

tend to have more social problems, anxiety, depression, attention regulation and thought 

problems than controls (237). Moreover, having suffered from mild-moderate encephalopathy 

after birth profoundly affects the maintenance and retrieval of information in verbal/ 

visuospatial/long-term memory and slightly weakened verbal learning capacity (238). In 2015, 

the results from multicentre NICHD whole-body hypothermia study cohort followed up at 6-7 

years were reported. Almost 96% of survivors with CP had an IQ < 70, but only 9% of those 

without CP had an IQ <70. Approximately, 20% of children with normal IQ and 28% of those 

with IQ scores of 70-84 needed special educational support services or were held back '1 grade 

level (239). Unfortunately, these children may not always experience attention, memory, and 

behaviour difficulties at a young age thus developmental surveillance beyond two years of age is 

of prime importance (240). With the advent of therapeutic hypothermia death and severe 

disability, rates have decreased, currently shifting focus towards subtle cognitive impairment and 

intellectual deficits among survivors.*

*

* *
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Chapter 2: Review of the Literature 
 
2.1 Challenges of Therapeutic Hypothermia 

Despite the modest improvements in clinical outcome, 47% of infants who received 

therapeutic hypothermia in clinical trials either died or suffered moderate to severe 

disabilities (177). Induced hypothermia as a therapeutic modality in neonates has several 

challenges in clinical practice, which need to address to achieve the best results. While the 

effect of head cooling for infants with less severe aEEG changes was protective, the effect of 

head cooling for infants with the most severe aEEG changes was not (48). Furthermore as 

noted above, hypothermia has been associated with adverse physiological effects such as 

sinus bradycardia, coagulopathy, thrombocytopenia and subcutaneous fat necrosis (241-243). 

Besides, hypothermia may also affect hepatic drug metabolism in neonates resulting in a 

toxic concentration of commonly used drugs like morphine.  

             Hypothermia may not be effective in all cases. Recently, in adult bacterial meningitis 

patients, therapeutic hypothermia has been shown to be ineffective and even harmful (244). 

This finding is confirmed by preclinical studies in neonatal rodent, which documented 

cooling is not neuroprotective in inflammation sensitized HI injury (245). Similarly, 

therapeutic hypothermia is less protective in babies whose placenta pathology showed 

chorioamnionitis (246). By inhibiting the pro-inflammatory cascade, hypothermia may be 

attenuating both protective and damaging responses (247). Lower body temperature lowered 

absolute neutrophil, and lymphocyte counts, especially those patients in whom WBC count 

does not recover after rewarming have poor outcomes (248). Several adult studies of 

hypothermia have found higher infection rates in cooled groups, but such an effect is not seen 

in neonatal trials (242, 249). 

        The need and effectiveness of hypothermia depend on the severity of initial brain injury. 

Hypothermia has been proven to be most effective in moderate to severe HIE, but it often is a 

dilemma for the clinician because the boundary between mild and moderate encephalopathy 

is not very well defined. As a result not uncommonly, to err on the side of caution, mild 

encephalopathy infants with history and cord blood gas suggestive of perinatal asphyxia 

undergo therapeutic hypothermia. A major clinical difficulty is the earlier identification of 

eligible candidates for hypothermia and initiation within the therapeutic window. When 

hypothermia is started within the latent phase (90min) after the end of ischemia, neuronal and 
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oligodendrocyte cell death is dramatically reduced in animal models (93), but when 

hypothermia is delayed until late in the latent phase (5.5 hours), only partial improvement 

was seen in neuronal survival, with no improvement in oligodendrocyte survival (101). In 

cases where initiation of hypothermia is delayed until 8.5 hours after the end of ischemia, it is 

no longer associated with improvement or recovery (250). Clinical studies have demonstrated 

a greater benefit of hypothermia for those infants with acute versus subacute injury 

characterized by early severe encephalopathy in the absence of a known acute perinatal event 

(251). The more severe the cerebral energy depletion during hypoxia/ischemia in newborn 

piglets the more extensive is the brain injury, and shorter is the subsequent latent-phase of 

injury (252). Occasionally, infants may not initially manifest encephalopathy but instead 

present with clinical seizures. Unfortunately, the onset of seizures marks the phase of 

subsequent deterioration, thus reducing the efficacy of hypothermia initiated after seizures 

(250). Therefore the most effective way to optimize outcome is the earlier identification of 

the severity of an injury and prompt initiation of hypothermia. 

         Once initiated there is a lack of markers that can be used to monitor the effectiveness of 

therapy or the need for adjuvant neuroprotective strategies. Hypothermia especially when 

started early in the severely affected infants may cloud the prognosis and delay the decisions 

of withdrawal of life support in cases where it might be in the best interests of the infant 

(253, 254). Clinical examination is not reliable in the first few days, and often babies are 

born at peripheral perinatal centers where skilled personnel are not available to do an 

appropriate assessment. As such, hypothermia is often initiated for infants who may have 

mild or no injury. Thus, they are exposed to a potentially harmful therapy, without much 

therapeutic benefit, warranting the need for sensitive HIE biomarkers to facilitate clinical 

decision-making and optimizing outcome. 

 

2.2  Patient selection and prognostication 

Finding robust and reliable early predictors is crucial as they may both determine candidacy 

for therapy and guide withdrawal of care (255, 256). An ideal biomarker should enable 

clinicians to screen infants for brain injury with high sensitivity, have a good correlation with 

validated measures brain injury and also monitor the progression of the disease by 

longitudinal monitoring. Currently, there are four major predictors of mortality and morbidity 
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in cases of HIE, e.g., Apgar score, Cord blood gas, Sarnat staging, and aEEG. Apgar score 

stands the test of time in predicting neonatal mortality, but in the era of hypothermia, there is 

evidence that even neonates who have Apgar score of 0 at 10 mins have a better outcome in 

the hypothermic group compared to the normothermic group. Thus the predictive ability of 

Apgar score in neonates who receive therapeutic hypothermia after HI insult is questionable. 

These tools are most commonly used to assist decisions regarding who should be cooled. 

Several other biomarkers have been used to help assess the prognosis of asphyxiated infants 

including clinical assessment, electrophysiological tests, and imaging but most of these tools 

face the same problem, that early predictions are more fallible than later predictions (257). 

 

2.2.1 Neurophysiology  

Continuous video-EEG, with electrodes placed according to the international 10–20 system, 

modified for neonates is the gold standard for neonatal brain monitoring (258). However, it is 

expensive, requires specialized training for interpretation and implementation. A useful 

bedside alternative tool is Amplitude-integrated electroencephalography (aEEG) which uses 

a limited number of montages to record raw EEG signal that is then filtered, processed, and 

displayed in a time-compressed semi-logarithmic amplitude scale so that it is easier for 

neonatologists and nurses to recognize patterns with little extra training (259). The clinical 

utility of aEEG within 6 hours of birth and continuous EEG monitoring in normothermic 

neonates has been investigated in several studies (260-264). A meta-analysis on prognostic 

tests for HIE reported aEEG done in the first week, and visual evoked potentials are the most 

sensitive and specific tests in predicting mortality and poor outcomes (265). Of note, Sarkar 

et al. reported that the aEEG pattern, within 6 hours of birth, has a weak correlation with 

short-term adverse outcomes, with a sensitivity of 54.8% and negative predictive value of 

only 44% for cooled infants (266). In a different study, the positive predictive value of 

abnormal aEEG within 9 hours of birth in predicting outcomes is 62% in normothermic 

infants and 53% in cooled infant (267). Thorensen et al. also concluded that using aEEG 

recorded before 6 hours to predict the outcome is not valid in infants who then undergo 

hypothermia treatment vs. normothermia (268). Thus based on current evidence aEEG, 

which was initially thought to be a promising biomarker, has questionable validity in the era 

of therapeutic hypothermia. 
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2.2.2 Neuroimaging 

Therapeutic hypothermia contains secondary brain injury in infants with HIE, but it does not 

alter the utility of MRI for predicting subsequent neurological impairment (269). Following 

ischemic injury, an abnormal signal intensity in MRI closely correlates with pathology at 

autopsy, the pattern of neurological abnormalities and has a high predictive value for 

detecting adverse outcomes (270). DWI refers to a complimentary MRI sequence that is 

sensitive to the molecular diffusion of water and describes tissue microstructure of the brain 

parenchyma. The advantage of DWI is that the characteristic changes following ischemia 

may appear earlier than conventional T1W/T2W MRI sequences but at the cost of 

underestimating the total extent of tissue injury. A systematic review compared the 

prognostic accuracy of visual analysis of MRI in infants with HIE during the first week of 

life for predicting the outcome at 18 months (265). The study reported a pooled sensitivity of 

58% (95% CI 24–84%) for DWI and 84% (95% CI 27–99%) for T1W/T2W MRI, while they 

had very similar specificity. MR Spectroscopy is another non-invasive, ionizing MRI 

analytical technique that helps to study metabolic changes in the brain parenchyma and can 

detect changes within 24 hours of injury. MRS measures metabolites such as lactate, N-

acetyl aspartate (NAA) and choline, which are markers of anaerobic metabolism, neuronal 

activity, and membrane turnover respectively (271). The concentrations of the metabolites 

detected by MRS are relatively low (2-20 mM) but improvements in magnet and gradient 

design had overcome the low signal-to-noise ratio of spectroscopy, enabling good quality 

spectral reading. Elevated Lactate: NAA and reduced NAA: Choline ratio during the first two 

days of life after ischemia, a finding strongly associated with outcome and reversed by 

therapeutic hypothermia (272, 273). A meta-analysis of studies that used MRS to measure 

Lac/NAA in the thalamus and basal ganglia reported that values higher than 0.29 could 

predict an adverse neurodevelopmental outcome with a sensitivity of 82% and specificity of 

95% (274). The same meta-analysis found that T1W/T2W MRI done beyond the first week 

of life had a significantly higher sensitivity (99%) than early MRI (85%) done within the first 

week of life but lower specificity (53%) in predicting adverse outcome in neonatal 

encephalopathy. Therefore, the time of scanning is vital since the characteristic signals 

detected evolve thus resulting in an underestimation of the severity of injury if done during 

the early days. The practical difficulties in obtaining very early imaging results in MRI 
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having little or no role in identifying infants who might benefit from hypothermia early after 

birth. 

 

2.2.3 Biochemical markers 

Although both single and serial lactate measurements have been used to predict the severity 

of HIE and sustained lactic acidosis correlates with the ‘seizure burden’, lactate values are 

not used in prediction of long-term outcome (275). Since it only sparingly crosses the 

placenta, lactate measured in neonatal blood samples just after birth is entire of fetal origin. 

During hypothermia, temperature per se may affect the metabolism of lactate, hence affects 

the values measured. Westgren et al. showed that lactate levels in umbilical cord blood 

samples were similar to both pH and base excess in its ability to predict mortality with a 

sensitivity of 43% and specificity of 95% "#$%&!#$$'(!Umbilical cord pH values obtained at 

the time of delivery is a marker of perinatal asphyxia and its severity. Although the absolute 

risk of an adverse short-term neurological outcome significantly increases below a pH of 7.1, 

only 25% of the neonates with unfavourable outcome had a pH below 7.10 (278). In the 

absence of clinical evidence of asphyxia, isolated cord pH < 7 in otherwise healthy neonates 

does not increase the risk of an abnormal neurodevelopmental outcome at two years of age 

(279). Indeed severe cord blood acidosis increased the risk of a perinatal adverse outcome 

but has no significant effect on long-term neurological outcome in term infants (280). As a 

consequence, cord blood acidosis and serum lactate levels are good predictors of neonatal 

mortality but have poor specificity in identifying the infants at risk of adverse 

neurodevelopmental outcome and thus require therapeutic hypothermia. 

!!!!!!!!!!!To overcome these limitations, research has focused on biomarkers that have good 

predictive value for the neurological outcome and can be measured easily from biological 

fluids using commercially available kits. Thus molecules such as cytokines (described below) 

become potential biomarker targets as they are (1) found in the brain after cerebral ischemia, 

(2) mediators in the inflammatory cascade through activation of circulating monocytes, 

neutrophils, and T cells, and (3) linked to other disorders of neuronal injury and 

neurodegeneration. Further, quantitative assessment of cytokines holds the potential to detect 

subclinical lesions at a stage when routine brain-monitoring procedures are not applicable or 

sensitive. 
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2.3 Biomolecules as prognostic markers 

Biomolecules that have been studied as potential prognostic markers in HIE belong to the 

family of cytokines, growth factors, specific cellular markers, free radicals, and metabolites. 

This work will deal with details of cytokines that have been studied in preclinical and 

clinical studies. 

2.3.1 Cytokines – Definition and Classification 
Peripheral inflammation and neuroinflammation involve the release of similar inflammatory 

mediators, often called cytokines. The term “cytokine” is defined as “regulatory proteins 

secreted by white blood cells and a variety of other cells in the body with pleiotropic actions 

including numerous effects on cells of the immune system and modulation of inflammatory 

responses” (281). These are simple polypeptide cell signaling molecules, which are 

constitutively produced by multiple cell lineages along with matching cell surface receptors. 

These receptors are capable of initiating cascades of intracellular signaling on binding to 

their ligands that drives several cellular functions. The effect of individual cytokine on a 

given cell is context dependent thus generating considerable "redundancy", in that many 

cytokines appear to share similar functions and “pleiotropy”, in that individual cytokines 

often have multiple targets. The system of feedback control for the sake of maintaining 

homeostasis is also vital to the production of cytokines. Table 5 summarizes the common 

characteristics of cytokines. 

         The structural features of cytokines have made it possible to group them into 

‘families’. Some of these families include proteins whose primary sequences show a high 

degree of homology to one another. Cytokines have been grouped according to their 

common tertiary structures and spatial organization (Table 6) (282).! Progress in the 

characterization of cytokine receptors and the cloning of genes encoding cytokine receptors 

has led to the recognition of many cytokine receptor families based on shared structural 

features (Table 7). Many of these receptors form subfamilies in which one of the chains 

forming the heterodimeric or heterotrimeric receptor is common to all members. They 

characteristically contain one or two unique subunits that act as specific binding components 

for a single cytokine, linked to a signal transducing chain that is shared with other members 

of the same subfamily (281). Each of the cytokine receptor families listed in Table 6 exhibits 

a distinct, characteristic pattern of signal transduction. 
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Table 6: Common Characteristic Features of Cytokines(281) 

 

1. Simple polypeptides or glycoproteins < 30 kDa in size  

2. Constitutive production of cytokines is usually low or absent 

3. Production is regulated by various inducing stimuli at the level of transcription or translation 

4. Production is transient and the action radius is usually short  

5. Actions are mediated by binding to specific high affinity cell surface receptors  

6. Most actions can be attributed to an altered pattern of gene expression in the target cells 

7. Phenotypically, cytokine actions lead to alterations in the rate of cell proliferation, cell 

differentiation state and/or expression of some differentiated functions. 

8. Although the range of actions displayed by individual cytokines can be broad, at least some actions 

of each cytokine is targeted at hematopoietic cells  

9. Often have multiple target cells and multiple actions (PLEIOTROPY) 

10. Different cytokines may have similar actions (REDUNDANCY) 

11. Exposure of cells to two or more cytokines at a time may lead to qualitatively different responses 

(SYNERGISM/ANTAGONISM) 

12. A cytokine may increase (or decrease) the production of another cytokine forming a cytokine 

cascade 

13. A cytokine may increase (or decrease) the expression of receptors for another cytokine or growth 

factor (TRANSMODULATION) 

14. A cytokine may increase (or decrease) signaling by receptors for other cytokines or growth factors 

(TRANS-SIGNALLING) 

 

Table 7: Families of cytokines 
 

           *Chemokines is another family not shown in the table, but are described in detail later in the chapter.!!
Abbreviations: CNTF, ciliary neurotrophic factor; GM-CSF, granulocyte macrophage-colony stimulating factor; IFN, 
interferon; LIF, leukaemia inhibitory factor; OPN osteopontin; OSM, oncostatin M; TNF", tumour necrosis factor " 

 

 

Family IL-2 IL-6 IFN IL-17 TNF IL-1 TGF- % IL-12 IL-10 

Members IL-2 
IL-3 
IL-4 
IL-5 
IL-7 
IL-9 
IL-13 
IL-15 
IL-21 
GM-CSF 

IL-6 
IL-12 
IL-11 
IL-31 
CNTF 
LIF 
OPN 
OSM 

IFN-" 
IFN-% 
IFN-! 
IFN-( 

IL-17 
IL-25 

TNF- " 
TNF- % 
Fas ligand 
CD40 
ligand 

TRAIL 
BAFF 
APRIL 
RANK 
LIGHT 

IL-1 " 
IL-1 % 
IL-1 ra 
IL-18 

TGF- % 
BMP 
Inhibins 
Activins 

IL-12 
IL-23 
IL-27 
IL-35 

IL-10 
IL-19 
IL-20 
IL-22 
IL-24 
IL-26 
IL-28 
IL-29 



 41 

2.3.2 Cytokines – crosstalk 

Recombinant DNA technology has led to the accumulation of a massive body of information 

on the functional spectrum of individual cytokines. But these in vitro studies fail to capture 

the realistic picture of the functions of multiple cytokines in an intact organism. Due to the 

pleiotropic and redundant nature of cytokines, their actions are profoundly influenced by the 

milieu in which they act by the presence or absence of other biologically active agents such 

as other cytokines, hormones, growth factors, and prostaglandins. Myriads of cytokines may 

have synergistic or antagonistic actions on a particular cell due to their unique molecular 

characteristics (283, 284). Two cytokines may interact to produce an effect, which is 

qualitatively different from those seen with the individual cytokines (285). 

 

Table 8: Families of cytokine receptors 

 

Receptor family Common features Subfamilies Ligands 

Class I cytokine 
receptors 

Conserved cysteines in 
extracellular motif 

IL-6 
GM-CSF 
IL-2 
IL-13 
 

IL-6, IL-11, LIF 
GM-CSF, IL-3, IL-5 
IL-2, IL-4, IL-7, IL-9, 1L-
15, IL-13, 1L-14 
IL-12, G-CSF, EPO 

Class II cytokine 
receptors 

Conserved cysteines in 
extracellular motif 

None IFN-", IFN-% 
IL-10, IL-20, IL-22 
 

TNF receptors Conserved death domains 
in intracellular motif 

None TNF- ", TNF- % 
Fas ligand, CD40 ligand 
TRAIL, BAFF, APRIL 
RANK 
 

IL-1 receptors Immunoglobulin 
superfamily structure 
(extracellular) Toll like 
receptors (intracellular) 

None IL-1 ", IL-1 %, IL-1 receptor 
antagonist, IL-18 
 

TGF- % receptors Cysteine rich 
extracellular domains, 
kinase domains, serine-
threonine rich tails 

None TGF- %, Bone morphogenetic 
Proteins, Inhibins, Activins 

Chemokine 
receptors 

G protein coupled 
receptors 

CXC 
CC 
C 
CX3C 

" –chemokine- MIP-2 
% –chemokine- MIP-1", 
MIP-1%, CCL-5 
MCP-1, SDF-1 

 

Some cytokines may act indirectly to bring a biological response by their ability to stimulate 

or inhibit the production of other cytokines (286, 287). Another mechanism important to the 
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cytokine network is the modulation of the level of cytokine receptor expression (288). As a 

result of these positive and negative feedbacks, the system of cytokine interactions is 

nonlinear, where the output is not proportionally related to the input. Interestingly, 

mathematical models of dynamic cytokine network can help unravel some of the 

complexities involved (289). Certain aspects of the complex cytokine interactions are yet 

unexplored, which ultimately determines the outcome of cytokine actions in the natural 

environment of the intact organism. 

 

2.3.3 Cytokines as biomarkers 

Reliable and reproducible measurements of molecules that are often mechanistically 

associated with a disease process may serve as a biomarker of the disease. Cytokines are 

messenger molecules that link the neural, endocrine, and immune systems and had been 

studied as biomarkers in myriads of disease pathology. They can be pro- or anti-

inflammatory, neuroprotective or destructive, depending on their state and concentration. 

The origin of cytokines acting within the central nervous system (CNS) may include 

bloodborne and native immune cells, such as astrocytes, microglia along with neurons and 

endothelial cells. Any organ including the spleen may contribute to the cytokine pool in 

circulation. 

         Whether the overall effect of cytokine production following ischemic insult is 

proinflammatory or anti-inflammatory remains controversial (290, 291). Some cytokines 

like IL-4, IL-10, and IL-13 are potent activators of B-lymphocytes, and also potent inhibitors 

of proinflammatory cytokines IL-1 and TNF-" (292). Such dual roles have also been 

evidenced with TNF-" and IL-1% (293). IL-6 and IL-8, typically pro-inflammatory 

mediators, have been associated with the release of nerve growth factor in patients with 

traumatic brain injury (294). Microglial activation in response to injury also demonstrates a 

dichotomous behavior by balancing the activation of M1 subset producing proinflammatory 

molecules such as TNF-", IL-1, IL-6, NO, while the M2 subset is typically considered anti-

inflammatory, producing IL-10, TGF-%, and IL-1 receptor antagonist (295). Hence, there is 

complexity in assigning roles to individual cytokines in the context of hypoxic-ischemic 

injury. 
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Proinflammatory Cytokines: The cytokines that have been widely studied with respect to 

their effect in exacerbating inflammation are IL-1%, IL 8, IL-6, TNF-" and IL 18.  

Interleukins: Interleukins play a major role in the propagation of neuronal injury. In animal 

models of inflammation, IL-1% and IL-6 increases after an insult, peaking at 4-6 hours and 

normalized by 24 hours. Pre-treatment with IL-1% receptor antagonist alleviates the severity 

of brain damage (296, 297). Alterations of these cytokine levels in the fetus or umbilical 

cord blood have correlated with adverse neonatal outcome. Elevated levels of cord blood IL-

1% in neonates with HIE is associated with neurological abnormalities at 6–12 months (298). 

Local expression of proinflammatory cytokines marks the evolution of brain injury. 

Increased expression of IL-1% in the hippocampus of deceased infants with a history of 

seizures has been noted along with alterations in blood-brain barrier (299). Systemic and 

CNS production of IL-6 in the context of HIE has been extensively studied. Mainly 

produced by glial cells inhibits the synthesis of TNF-" and IL-1%, promotes nerve growth 

factor and increases vascular permeability leading to cerebral edema. Cord blood and serum 

IL-6 levels correlated with the severity of HIE and poor outcome at 2 years of age (300, 

301). IL-8, on the other hand, is a neutrophil chemotactic factor and promotes neuronal 

injury by enhancing IL-1% and TNF-". Persistence of elevated IL-8 levels in neonates with 

HIE was associated with epilepsy (302). Expression of IL-18 mRNA increased from day 1 

to 14 after perinatal asphyxia in animal models. IL-18 deficient animals exhibited decreased 

brain injury, suggesting its role in the pathophysiology of HIE (303). 

Tumor Necrosis Factor: TNF-" is one of the early response mediators that peaks at 24 h 

after birth (304). It promotes the synthesis of IL-1% and IL-8, induction of neuronal 

apoptosis, disruption of the blood-brain barrier (BBB) thus aggravating brain damage. CSF 

levels of IL-6 and TNF-" were significantly higher in neonates with HIE (305). IL-1% and 

TNF-", which can stimulate their own synthesis, also induce the synthesis of other cytokines 

like IL-6 and chemokines (306). Neuronal apoptosis in asphyxiated rats was positively 

correlated with increased levels of TNF-", ICAM-1, and IL-1% by 6-72 hours after the 

hypoxic insult (307). However, a meta-analysis showed that unlike serum and CSF IL-1% 

and IL-6, TNF-" was not predictive of abnormal neurological outcome in neonatal asphyxia 

(308). It is worth mentioning here that the studies included in the meta-analysis, was limited 

by considerable heterogeneity. 
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Anti-inflammatory cytokines: Anti-inflammatory cytokines: IL-10 plays a protective role by 

inhibiting the secretion of IL-1%, IL-8 and TNF-", leukocyte aggregation and chemokines. In 

neonates with HIE, IL-10 levels decreased significantly between 6 and 24 hours of age, 

irrespective of hypothermia treatment (309). IL-1 receptor antagonist (IL-1ra) is another 

extensively studied anti-inflammatory agent that antagonizes the effects of IL-1. Hypoxic 

brain injury down-regulates IL-1ra expression with a concomitant up-regulation of IL-1%. 

The resulting pro-inflammatory orientation in the IL-1% /IL-1ra balance might play a role in 

perinatal brain damages (310).  

 

Chemokines: Chemokines are small heparin-binding proteins primarily drive the attraction 

of circulating leukocytes to sites of injury but participate in the maintenance of tissue 

homeostasis and brain development under physiological conditions. Most chemokines bind 

to distinct GPCR receptors, and most receptors are common to several chemokines. During 

neuroinflammation, chemokines disrupt BBB, recruit immune cells, and promote 

proinflammatory cytokines. But they have a dual action, because they may also favour 

enhancement of microglial phagocytosis, neurogenesis, and neovascularization through the 

release of anti-inflammatory cytokines and neurotrophic factors (306). Acute excitotoxic 

injury stimulates the expression of both MCP-1 and its receptor CCR2, which regulates the 

microglial/monocyte response to injury (311, 312). However, CCR2 signaling has also been 

shown to protect neonatal mice from developing spatial learning deficits after an HI insult 

(313). Chemokine MCP-1 (CCL2) was found in vitro to inhibit cytokine production as 

CCL2-deficient neonatal rat cells exhibited significantly increased expression of IL-6. HIE 

rodent models show up-regulation of MIP-2, MIP-1", and MIP-1% preceding the localization 

of lymphocytes to the infarcted area (153). In a multicentre randomized control trial, 

elevated serum IL-6 and MCP-1 within 9 hours of life and low MIP-1a at 60 hours of age 

was associated with death or severe disabilities at 12 months of age. Whereas, the infants 

who had uniform downmodulation of IL-6, IL-8, and IL-10 from 24 hours to 36 hours had a 

favourable outcome (314). 

 

Trophic factors: Trophic factors play a crucial role after neuronal injury in reparative and 

regenerative process and thus are potential biomarkers of the severity of the injury. 

Specifically, Granulocyte colony-stimulating factor (G-CSF) and Stem cell colony 
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stimulating factor (SCF) mobilize stem cell for neurogenesis.  G-CSF is elevated 2 hours 

after an induced cortical injury, but not at later time points in mice, which may make it 

useful in determining the timing of the injury. Plasma G-CSF levels correlate with 

neuroinflammation in the rodent models and human studies where they depend on the time 

since injury and severity of injury (315, 316). Neonatal rat HIE models treated with 

exogenous G-CSF has attenuated brain damage (317). Stem cell factor (SCF) has not been 

studied in models of perinatal asphyxia.! Stem cell factor (SCF) has not been studied in 

models of perinatal asphyxia. 

 

2.3.4 Nerve Tissue Factors as prognostic markers of HIE 

Brain injury may lead to release of tissue-specific molecular markers into the systemic 

circulation and thus can indicate neuronal injury. Serum Glial fibrillary acidic protein 

(GFAP), an astrocyte marker has been recently reported in newborns with HIE undergoing 

hypothermia to be significantly elevated. A threshold of 0.08 ng/ml at admission, 

distinguished neonates with moderate/severe HIE from controls (318). GFAP levels > 0.15 

ng/mL were predictive of an abnormal brain MRI despite hypothermia. Ubiquitin carboxyl-

terminal hydrolase L1 (UCH-L1) is a neuron-specific cytoplasmic enzyme, a marker of 

apoptosis, released into the circulation after the breakdown of the BBB (319). UCH-L1 

values in circulating blood were >100 ng/mL in a small study in neonates with 

encephalopathy who subsequently died (320). Elevated UCH-L1 levels in cord plasma and 

after 72 hours of therapeutic hypothermia were predictive of abnormal outcome (321). 

Neuron Specific Enolase (NSE) is an intra-cytoplasmic glycolytic enzyme derived from the 

neuronal cytoplasm. Severe brain injury leads to serum NSE levels higher than 45.4 µg/L 

(322). S-100B is a calcium-binding protein present in high concentrations within the glial 

cells. Umbilical arterial levels of S100B protein are higher in infants with HIE, and 

concentrations > 2.02 mg/L predicts the development of moderate or severe encephalopathy 

with a sensitivity of 86.7% and specificity of 88% (323, 324). Although, NSE and S100B 

levels at baseline and at 72 hours strongly predicted the short-term outcome at 14 days of 

age, neither correlated with death or disability at 20 months of age (325, 326). 
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2.4 Clinical application-Knowledge gap 

The enormous body of literature available on the diagnostic potential of various biomarkers 

of HIE has not translated into clinical practice, and the search for a sensitive and specific 

biomarker continues. Recent efforts have explored newer molecules like cleaved-tau protein, 

microtubule-associated protein 2, myelin basic protein, activin A, spectrin breakdown 

products, matrix metalloproteinases, BDNF, VEGF, PDGF, free radicals and metabolites. 

But so far such novel approaches are far from gaining translational application. In this 

review, I do not touch upon metabolomics research in perinatal asphyxia. Fattouni et al. 

reviewed the published human and animal metabolomics studies of HIE and concluded that 

among the potential metabolites proposed as biomarkers, none could be singly employed for 

the characterization of the clinical status, emphasizing the need for a holistic approach to 

biomarker discovery (327). Cytokine expression may be altered by hypothermia per se, 

resulting in wide variability in the inflammatory responses after asphyxia, in turn 

complicating their clinical utility as markers of the disease (328). A major limitation to the 

biomarker studies is the small sample sizes making it difficult to extrapolate the findings to 

clinical practice. The enormous data available from the preclinical and clinical studies 

emphasizes upon the redundancy in the system, which explains why one molecule is not 

sufficient to provide a clear picture of the behavior of the system. Researchers also have to 

consider the pleiotropism in cytokine functionality because the same molecule may play a 

role in the pro-inflammatory and regenerative process. A clear understanding of the dynamic 

interactions between the inflammatory mediators is essential before selecting targets for 

therapeutic intervention. 

      Traditionally, the neonates with HIE have been studied aggregatively to determine the 

cut off values of biomarkers that can best predict long-term outcome. In reality, every 

individual is different in the type of response they mount after an insult. Science has now 

acknowledged this natural variability within individuals and taking this into account may 

improve the predictive ability of the markers. 

 

2.5 Systems biology of Neuroinflammation*
Both preclinical and clinical studies had so far taken a reductionist approach to find one 

biochemical marker in the body fluids that can be used for early prognostication. However, 
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such an approach has failed to provide a global understanding of the inflammatory 

pathophysiology. The extensive data thus generated does not translate into a holistic 

understanding that can help in predicting the outcome or developing newer therapies. This 

concept has been well captured by Lewis Thomas in the comment “You’ll never understand 

how bees make honey, no matter how carefully you dissect a single bee” (329). 

 

2.5.1 Non-Linear systems in medicine 
A biological "system" is defined as a collection of elements, which interact with each other 

directly and indirectly to modulate the function of the collection as a whole. The behavior of 

the system is distinct from the behavior of its individual elements (Table 8) (330). Medical 

science has traditionally taken a reductionist or mechanistic approach to explain the 

physiological and pathological process. This approach, which forms the basis of “linear 

systems”, involves breaking biological systems into isolated elements in an attempt to 

understand them. Linear systems are those where the magnitude of the response (output) can 

be expressed as simple differential equations of mutually independent variables, each with its 

own independent linear coefficient (331). The inflammatory system, however, behaves in an 

entirely different manner, one that can be explained by using the concepts of “ Non-linear 

System” theory. A complex nonlinear system is defined as "a system or whole consisting of 

an extremely large and variable number of components, where the individual components 

display marked variability over time and are characterized by a high degree of connectivity 

or interdependence between variables” (332). Table 8 illustrates the difference between the 

two concepts. 

       Within nonlinear systems, the output is not proportional to input, and output for the same 

magnitude of input may not be consistent over time. Thus breaking up the system into its 

components and analyzing them individually under controlled conditions does not reflect the 

complex behavior of the whole system, nor does it capture the dynamic relationships between 

the component variables. Inflammation is a complex non-linear response to stress that is not 

inherently detrimental but very finely regulated. The system consists of various elements 

(macrophages, monocytes, neutrophils) that interact with each other employing messengers 

(immunoglobulins, cytokines, interleukins).  Myriads of feedback loops are operating within 

the complex cytokine network, whose behavior follows nonlinear dynamics. The outcome is 



 48 

dependent on the interactions of all the parts but is much more than their summation. 

 

Table 9: Comparison between Linear and Non-linear systems in medicine(330, 333) 

Linear System Non Linear System 

  

1. Mediators have unique, consistent biologic 

effects 

2. Antagonism of an effect is mediated by a 

specific inhibitor 

3. Biologic processes occur sequentially 

4. Biologic response is reliably predicted by 

measurement of the responsible mediator 

5. Modulation of the biologic process occurs in a 

dose-dependent fashion 

6. Normal behavior of the system results in 

physiologic stability 

1. Mediators have redundant, variable, and context 

dependent effects 

2. Antagonism of effect is not attributable to a single 

mediator or process 

3. Biologic processes occur concurrently 

4. Biologic response is not consistently predicted by 

measure of a single mediator 

5. Modulation of process is not predictably dose-

dependent; a small perturbation may have a large 

effect 

6. Normal integrated behavior of the system results in 

physiologic variability or oscillations over time 

       

This theory of complexity can explain the discrepancy between the results of experimental 

studies and clinical trials in the context of inflammatory cytokines. Experimentally, blockade 

of TNF" before the administration of live bacteria to animal models resulted in complete 

protection against infection (334). Yet blocking TNF! in patients with clinical sepsis, does 
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not show similar efficacy in adequately powered trials (335). TNF", being only a single 

element of inflammatory response, its blockade did not yield consistent results over time. 

Even when exposed to an identical stimulus, a non-linear system can respond differently 

depending on multiple external and internal influences. Moreover, one element can exhibit 

one or more types of behavior depending on the state of the other elements of the system and 

the overall system status at the time. 

 

2.5.2 Systems biology approach 

A unique property of complex nonlinear systems is their ability to achieve negative entropy 

(less disorder) called “emergent order”. This property emerges naturally with an increase in 

the level of complexity and connectivity within the system. When a system is broken into 

individual elements, these emergent properties disappear. Emergent properties can be 

studied by methods that consider the system as a whole rather than examining the parts in 

isolation and by evaluating the connectivity and variability of the elements in a complex 

system. In the context of the inflammatory response, it is not the elements individually that 

produce the pro-inflammatory or anti-inflammatory response, but rather the consequences of 

their interactions in concert that is important (332). 

       In 1999, Callard et al. suggested that mathematical modeling has an important 

complementary role to laboratory experiments in understanding the complexities of the 

cytokine network (289). Systems biology is a relatively new field that integrates many 

scientific disciplines – biology, computer science, engineering, bioinformatics, mathematics, 

and physics to predict the behavior of a biological system in response to perturbation. That is 

why this is an ideal method to study the cytokine network in HIE further. The systems 

biology approach has been defined by Vodovotz et al. as “ a global analytic approach to 

biologic data at multiple scales of organization that characterize biologic systems, with the 

goal of identifying specific genetic and molecular signatures for improved diagnosis of 

disease” (336). This approach uses mathematical models to analyze large datasets generated 

from high throughput analysis (genomics, proteomics) to simulate system behavior. This 

approach has proven beneficial for understanding other complex diseases like cancer and 

Alzheimer's disease (337). 

            Similarly, systems biology has made significant contributions to the field of 
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biomarker discovery. What sets it apart from previous approaches to the discovery and 

validation of biomarkers, is the use of computational tools to analyze large complex 

datasets. Wang et al. summarize the systems biology approach in 5 steps (Table 9) (338). 

 

Table 10: Five features of Systems biology approach (338) 

 
1. Measuring and quantifying global biological information  

2. Integrating distinct modalities of biological information such as DNA, RNA and proteins 

to understand the interaction between them 

3. Studying the dynamical changes of biological systems and networks 

4. Using these sources of information for modeling the system 

5. Iteratively testing and refining the model 

 

 

 

This global integrative approach has brought about a significant revolution in modern 

medicine termed as “precision medicine” (339, 340). It changes the paradigm of future 

health care to predictive, preventative and personalized treatment. Specific to this project, 

HIE is a devastating condition, and while there are effective neuroprotective strategies, 

there is also a need for tools to aid risk stratification, monitoring, and personalized care. 

One potential avenue for this is the individual’s inflammatory response profile. Systems 

biology can provide the tools to understand the molecular patterns in different stages of 

encephalopathy better and determine the need for appropriate neuroprotective 

intervention.   
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Chapter 3: Aims and Objectives*

3.1 Experimental Rationale 
Tools to predict death and adverse neurodevelopmental outcome are necessary to inform 

decisions to initiate or continue therapeutic hypothermia in HIE. Recent data suggest that 

immune/inflammatory dysregulation occurs in the setting of HIE thus inflammatory mediators 

could be potential biomarkers of outcomes. Detailed cellular and molecular analyses explored in 

isolation have provided valuable insights into the pathobiology of HIE, but have often been 

limited in their global applicability. This is a problem shared with many complex, dynamic 

biological systems (341). Typical statistical analyses are geared toward identifying the average 

behavior of a population. However, an analysis that aims at determining key variables within an 

individual specific dynamic response in a time-varying data set is more meaningful in studying 

an inflammatory process. The reason why attempts to find one such predictive cytokine has 

failed to be clinically useful is probably that the inflammatory responses of individual patients 

are variable and there is not any one particular inflammatory mediator that can distinguish 

patients. It is also probable that different severities of brain injury might initiate specific patterns 

of dynamic inflammatory response over time characterized by a core set of mediators giving rise 

to a molecular signature (341). Previously researchers have used computational techniques to 

distinguish circulating inflammatory mediator profiles in mice subjected to either hemorrhagic 

shock/sham procedure (341), for classifying the pediatric patient with acute liver failure (342) 

and adult trauma patients with multiorgan dysfunction (343). It is worth exploring these 

techniques to explain why some infants with HIE suffer from severe brain injury despite the use 

of hypothermia while other patients do not.  

          A well-regulated inflammatory process is necessary for appropriate resolution of injury 

and maintenance of homeostasis. In contrast, inadequate or over-exuberant inflammation may 

culminate in persistent disease state and tissue damage.  It is essential to have a data-driven 

approach to the dataset to identify the patient-specific inflammatory trajectory. Studies that 

combine data-driven, pattern-oriented analyses of high-throughput datasets with computational 

modeling, have gained mechanistic insight into the disease process resulting in predictive models 

(344). Research on trauma-induced inflammation and multi-organ dysfunction has gradually 

shifted from population-based cohort studies, which investigated the association between single 

inflammatory mediators and adverse outcomes because of the significant variability observed in 
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the inflammatory response of trauma patients. Instead of studying the population behavior, 

machine-learning techniques are being used to determine key variables within a given time-

varying data set at the patient-specific level.  Data on the dynamics of inflammation is first 

integrated by data-driven modeling, deriving the key inferences, that is subsequently used to 

form computational models. These computational models can be used to make testable 

predictions regarding emergent properties of an individual, not otherwise readily discernable 

from the data. 

 

3.2 Aims 

Explore the possibilities of detecting specific molecular signatures in the cytokine profile of 

infants with hypoxic ischemic encephalopathy that differentiates by the severity of HIE. 

 

3.3 Hypothesis 
Our overarching hypothesis is that specific, dynamic, and measurable patterns of inflammatory 

dysregulation in HIE will correlate with patient specific clinical outcomes and MRI brain done 

within first week of life. Systemic expression of cytokines in blood can reveal distinctive 

inflammatory trajectories (molecular signatures) of individual infants exposed to hypoxic 

ischemic injury followed by therapeutic hypothermia that helps in segregating infants into 

distinct subgroups indicative of the severity of brain injury. Our null hypothesis then would be 

that inflammatory mediators do not differentiate between infants with varying degree of HIE. 

 

3.4 Objectives 

 

3.4.1 Primary Objective 
To identify the subset of cytokines that most strongly reflect the inflammatory response 

trajectory over time for an individual infant, who is treated with therapeutic hypothermia 

following perinatal HIE. 

Hypothesis: Patterns of cytokine levels characterize the individual’s dynamic 

inflammatory response and are representative of acute “clinical” outcome. 
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3.4.2 Secondary Objective 

To delineate the relationship between circulating cytokines as a function of time, thereby 

identifying both a possible biomarker signature as well a possible mechanistic pathways by 

which the progression of the inflammatory response differs based on patient sub-groups.   

Hypothesis: More complex network of systemic inflammation exists in infants with 

moderate to severe brain injury. 

 

*
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CHAPTER 4: Research Methodology 

4.1 Study Design   
We conducted a prospective cohort study from September 2016 to December 2017 at Foothills 

Medical centre (FMC) and Alberta Childrens Hospital (ACH) neonatal intensive care units. 

Foothills Medical centre is a 42-bedded perinatal unit and Alberta Childrens Hospital is a 14-

bedded unit that houses all the pediatric sub-specialties. Babies born at Level 2 hospitals around 

Calgary namely Rockeyview (RGH), Peter Lougheed (PLC), South Health Campus (SHC) and 

Level 1 centres in Southern Alberta are transferred to the above-mentioned Level 3 centres if 

suspected of hypoxic ischemic encephalopathy. 

 

4.2 Patients and Controls 
The study included neonates born at > 35 weeks of gestational age with a diagnosis of hypoxic 

ischemic encephalopathy (HIE) and who qualify for therapeutic hypothermia. Gestational age 

was based on a first trimester ultrasound, but if not available, then the first day of the last 

menstrual period was used. Gestational age of 35 weeks is the cut off for therapeutic 

hypothermia as per our hospital policy and standards within the field of neonatology. Once the 

diagnosis of HIE was made, the neonatal team decides whether the infant clinically qualifies for 

therapeutic hypothermia according to the clinical guideline formulated in 2016 (Table 10). If the 

infant qualified, the parents were contacted and informed about the study and invited to 

participate. Written informed consent was obtained from parents of all participants.   

 

Controls: Gender, gestation and mode of delivery matched controls were selected among babies 

admitted to FMC NICU for glucose monitoring provided there was no suspicion of sepsis or 

sepsis had been ruled out. Term infants appropriate or large for gestational age often need 

admission and observation along with intravenous glucose administration because of 

hypoglycemia. They undergo multiple glucose checks by capillary blood sampling. Informed 

consent was taken from their parents to participate in the study as healthy controls and blood 

sampling was tagged with routine glucose checks as per directions from the clinical team. 
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Table 11:Clinical guidelines for therapeutic hypothermia 

 

Infants with gestation greater than or equal to 35 weeks who are greater than the 3rd centile and who meet 
Criteria A and B 

Criteria A: Any ONE of the following criteria:  

1. An Apgar score less than 5 at 10 minutes  
2. On-going resuscitation, including IPPV, required at 10 minutes  
3. Cord pH or postnatal blood gas pH less than 7.0 within one hour of age  
4. Base excess of greater than or equal to -16 mEq/L on cord gas or any postnatal arterial blood gas 

(within one hour of age)  

Criteria B: The presence of moderate to severe encephalopathy defined as seizures OR presence of one or 
more signs in three of the six categories (level of consciousness, spontaneous activity, posture, tone, primitive 
reflexes and autonomic system). (Table 1)  

Exclusion criteria: Presence of 

1. Major congenital anomalies  
2. Major congenital infections  
3. Chromosomal anomalies  
4. Severe IUGR (weight less than or equal to1800 g)  
5. Severe uncontrolled bleeding (DIC) 
6. Known congenital neuromuscular disease  

 

4.3 Procedures 

As accepted standard of care infants who fulfill the criteria for therapeutic hypothermia and were 

within 6 hours from birth, were actively cooled with cooling blanket to keep rectal temperatures 

between 33-340C. Cooling was continued for 72 hours from the time of reaching target core body 

temperature then slowly rewarmed over 4-6 hours. Blood gas, coagulation profile, blood counts 

and electrolytes were checked from time to time as clinically indicated to investigate for 

multiorgan dysfunction and complications of hypothermia. During hypothermia, EEG 

monitoring using a full array of electrodes according to the standard International 10-20 system, 

modified for neonates, was used for routine clinical monitoring. In addition to scalp electrodes, 

standard extracerebral channels including EKG, eye leads, respiratory channels, and surface 

electromyography were used. Synchronized continuous video monitoring was performed 

(cvEEG). Pediatric Neurologists in neonatal neurocritical care service examined the babies on 

day 1 after admission and a clinical staging based on Sarnat classification (Table 2) was assigned 

to every subject. Bedside assessments were performed as per standard NICU unit protocols. EEG 
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interpretation was done in real time by the Neurocritical care staff as well as a representative 

from the epilepsy service. If seizures were diagnosed by EEG or clinically, at the discretion of 

the attending neonatologist and Neurocritical critical care staff member treatment was treated 

with medications like phenobarbitone (first/second line), levetiracetam (first/second line) and 

phenytoin (third line). After completion of 72 hours and a period of re-warming (approximately 

6 hours) all infants had MRI of the brain.   

 

4.4 Primary Outcome 
As part of clinical protocol, all neonates with HIE undergo MR imaging after rewarming, when 

clinically stable, to depict the pattern and extent of brain injury; as close to 5 days of age as 

possible. MR imaging, was done using 1.5 Tesla, is standard of care for neonates at our 

institution. MR was done after feeding and swaddling the infant (“bundle and feed”) with 

vacuum pillows (MedVac-Kohlbrat & Bunz, Radstadt, Austria). A registered nurse continuously 

monitored heart rate and peripheral oxygen saturations. Rarely, sedation with intranasal 

midazolam was used to complete all the MRI sequences. Sequences included were sagittal and 

axial T1, coronal and axial T2 fast spin echo and axial DWI with b=1000 and MR spectroscopy. 

Images were scored according to Barkovich scoring Criteria by a trained Neuro-radiologist. 

(Table 11).(345) MRI brain is a surrogate marker for future neurodevelopmental outcome and 

this Barkovich scoring criteria has been proven to accurately discriminate between patients with 

good and poor neuromotor / cognitive outcome at 3 and 12 months.  

 

4.5 Sample collection and processing 

Umbilical cord blood (cases and controls): The umbilical cord blood samples were collected and 

stored from both the subjects and controls. In Calgary, umbilical cord blood samples from all 

infants born at FMC, RGH, SHC and PLC are collected and stored at transfusion medicine lab 

for 7 days. A research agreement was made with the Calgary Laboratory Services (CLS) with 

regards to the storage and processing of cord blood for our study purpose. After parents signed 

an informed consent, a processing request was send to Transfusion Medicine (TM). Cord blood 

is collected in red top vacutainer with silicone-coated interior and without anticoagulant. 
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Table 12: Barkovich Scoring Criteria for Hypoxic Ischemic Encephalopathy on MRI 

 

 
MR study of each patient as evaluated based on 12 scores from the noncontrast images:  

• Three basal ganglia scores (BG, T1-weighted; BG, first-echo T2-weighted; and BG, second-echo 
T2-weighted);  

• Three watershed scores (W, T1-weighted; W, first-echo T2-weighted; and W, second-echo T2-
weighted);  

• Three basal ganglia/watershed scores (BG/W, T1-weighted; BG/W, first-echo T2-weighted; and 
BG/W, second-echo T2-weighted) 

• Summation score 
 

Three summation scores Basal ganglia (BG) 
0 Normal or isolated focal cortical infarct 
1 Abnormal signal in thalamus 
2 Abnormal signal in thalamus and lentiform nucleus 
3 Abnormal signal in thalamus, lentiform nucleus, and perirolandic cortex 
4 More extensive involvement 

Watershed (W) 
0 Normal 
1 Single focal infarction 
2 Abnormal signal in anterior or posterior watershed white matter 
3 Abnormal signal in anterior or posterior watershed cortex and white matter 
4 Abnormal signal in both anterior and posterior watershed zones 
5 More extensive cortical involvement 

Basal ganglia/watershed (BG/W) 
0 Normal 
1 Abnormal signal in basal ganglia or thalamus  
2 Abnormal signal in cortex 
3 Abnormal signal in cortex and basal nuclei (basal ganglia or thalami) 
4 Abnormal signal in entire cortex and basal nuclei  

Summation (S): Arithmetic sum of BG and W  
Enhancement (E) 

0 No enhancement 
1 Enhancement in white matter only 
2 Enhancement in deep gray matter nuclei 
3 Enhancement in cerebral cortex 
4 Enhancement in cortex and deep gray matter or white matter 

  
 

The samples were sent to and stored at TM till further use. Upon receiving the requisition the 

stored blood was centrifuged at 1200rcf for 10 minutes and the resulting supernatant was 

separated into two equal aliquots. The aliquoted serum in cryovials was subsequently transferred 

to CLS Lab at ACH to be stored in Freezerwork system at -800C. 
 

Serum (cases and controls): Blood samples were collected at 4 time-points in cases and one time-

point in controls. A sample of 0.3-0.5 ml of blood was obtained at each time-points and all 

efforts were made to coordinate blood sampling with other clinical investigation blood draws to 
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minimize invasiveness. The first sample was collected between 12-24 hours of life, the second 

one just before or after taking the infant off the TH (72 hours) and the last one at 96 hours of life 

(Figure 6). Controls only had one sample collected between 12-24 hours of life. Most infants 

who received hypothermia had central lines placed for clinical indications (umbilical venous and 

arterial lines) making the blood draws non-invasive. For others, capillary blood was collected by 

heel poke under sterile precautions. Blood samples were collected in Lithium Heparin 

microtainers, which are mint green color-coded for hospital use. Immediately after collection 

blood samples were send to Calgary Laboratory services where it was centrifuged for 10 minutes 

at 1200rcf. The resulting supernatant was divided into two equal aliquots and stored at -80 ºC in 

cryovials until assay. The Freezerwork Software (Dataworks Development Inc., Washington, 

USA) was used to store samples with details of the patients by assigning a unique numbering 

system and position within the freezer. 

 

4.6 Quantification of cytokines 

4.6.1 Multiplex Immunoassay 

For quantification of cytokines in the plasma samples, we used multiplex immunoassay based on 

xMAP ((x = analyte, MAP = Multi-Analyte Profiling) technology. It is a high-throughput 

multiplex detection techniques designed for the rapid, sensitive and specific testing of large 

numbers of analytes (nucleic acid, proteins) in a single biological sample. This platform uses 

classified sets of microspheres in a liquid suspension as determiners of analyte specificity. Such 

classification is introduced by internally dyeing the microsphere sets with two spectrally 

different fluorophores, one in a red wavelength and the other in the far red, in different 

concentrations. This creates a spectral signature that is unique for each microsphere set and 

produces a 100-member array. The surface of each microsphere set is further coupled to various 

analyte specific antibodies. Basic microspheres are magnetic polystyrene beads whose surface is 

covered with >100 carboxyl groups (COOH) for covalent coupling of capture antibodies. Use of 

magnetic beads improves washing efficiency as the magnetic separation step enables the 

elimination of unwanted sample constituents. (Figure 7) A dedicated flow cytometer and high-

speed digital signal processor with two lasers and associated optics differentiates the microsphere 

sets and quantifies the analyte bound to the surface. 
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              Figure 5: Illustration of study workflow 

 
Principle: The core principle is based on sandwich ELISA technique done simultaneously for 

multiple target molecules in a single sample. Capture antibodies on the surface of the 

microspheres are directed against the desired molecules. These beads are first allowed to react 

with the samples containing the molecule of interest, and then with biotinylated detection 

antibody to create a sandwich. The detection antibody is then tagged with a fluoroscent indicator 

namely streptavidin-phycoerythrin (SA-PE) conjugate (Figure 8) to facilitate detection and 

quantification by flow cytometry. 

 

Figure 6: Sandwich ELISA Assay 
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Figure 7: Cross-section of a Microsphere 

 
 

Data Acquisition: The suspension of microspheres/beads bound to the whole sandwich complex 

(Figure 8) is drawn into a flow based array reader, which is centered upon dual laser detection 

with real time digital signal processing.!The fluidics system of the reader aligns the beads into 

single file as they enter a stream of sheath fluid and then enter a flow cell. Each bead is 

individually interrogated by a red 635 nm laser that illuminates the fluorescent dyes within each 

bead to classify specific sets of beads according to their spectral signature. If the analyte of 

interest is present, a green 532 nm laser excites phycoerythrin to generate a report signal, which 

is then detected by a photomultiplier tube (PMT) determining the presence and intensity of 

reporter associated with the microsphere simultaneously. We used a high-speed digital processor 

from Bio-Plex Manager (Bio-Rad Laboratories Inc, Hercules, California USA) to manage data 

output and the corresponding Bio-Plex ManagerTM software that presents data as Median 

Fluoroscence Intensity (MFI) as well as concentration (pg/ml). 
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                         Figure 8: Multiplex Assay Workflow 

 

 

Quantification of the analyte concentration: In xMAP technology, a response in the form of a 

signal is proportional to the amount of analyte bound to the antibody on beads that have been 

incubated with the sample. The response is measured by comparing it to a calibration curve 

called the standard curve expressing the concentration versus response relationship. The 

unknown concentration of an analyte is determined by finding the concentration on the standard 

curve that produces the same response as that obtained from the unknown sample. Since, for 

practical reasons, only a limited number of samples can be run in an assay, the true curve must 

be estimated from a limited number of noisy responses. Within the assay only a limited number 

of standard samples with known concentrations of the analyte can be estimated. A standard curve 

is approximated from these standardized samples by selecting a mathematical function e.g lines, 
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cubic splines, logistic functions, and lines in logit-log space. Good approximation of the true 

curve involves firstly selecting the mathematical curve model and then finding whether it is the 

best fitting curve among the entire family of possible curves. The best fitting curve is the curve 

most likely to have given rise to the observed data, often called the maximum likelihood estimate 

of the true curve. This is done by finding the curve, whose parameters generate the smallest 

weighted sum of squared errors as per statistical regression theory (Figure 10). 

 

Figure 9: Maximum Likelihood Estimate of the True Curve 

 
4.6.2 List of cytokines 

Stored samples were thawed at room temperature for assay. We used Bio-Plex Pro 

Human Cytokine 27-plex, 96-well assay (M500KCAF0Y). The assay kit included 

coupled magnetic beads, detection antibodies, standards, assay buffer, wash buffer, 

detection antibody diluent, streptavidin-PE, flat-bottom plate, standard diluent, sample 

diluent. Assays were read by Bio-Plex® 200 system, a suspension array system from 

Bio-Rad Laboratories Inc, Hercules, California USA and its associated software for 

downstream analysis.  
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Table 13: List of Cytokines measured 

 

Cytokines Abbreviations Cytokines Abbreviations 

Eosinophil Chemotactic  
protein 

Eotaxin  Interleukin-1 beta IL-1% 

Basic Fibroblast  
Growth Factor 

b-FGF Interleukin-1 receptor 
antagonist 

IL-1ra 

Granulocyte Colony  
Stimulating Factor 

G-CSF Interleukin-2  IL-2 

Granulocyte-Monocyte  
Colony Stimulating Factor 

GMCSF Interleukin-4  IL-4 

Interferon gamma IFN-g  Interleukin-5  IL-5 

Chemokine (C-X-C motif) 
ligand 10 

IP-10 Interleukin-6  IL-6 

Monocyte Chemotactic  
Protein 1 

MCP-1  Interleukin-7  IL-7 

Macrophage Inflammatory  
Protein-1a 

MIP-1a Interleukin-8  IL-8 

Macrophage Inflammatory  
Protein-1a 

MIP-1b Interleukin-9  IL-9 

Platelet Derived Growth  
Factor BB 

PDGF-bb  Interleukin-10  IL-10 

Chemokine (C-C motif)  
ligand 5 

RANTES Interleukin-12  IL-12 (p70) 

Tumour Necrosis Factor " TNF- " Interleukin-13  IL-13 

Vascular Endothelial  
Growth Factor 

VEGF Interleukin-15  IL-15 

  Interleukin-17  IL-17 

 

4.6.3 Sample and Standard preparation for the assay 

Samples were selected on the day of the assay and thawed at room temperature. Usually a 

single aliquot of plasma was used for the assay. Samples were diluted 1:4 to make up a 

volume of 150µl, to run the assay in triplicate, as each well can run the assay from 50µl 

sample. A known standard powder was first dissolved in 500µl of standard diluent and 

then a fourfold dilution series was done to make different concentrations of the standard 

(known) solution to construct the standard curve. Each concentration was then assayed 

along with the unknown samples in the same microplate in triplicates. The standard 

concentrations of the measured cytokines are enumerated in the Table 13. 
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Figure 10: Plan of a single assay kit 

  1 2 3 4 5 6 7 8 9 10 11 12 

A S1 S1 S1 B B B X8 X8 X8 X16 X16 X16 

B S2 S2 S2 X1 X1 X1 X9 X9 X9 X17 X17 X17 

C S3 S3 S3 X2 X2 X2 X10 X10 X10 X18 X18 X18 

D S4 S4 S4 X3 X3 X3 X11 X11 X11 X19 X19 X19 

E S5 S5 S5 X4 X4 X4 X12 X12 X12 X20 X20 X20 

F S6 S6 S6 X5 X5 X5 X13 X13 X13 X21 X21 X21 

G S7 S7 S7 X6 X6 X6 X14 X14 X14 X22 X22 X22 

H S8 S8 S8 X7 X7 X7 X15 X15 X15 X23 X23 X23 
S1= Highest concentration of Standard, S8= Lowest concentration of Standard, 

B= Blank (No standard), X= Unknown samples 
 

4.7 Data Analysis 

The experiments described in this dissertation generates high throughput proteomics data matrix 

that contains the concentration information for all the cytokines that were detected for a sample 

under a specific condition. The number of variables (cytokines) are typically larger than the 

number of samples. The patient population described in this dissertation are classified into four 

groups namely Control, Mild Encephalopathy, Moderate Encephalopathy and Severe 

Encephalopathy group according to the documentation of first clinical assessment by Pediatric 

Neurologist within 24 hours of admission. 
Table 14: Bio-plex Human Cytokine Standard 27-Plex 

Analyte Concentration 
     (pg/ml) Analyte Concentration 

    (pg/ml) Analyte Concentration 
      (pg/ml) 

IL-1% 1,013 IL-10 26,569 IFN-! 4,495 

IL-1ra 76,896 IL-12 19,101 IP-10 57,004 

IL-2 17,225 IL-13 4,658 MCP-1 7,634 

IL-4 1,588 IL-15 137,986 MIP-1" 755 

IL-5 57,568 IL-17A 27,648 MIP-1% 7107 

IL-6 7,980 Eotaxin 2,081 PDGF 76,160 

IL-7 37,632 b-FGF 61,360 RANTES 59,870 

IL-8 17,258 G-CSF 97,519 TNF" 53,044 

IL-9 37,868 GM-CSF 6,627 VEGF 209,528 
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4.7.1 Statistical Analysis 

All data were analyzed using the R software Version 3.3.3 (R Foundation for Statistical 

Computing, Vienna, Austria) and JMP®, Version 14.0.1 SAS Institute Inc., Cary, NC, 1989-

2007. Descriptive statistics, including medians, means, and standard deviations, were computed 

for continuous variables. Frequencies and percentages were determined for categorical variables. 

Significance level set at "=0.05 for all tests. For the purpose of this study, samples were divided 

into four time epochs after birth namely (1) Timepoint 1 : Cord blood or < 6 hours blood sample, 

(2) Timepoint 2: 12-24 hours blood sample, (3) Timepoint 3 : 72-84 hours blood sample and (4) 

Timepoint 4 : 96-108 hours blood sample which represent an early and late measure for 

biomarker levels in the first 5 days following hypoxic ischemic injury.  

Baseline Characteristics: To compare the baseline demographic characteristics of controls with 

cases grouped according to the stage of encephalopathy, Chi square test was used for categorical 

variables. For continuous variables with normal distribution One-way Analysis of Variance 

(ANOVA) was used. Non parametric continuous variables like the cytokine levels were 

compared with the Kruskal–Wallis test followed by a Dunn multiple comparisons test between 

the groups.  

Univariate Analysis:  The association between individual cytokines at different time-points with 

perinatal factors namely gestational diabetes, gestational hypertension, maternal smoking, Group 

B streptococcal colonization, epidural anesthesia and instrumentation during delivery e.g forceps 

and vacuum was analyzed with Mann-Whitney U test.  

Longitudinal analysis: Aim of  the longitudinal analysis was to study how the cytokine levels 

changes with time after birth where stage of encephalopathy is expected to have an effect. 

Repeated measure Linear mixed effect model approach was taken to model individual cytokine 

levels (dependent variable) as function of Stage of Encephalopathy (between subject variation) 

and time (within subject variation). Similar model fitting was used to investigate the difference 

between temporal changes of cytokines in cases with adverse outcome compared to those with 

Normal MRI.  For model fitting by REML method, subjects were taken as random effects and 

stage of encephalopathy or adverse outcome as fixed effect. The cytokines which had 

significantly (p<0.05) changed over time were used to correlation network analysis. 

Multiple regression: The cytokines, which were significantly different in cases compared to 

controls were further analyzed to investigate the association berween stage of encephalopathy 

and cytokine levels after adjusting for common covariates that may influence serum 
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inflammatory profile at time-point 1 and 2. Predictor variables like Mode of Delivery, Gender, 

Apgar score at 5 minutes, Cord pH, Gestational hypertension, Gestational diabetes for time-point 

1 and Renal dysfunction, Liver Dysfunction, Coagulopathy, Persistent Pulmonary Hypertension 

and Ionotrope for timepoint 2 were used in a step-wise multiple regression analysis with 

weighted regression equations. Multiple regression analysis determines the relationship between 

a dependent variable of interest and a set of potential predictor variables. The stepwise process 

eliminated the parameters that provided insignificant contribution to the model. The coefficient 

for each factor was obtained from the final model keeping 3 most significant predictors with the 

lowest p-value.  

 

4.7.2 Data Mining Analysis 

Data mining is the interdisciplinary subfield of computer science that discovers patterns within a 

high throughput data sets with the help of machine learning tools. The ultimate goal of the data 

mining process is to extract information from a data set, generate hypothesis and further use in 

predictive analytics. The null hypothesis was that inflammatory mediators could not segregate 

patients with adverse outcome from patients with normal  MRI. 

 
Data preprocessing: The data first needs to be transformed and abstracted into a format suitable 

for running the analytical methods described below, while minimizing the loss of information. 

The major issues with cytokine data is the inherent differences in absolute concentrations of 

certain cytokines relative to one another and the levels of certain cytokines are marked 

undetectable if below the lowest concentration that can be accurately detected by the assay. Thus 

consistent preprocessing across cytokines is vital to facilitate their comparison and biological 

interpretation. The data was preprocessed for each cytokine through a sequence of averaging 

over triplicate wells, centering and scaling. All zero/undetectable cytokine concentration values 

were replaced with the minimum detectable (ie, sensitivity) value of the assay. After this, each 

cytokine was z score standardized by centering (subtracting the mean) and scaling (divided by 

the standard deviation).  

Z score = (x-µ)/)  

where x = subject mean, µ = study population mean, and ) corresponds to study population 

standard deviation) 
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Data-driven modeling by Principal Component Analysis (PCA): PCA is a mathematical 

procedure that transforms high dimensional data of correlated variables into lower dimensions of 

uncorrelated variables called principal components. Principal components are calculated as 

orthogonal normalized linear combinations of the original variables. In simple terms, the 

calculated variables are a summation of the original variables multiplied by a coefficient that 

reflects the relative importance of the variable in determining the calculated variable. The data 

points or individual observations are then plotted in a new coordinate system, the X and Y axis 

of which is formed by the calculated variables or principal components (PC). The origin of the 

new coordinate system is located in the center of the datapoints (Figure 12). If there are n 

independent variables that determine the output, (n-1) principal components can be calculated 

but only first 3 principal components are the most important ones in describing the dataset. The 

first few PCs capture the most variance in the dataset (Figure 12). The original variables that 

contribute the most to the first 2-3 PCs are considered to be the variables that are accounting for 

the major variability in the data. Each variable is assigned a “loading” value corresponding to 

each PC, which reflects the contribution of that variable towards the calculated PC(variable). The 

sign of the loading determines whether a larger-than-average (positive) or smaller-than-average 

(negative) level of that variable is associated with positive variation in that principal component.  
 

Fig 11: Illustration of Principal Component Analysis 
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When the individual data points or observations are plotted in the new coordinate system (PC1 

and PC2), there position depends upon the dimensions of the variables that most influence PC1 

and PC2. That is, if an observation had high levels of variables with large positive loadings for 

PC1, then that observation would be assigned a large positive value for PC1, whereas high levels 

of variables with large negative loadings on PC1 would lead to a negative value on PC1, while 

levels of variables with small loadings would have little influence. Observations that have similar 

values of the original variables will thus tend to clump together in the plot while the observations 

which have different values will be far apart. This helps to visualize the separation between the 

different classes without specifying these details to the algorithm. This technique is called 

unsupevised learning. 

          PCA analysis was used in this study to identify individual patient specific inflammatory 

pattern calculated from patients who had at least 3 blood samples done during the study period. 

An analysis was run per patient with each timepoint being considered as one observation and 

each cytokine considered a variable. To estimate the contribution of a given cytokine towards 

each principal component, the loading associated with each cytokine was multiplied by the 

eigenvalue of the corresponding principal component. This process was repeated for the first 3 

principal components. The overall “score” given to each cytokine was the sum of its scores in the 

first 3 principal components, which explained at least 90% of the variance in the data. This score 

gives a measure of how much a cytokine changes over time in individual patients inflammatory 

trajectory. All cytokines with respective scores formed an inflammatory signature of the patient. 

These data was used for post PCA heirarchical clustering.  
  

Data-driven modeling by Hierarchical clustering analysis (HCA): The goal of this analysis is to 

identify homogenous subgroup of patients with similar inflammatory pattern of circulating 

cytokines both pre and post-PCA analysis. It does not require any pre-specification of the 

number of clusters to be generated. At each step in the hierarchical procedure, either a new 

cluster is formed or one case joins a previously grouped cluster. Specifically, the algorithm for 

agglomerative hierarchical clustering, also known as AGNES (Agglomerative Nesting) was 

used. It works in a bottom-up manner. That is, each object is initially considered as a single-

element cluster (leaf). At each step of the algorithm, the two clusters that are the most similar are 

combined into a new bigger cluster (nodes). This procedure is repeated until all points are 

member of just one single big cluster (root). The result is a tree which can be plotted as a 
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dendrogram (Figure 13).  We used hierarchical clustering (ward linkage) to group patients into 

natural clusters based on their cytokine PCA scores.  

 

Data-driven modeling by Network Analysis: The goal of this analysis is to gain insights into the 

connectivity between individual elements or cytokines at a given time point. Biological systems 

can be modelled as networks that are complex sets of binary interactions between different 

random variables which in our case are cytokine levels. Systems biology heavily uses network 

analysis to understand interacting biological entities at the systemic level as well as their 

emergent properties. The “nodes” represent the variables, and “edges” convey information about 

the links between the nodes (Figure 14). Edges may have directionality and a quantitative value 

(strength) attached to them.  

 

Figure 12: Agglomerative Hierarchical Clustering and Dendogram 

 

 

Weighted Correlation Network Analysis: Correlation network analysis is used for studying 

biological networks based on pairwise correlations between variables, and defines clusters and 
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primary hubs in the network. Correlation between the cytokines was calculated using pearsons 

correlational coefficient and the edges with a coefficient higher than 0.7 or less than -0.7 where 

plotted to contruct the network. Not all cytokines were important enough to be included in the 

analysis. The mean fold changes of the detected cytokines were calculated between patients with 

adverse outcome and patients with normal MRI. Only those cytokines showing at least 1.5-fold 

changes were subjected to correlation network analyses. The purpose of this analysis was to 

identify the key players and if possible the pathways associated with adverse outcome.  

 

Figure 13: Example of a Directed Network  

 
 

Variable Clustering: Variable clustering algorithm was used to identify the characteritic 

cytokines clusters within the network. This algorithm groups the variables into clusters or 

cytokine modules by hierarchical cluster analysis on variables, using the pairwise squared 

Pearson correlation coefficients including only the coefficients that are positive. This analysis is 

used for reducing collinearity and redundancy within the variables thus separating them into 

clusters that can be scored as a single variable.  

 

Supervised Machine Learning: If the machine learning algorithm uses the variables 

characterizing each individual observation along with labels that specify the corresponding class 

or outcome it is called supervised learning. These analytical technique is typically used to learn a 
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set of rules from a training dataset, creating a classifier that can be used to apply on new datasets. 

Decision trees, a form of supervised learning, are trees that classify observations by sorting them 

based on the values of the variables selecting a cutoff in the process. Each node in a decision tree 

represents a variable and each branch represents either a value below or above the cutoff that the 

node can assume. Observations are classified starting at the root node and sorted based on their 

variable values. The variable that best divides the training data would be the root node of the 

tree.  We used Classification and regression tree analysis to construct the decision trees. The 

algorithm organizes the dataset into groups classified by the binary response variable (presence 

or absence of adverse outcome) in a stepwise pattern. At each step a split by a level of the 

variable that best divides the patient into two groups is the chosen. Splitting continues until the a 

branch consists of all patients in the same class or when the minimum number of patients in each 

group is reached. The variable chosen as a classifier needs to be evaluated based on prediction 

accuracy that is the percentage of correct prediction divided by the total number of predictions. 

There are multiple techniques which are used to calculate a classifier’s accuracy. One is to split 

the training set by using two-thirds for training and the other third for estimating performance. 

Cross-validation is another technique, where the training set is divided into mutually exclusive 

and equal-sized subsets and for each subset the classifier is trained on the union of all the other 

subsets. Due to small size of our datset, cross validation was not done, as an independent dataset 

without overlap with the training dataset is ideal from evaluation. Instead, we used the 

combination of variables selected for the binary outcome in a multiple logistic regression 

analysis. The logistic model was then assessed for its sensitivity, specificity, a receiver operator 

characteristic curve and the area under the curve.  

 

Softwares: The statistical analysis was completed using JMP®, Version 14.0.1 SAS Institute 

Inc., Cary, NC, 1989-2007.  R software was used for scaling and centering of dataset. For 

computing PCA analysis R Statistical Software packages FactoMineR (https://cran.r-

project.org/web/packages/FactoMineR) and factoextra (https://cran.r-

project.org/web/packages/factoextra) was used. For HCA, JMP®, Version 14.0.1 SAS platform 

and R software packages cluster (https://cran.rproject.org/web/packages/cluster), factoextra 

(https://cran.r-project.org/web/packages/factoextra) and dendextend (https://cran.r-

project.org/web/packages/dendextend) was used. Each clustering algorithm was used to plot 

corresponding heatmaps and dendogram. Classification and Regression Analysis (CART 
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analysis), was performed using the R package C50 (https://cran.r-

project.org/web/packages/C50). R packages nnet (https://cran.r-project.org/web/packages/nnet) 

and ROCR (https://cran.r-project.org/web/packages/ROCR) were used to evalute multiple 

logistic regression models. Variable clustering and Correlation matrices were computed with 

JMP®, Version 14.0.1. Subsequent visualization of the correlation network was implemented 

with open source bioinformatics platform Cytoscape version 3.4.0 (Institute of Systems Biology, 

Seattle, USA). Interaction networks among the identified cytokine motifs were analyzed using 

STRING database Version 10.5 (http://string-db.org/). 
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CHAPTER 5: Results 

5.1 Demographic Characteristics of Cases and Controls 
The study was conducted in two phases. In the first pilot phase six cases were recruited and in 

the second phase seven controls and 23 cases were recruited for the study. The cases were alloted 

study identification numbers that begin with HIE-1 and controls were allotted numbers that begin 

with HIE-0. The cases were classified into Mild, Moderate and Severe Encephalopathy groups 

(Methodology, Data Analysis,pg 62). Important perinatal factors have been compared between 

the controls and 3 groups of the cases in Table 14.  

 

Table 15: Characteristics of Antepartum and Intrapartum factors 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
*Continuous variable expressed in Mean (SD), One way ANOVA test, categorical variable expressed in 
Frequency (%), Chi square test 

 
Among the babies with moderate-severe encephalopathy, the frequency of maternal gestational 

diabetes was higher. Significantly higher proportion of babies with mild encephalopathy had 

been delivered vaginally with use of assistive manouvres like Forceps or Vacuum.  

 

 

 

Variables Controls Mild Moderate Severe p value 
N=7 N=12 N=12 N=5 

Maternal Age (years) 34(2.8) 31.3(6.3) 31.3(6.8) 29.6(5.6) 0.62 

Diabetes 0(0) 1(8.3) 5(41.6) 2(40) 0.04 

Gestational 
Hypertension 0(0) 1(8.3) 2(16.7) 0(0) 0.39 

Abruption 0(0) 2(16.7) 1(8.3) 1(20) 0.49 

Smoking 1(14.3) 0(0) 2(16.7) 0(0) 0.25 

GBS positive 1(14.3) 2(16.7) 1(8.3) 2(40) 0.35 C-section 3(42.8) 3(25) 6(50) 4(80) 0.19 

Instrumentation 0(0) 8(66.7) 3(25) 1(20) 0.007 

PROM 2(28.5) 3(25) 1(8.3) 0(0) 0.29 

Epidural 7(100) 9(75) 7(58) 3(60) 0.11 

Intrapartum antibiotics 1(14.3) 5(41.7) 1(8.3) 2(40) 0.18 

Caucasian 5(71.4) 5(71.4) 9(75) 9(75) 4(80) 
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Table 16: Neonatal demographic characteristics between groups 

 
 

 

 

 

 

 

*Continuous variable expressed in Mean (SD), One way ANOVA test, categorical variable expressed in 

Frequency (%), Chi square tests 

 

 
 

5.2 Comparison of  neonatal demographics between cases and controls 
There was no significant difference in the gestational age and birth weight of cases and controls. 

Gender distribution was similar between the controls and moderate-severe encephalopathy group 

but the mild group were predominantly males. Nutritional status of neonates at birth was 

expressed as birth centiles as per CDC growth chart. The distribution of babies less than the 10th 

centile was not different between the groups (p value 0.09). 

 

5.3 Clinical Characteristics of the cases 
Neonates categorized in the moderate to severe HIE groups were more depressed at birth, thus 

having lower Apgar scores and needing intubation with positive pressure ventilation. In 

comparison, the majority of neonates classified as mild HIE needed only CPAP (continuous 

positive airway pressure) to support breathing rather than intubation. Extensive  resuscitative 
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Controls Mild Moderate Severe

HIE Stage at admission

Variables Controls 
N=7 

Mild 
N=12 

Moderate 
N=12 

Severe 
N=5 

p value 
 

Gestational Age 
(weeks) 38.4(0.9) 39.3(1.1) 39.1(1.7) 38.6(1.7) 0.52 

Birth Weight (g) 3239(479) 3259(464) 3350(398) 3119(290) 0.78 

Female 4(57.1) 1(8.33) 5(41.67) 2(40) 0.09 
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measures like chest compressions and epinephrine was more frequent in the moderate-severe 

HIE groups. The majority of cases in all clinical groups were born at peripheral hospitals and 

later transported to tertiary hospitals for therapeutic hypothermia. Passive cooling by switching 

off radiant warmers and active cooling with ice/gel packs were maintained during transport. All 

infants reached target temperature prior to arrival at the tertiary care centre. There was no 

significant difference in the admission temperatures of the neonates at the time of admission 

between the severity groups. On the otherhand, controls were recruited from inborn healthy 

neonates only.  

    

Table 17: Comparison of intrapartum events and resuscitation  
  

              

 

 

 

 

 

 

 

 

 

 

 
*Number(%). Abbreviations: PPV, positive pressure ventilation, CPAP, continuous  

positive airway pressure  

 

Markers of fetal acidosis like blood gas base deficits and lactate levels were significantly higher 

in the moderate-severe HIE group. The incidence of multiorgan dysfunction and seizures 

increased with increase in severity of injury. Renal Dysfunction was defined as Creatinine levels 

above 100 mmol/L within first 24 hours of life (50, 346). Liver dysfunction was defined as 

Alanine Aminotransferase (ALT) above 45U/L or Aspartate Aminotransferase (AST) above 

150U/L within first 24 hrs of life (346). The need for ionotropes to treat hypotension and 

maintain blood pressure within the normal range was considered to be an indication of 

Variables Mild 
N=12 

Moderate 
N=12 

Severe 
N=5 

p value 
 

Outborn 11(91.6) 10(83.3) 5(100) 0.45 

Apgar at 1min <=3 8(66.7) 11(91.6) 5(100) 0.18 

Apgar at 5min <=5 8(66.7) 10(83.3) 4(80) 0.17 

Apgar at 10 min 
<=7 8 (66.7) 9 (75) 4(80) 0.20 

CPAP at 
resuscitation 11(91.7) 6(50) 1(20) 0.0068 

PPV at 
resuscitation 11(91.7) 12(100) 5(100) 0.4 

Intubation 5(41.7) 9(75) 4(80) 0.15 

Chest 
compression 0(0) 2(16.7) 2(40) 0.05 

Epinephrine 0(0) 2(16.7) 2(40) 0.05 
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cardiovascular dysfunction(50). Persistent pulmonary hypertension was defined as the use of 

ventilatory nitric oxide for improving oxygenation. Coagulation profile was considered abnormal 

if INR >1.5 or PTT > 60 seconds. Thrombocytopenia was defined as platelet counts less than 

100 x 109/L. 

 

Table 18: Clinical Characteristics of the Cases 

 

Variables Mild 
N=12 

Moderate 
N=12 

Severe 
N=5 

P value 
 

Admission Temp (0C) 33.8(1.1) 34.7(1.3) 33.4(1.6) 0.12 

First hour blood pH 7.25(0.07) 7.12(0.1) 7.05(0.1) 0.007 

First hour blood BD 9.7(3.6) 16(7.1) 20(3.5) 0.002 

First hour lactate (mmol/L) 7.16(3.9) 10.4(3.4) 18.4(1.14) <0.0001 

Start of Active Cooling (hour) 4(0.7) 3.4(0.7) 2(1.9) 0.32 

Loading AED 1(8.3) 3(25) 4(80) 0.012 

Maintenance AED 0(0) 2(16.7) 4(80) 0.001 

Ionotropes 0(0) 3(25) 3(60) 0.009 

Thrombocytopenia 1(8.3) 6(50) 2(40) 0.15 

Coagulopathy 2(16.7) 10(83.3) 5(100) 0.0001 

PPHN 0(0) 4(33.3) 1(20) 0.04 

Sepsis 0(0) 0(0) 1(20) 0.42 

Abnormal EEG 0(0) 5(41.7) 5(100) <0.0001 

EEG Seizure 0(0) 3(25) 3(60) 0.009 

Liver Dysfunction 2(16.7) 5(41.7) 4(80) 0.04 

Renal Dysfunction 3(25) 3(25) 3(60) 0.33 

           *PPHN,Persistent Pulmonary Hypertension,AED, Anti-epileptic drugs 

 

Loading dose of antiepileptic medication is the single high dose given to attain a therapeutic 

level to control seizures. Maintenance anti-epileptic medications are lower doses of the 
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medication continued at regular intervals when seizure is uncontrolled by the loading dose. The 

difference in the time of initiation of active cooling between the clinical groups, an important 

determinant of the efficacy of therapeutic hypothermia, was not statistically significant. 

 

5.4  Outcome of  the cases 

Two patients in the severe HIE group died within 48 hours of life following withdrawal of care 

based on clinical assessment and EEG features, and a MRI was not done. Three patients in the 

moderate HIE group and 3 patients in the severe HIE group had abnormal MRI. The MRI results 

were assigend a value using Barkovich scoring (Table 18).   

 

Table 19: Results of MRI Brain in cases 

 
Study ID Stage of HIE Restricted Diffusion in involved brain 

structures 

Barkovich Score-S* 

T1W T2W DWI 
 

HIE-1-06 Severe Bilateral hemispheric white matter in the 
centrum semi-ovale 

0 0 6 

HIE-1-11 Severe 
Bilateral basal ganglia, thalamus and white 
matter 

4 4 10 

HIE-1-15 Moderate 

Head of caudate nucleus, anterior peri-
rolandic cortex, small area adjacent to 
posterior inter-hemispheric fissure, 
cortical and subcortical areas of bilateral 
superior parietal lobes. Left cerebellar 
hemorrhage. Subdural hemorrhage 
bilateral. Subgaleal hematoma  

3 3 4 

HIE-1-18 Severe 

Periventricular temporo-occipital white 
matter, and bilateral hemispheric white 
matter in the centrum semiovale. 
Intraventricular blood and left frontal 
subarachnoid blood.  

0 0 4 

HIE-1-22 Moderate Bilateral ventrolateral thalami and 
posteromedial putamina.  

0 0 1 

HIE-1-25 Moderate Punctate focus involving the posterior 
medial left thalamus.  

0 0 2 

             * S (Summation) = Basal Ganglia (BG) +Watershed (W)              

 

Clinical seizures were documented for 3 patients in each of the moderate and severe HIE groups. 

Abnormal EEG backgrounds were not consistently associated with seizures (Table 19). EEG 

grading was done according to the criteria published by Murray et al. (2009), where; (0) is 

continuous background pattern with normal physiologic features, (1) is continuous background 
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pattern with slightly abnormal activity (mild asymmetry, mild voltage depression, or poorly 

defined sleep wake cycling or SWC), (2) is discontinuous activity with interburst interval (IBI) 

of <10 s, no clear SWC, or clear asymmetry or asynchrony, (3) is discontinuous activity with IBI 

of 10–60s, severe attenuation of background patterns, or no SWC, and (4) is suppressed 

background activity of <10 µV, with a prolonged IBI of >60 s. 

 

   Table 20: Grades of abnormal EEG in the first 72 hours of life in cases 

 

            

5.5  Association of Cytokine profiles with stages of encephalopathy 
At the first two time-points (Time-point 1= Cord Blood/<6 hour blood sample, Time-point 2=12-

24 hour blood samples) where separately compared between the clinical groups according to the 

HIE severity classification as well as to healthy controls at the corresponding time-points. At 

time-point 1, IL-6, INF*, IL-1ra, G-CSF, FGF basic and MCP-1 were found to be significantly 

higher in HIE patients as compared to controls. Cytokines that reached statistical significance at 

time-point 2 were IL-10, PDGF bb and MIP 1b. In contrast to others, PDGF bb and MIP b levels 

were lower in moderate to severe HIE group. 

 

 

Study ID Stage of 
Encephalopathy 

EEG grades EEG 
Seizure 0-24hrs 24-48hrs 48-72hrs 

HIE-1-06 Severe 3 3 3  
No 

HIE-1-10 Moderate 1 0 0  
Yes 

HIE-1-11 Severe 3 3 3  
Yes 

HIE-1-15 Moderate 2 2 2  
Yes 

HIE-1-17 Moderate 4 4 3  
Yes 

HIE-1-18 Severe 1 0 0 Yes 

HIE-1-20 Moderate 2 2 2 Yes 

HIE-1-22 Moderate 1 1 1 No 

HIE-1-25 Moderate 1 2 0 No 
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Table 21: Cytokines levels in pg/ml significantly different in clinical stages of  

HIE at Time-point 1(Cord blood/<6 hours of birth) 
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* Significantly different when compared to controls by post hoc test 

 

The difference in cytokines levels compared between different clinical stages of HIE at the  3rd 

and 4th  timepoints was not statistically significant. However, when compared to corresponding 

cytokine levels in controls at Time-point 1,  IL-6, IL-12(p70), IP10, PDGFbb, MIP1b, RANTES 

were significantly higher in cases at Time-point 3. Similarly, IL-2, IL-10, IL-12(p70), G-CSF, 

GM-CSF, IFN*, MIP1b, RANTES was significantly lower in HIE infants compared to controls 

at Time-point 1. 

 

5.6 Time course analysis of cytokine in the clinical staging groups  

Longitudinal data analysis is necessary to investigate the dynamic process of cytokines involved 

in the pathophysiology of the disease. In order to account for the effect of clinical staging on the 

temporal changes in cytokine levels a repeated measure mixed model approach was adapted. 

Least square means plots were used to delineate the pattern of changes in the cytokines. Least 

Squares Mean estimated from a linear model, in contrast to arithmetic mean, is adjusted for other 

Variables 
Controls Mild Moderate Severe P 

value n = 7 n = 8 n = 9 n = 5 

Pro-inflammatory 

IL-6 0 
(0-0.03) 

0.21 
(0.05-37.5) 

0.51 
(0.05-4.9) 

63.88 
(2.8-375.3) 0.002 

IFN! 0 
(0-0.08) 

0.135 
(0.07-4.61)* 

0.4 
(0.09-3.15)* 

1.09 
(0.18-3.8)* 0.007 

Anti-inflammatory 

IL-1ra 117.4 
(20-320) 

252.9 
(92.1-2049.2) 

501.2  

(180-1693) 
2375.6 

(1045-9742)* 0.05 

Growth Factors 

G-CSF 0.37 
(0.3-0.41) 

2.06 
(0.35-326.8) 

3.99 
(0.83-221.5) * 

1083.7 
(3.83-6949) * 0.005 

FGF basic 0.3 
(0.23-0.41) 

0.64 
(0.38-46.8) * 

0.55 
(0.42-18.11) * 

1.03 
(0.35-53.5) * 0.02 

Chemokines 

MCP-1 2.53 
(0.4-7.21) 

3.69 
(2.04-599.7) 

15.5 
(2.29-161.5) 

80.98 
(11-14315) * 0.04 
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terms in the model (like Stage of encephalopathy in this case). The cytokines which were noted 

to be significantly different between the three clinical stages at Time-point 1 and 2 where 

specifically plotted (Figure 15). 

 

Table 22: Cytokines levels in pg/ml significantly different between cases and 

controls at Time-point 2 (12-24 hour blood samples) 

 

Variables 
Controls Mild Moderate Severe P 

value n = 7 n = 12 n = 12 n = 5 

Anti-inflammatory 

IL-10 10.86 
(9.2-16.3) 

15.8 
(4.5-22.2) 

13.46 
(9.5-34.9) 

105.59 
(90.6-191.8)* 0.01 

Growth Factors 

PDGF-bb 2005.13 
(1654-2442) 

617.33 
(232-1457) 

229.6 
(60-528)* 

658.15 
(16-1007)* 0.01 

Chemokines 

MIP-1b 172.04       
(127-284) 

96.7           
(71-138) 

73.86 
(46.5-120.5)* 

118.2 
(62.9-122.3) 0.03 

!!!!!!!!!!012345"*67'!&!89:;<4=!>4==3;!.1;?!@A==AB12!C:55!D:=?3E=1!FADE493;A5&!

* Significantly different when compared to controls by post hoc test 

 

Each cytokine showed a different temporal distribution pattern. IL-7 levels show a prominent 

peak at 72 hours of life in the infants diagnosed with severe HIE. IL-6 remained unchanged over 

time in mild HIE, while a significant elevation at timepoint 1 is noted in moderate-severe HIE, 

which steadily decreases over time. Similarly, IL-10 and MCP1 are elevated in the severe HIE 

group at timepoint 1 but undergo a significant drop in the first 24 hrs of life, compared to mild-

moderate HIE, where the levels are lower and without much variation over time. On the contrary, 

G-CSF and IL-1ra levels rise in the first 24 hours in patients with severe HIE, but remain 

constant in mild-moderate HIE. After an initial fall in first 24 hrs, PDGF bb recovers in mild-

moderate HIE but fails to do so in severe group. Both MIP1b and IFN* increases in the first 24 

hours and plateaus till 72 hours, sunsequently returning towards baseline. 
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Figure 14: Temporal patterns of cytokines in different stages of encephalopathy 
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5.7  Effect of perinatal factors on Cytokine Levels 
Certain factors associated with maternal health and intrapartum events can have profound effect 

in changing the inflammatory mileu in neonates. Univariate analysis of our data identified an 

association of gestational diabetes with high levels of MCP1, IL-10, G-CSF, MIP1a and lower 

levels of IL-12p70. Maternal smoking significantly raised IL-7 levels at time-point 2. Acute 

events like placental abruption at birth significantly increased RANTES levels in cord blood but 

resulted in lower levels of IP10, MCP1, and Eotaxin as noted later. Rupture of membrane >18 

hours prior to birth was associated with high levels of VEGF at 24 hrs after birth. 

             The mode of delivery was also shown to exert a significant effect on multiple cytokine 

levels. C-section being ssociated with high levels of IP10 in cord blood and IL-4, IL-9, IL-13, 

Eotaxin, MCP1, MIP1a, MIP1b, TNF" at 24 hrs. Further, difficult vaginal deliveries requiring 

the use of forceps or vacuum extraction was a major factor that was associated with alterations in 

multiple cytokine levels including IL-8, FGFb, MIP1a, MIP1b, IL-4, IL-7, IL-13, IL-15, Eotaxin, 
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TNF! over the first 72 hours of life. Finally the use of epidural anasthesia administered to 

mother during birth, significantly raised TNF" levels in cord blood of neonates.  

 

Table 23: Association of Cytokines with perinatal factors 

 
Variable Time-point 1 Time-point 2 Time-point 3 Time-point 4 

Gestational 
Diabetes MCP1  IL-10, IL-12, G-

CSF, MIP1a  

Epidural TNF" 
 

IL-5, IL-9, 
   IL-15 
 

IL-1ra, IL-4, IL-
15 

PDGF 
 

Abruption RANTES 
 

Eotaxin 
 

Eotaxin, IP10, 
MCP1  

Smoking  IL-7   

Premature 
Rupture of 
Membrane 

 VEGF   

C-section IP10 
 

IL-4, IL-9, IL-13, 
Eotaxin, MCP1, 
MIP1a, MIP1b, 
TNF" 

IL-4, IL-15 IL-13 

Instrumentation 

IL-8, FGFb, 
MIP1a, MIP1b 
 
 

IL-4, IL-7, IL-13, 
IL-15, Eotaxin, 
TNF" 

IL-4, IL-15, 
Eotaxin  

              *Red indicates increases and blue indicates decrease of the cytokine in the presence of the factor 

 

5.8 Differential Cytokine expression in cases with adverse outcome 
Perinatal asphyxia leads to alterations of cytokine levels in all cases of HIE in our cohort. 

However, our study intended to delineate the cytokines that were differentially expressed in the 

cases who have adverse outcome, defined by abnormal MRI or death, compared to the cases who 

had normal MRI at discharge and the mean fold changes were calculated. Only the cytokines 

which showed a 1.5 fold change are listed in Table 24 and used for subsequent network analysis. 

Some of the cytokines were over-expressed while others were under expressed in the patients 

with adverse outcome. IL-10 is noted to be highly expressed and PDGFbb has lower expression 

in infants with adverse outcome over all timepoints. G-CSF and MCP1 were higher while IFN-! 

and IL-4 were lower in the adverse outcome group within first 24 hours of life. 
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Table 24: Cytokines with mean fold changes >1.5   

 

Timepoint 1 Timepoint 2 Timepoint 3 Timepoint 4 

IL-2, IL-4, IL-6 

IL-10, Eotaxin, 

IL-15, IL-17 

G-CSF, GM-CSF 

IFN-!, VEGF 

MCP-1, MIP-1a 

PDGFbb, TNF" 

 

IL-13, IL-15, 

IL-17, IL-4 

G-CSF, GM-CSF, 

IFN-!, MCP-1, MIP-

1a, VEGF, IL-1ra, IL-

6, IL-8 

IL-10, PDGFbb, 

RANTES 

IL-7, IL-8, IL-10 

IL-9, IL-12 (p70) 

IL-13, G-CSF 

GM-CSF, IP-10 

MIP-1a, PDGF 

MIP-1b, VEGF 

IL-1ra, IL-2 

IL-4, IL-6, IL-10 

IL-8, IL-13 

IL-17, IL-15 

IP-10, MIP-1a 

PDGF-bb, VEGF 

MIP-1b, TNF" 

 

            Red indicates an relative higher and blue indicates a relative lower level of the cytokine in the adverse       
            outcome group compared to HIE neonates with normal MRI at discharge 

 

5.9 Time course analysis of cytokines in the outcome groups 

To characterise the differences in the time courses of cytokines between HIE infants, with and 

with out abnormal MRI, a  repeated measures mixed model fitting by REML method was used.  

 

Figure 15: Temporal patterns of cytokines compared between outcome groups 
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!
 

The Least square means plots of the cytokines with significant differences between the two 

groups is shown in Figure 16. IL-1ra and G-CSF levels were higher in the adverse outcome 

group at all time points, reaching a peak at 24 hours of life. IL-7 and IL-17 in the neonates with 

unfavorable outcome were only significantly higher at 72 hours. The patients with unfavourable 

outcome had higher levels of IL-10 and MCP1 in cord blood. Although, IP10 and PDGF levels 

showed a trend of being higher in neonates with favourable outcome, the difference was not 

statistically significant as compared to infants with abnormal outcome. 

!
5.10 Effect of multiorgan dysfunction on cytokine levels at 24 hours 

The pathophysiology of the events surrounding HIE often involves injury to other organs in 

addition to the brain. As such measurement of peripheral cytokine levels bears the risk of being 

affected by injuries to other organs. Evidence of organ dysfunction often manifests within the 

first 24 hours of life. The cytokines which showed >1.5 fold difference when compared between 

the two outcome groups were subjected to multivariate regression with comparison of indices 

(covariates) for cardiovascular dysfunction, renal dysfunction, coagulopathy, persistent 

pulmonary hypertension (PPHN)  and liver dysfunction. When adjusted for multiorgan 

dysfunction, IL-15 had significant association with PPHN (! = 126, SE = 39, p value = 0.002) 
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and liver dysfunction (! = -62, SE = 34, p value =0.02)  but not with adverse neurological 

outcome. Cardiovascular instability was associated with G-CSF (! = 5078, SE = 2744, p value 

=0.04) and MCP1 (! = 1979, SE = 641, p value =0.04) levels. PPHN also had significant 

association with MIP 1a levels (! = 13.9, SE = 5.2, p value =0.01). PDGF levels were lower in 

the presence of liver dysfunction (! = -301, SE = 128, p value =0.02). In comparison, 

coagulopathy, a common side effect of therapeutic hypothermia, was associated with 

significantly lower MIP1b levels (! = -21, SE = 9, p value =0.04). After adjustment for organ 

dysfunction none of the cytokines individually were associated with adverse outcome. 

 

5.11 Data driven analysis 

In order to identify potential biomarkers of clinical outcomes following HIE, testing single 

analytes association with outcome ignores the context-dependent covariation in cytokine 

secretion and decreases statistical power due to multiple testing. To overcome this, a data-driven 

approach was taken to analyze cytokine profiles by both unsupervised and supervised methods to 

identify functional modules. The modular approach that clusters cytokines, based on their 

pairwise correlation, amplifies the signal they share and aids in interpretation by grouping 

cosignaling molecules. 

5.11.1 Hierarchical Clustering of patients based on raw cytokine data 

To begin with, hierarchical clustering was applied to classify patients with similar cytokine 

profiles based on just absolute values of cytokines scaled and centered. The cytokine profiles at 

birth or just after birth revealed 7 clusters of patients but no clinical similarity is noted between 

the members of the cluster (Figure 17). However, when the cytokine profiles at 24 hours were 

used, all patients in the cluster belonged to the control group (Figure 18). The clusters were 

neither able to differentiate between patients from different clinical stages of HIE nor the patients 

with adverse outcome. Since control patients did not have MRI, the hierarchical clustering 

process was repeated after removing the controls from the analysis. The heatmap thus generated 

shows all the patients with adverse outcome positioned closer to each other but still not in the 

same cluster (Figure 19). Using the cytokine profiles at the two other time-points did not yield 

any clinical differentiation of the subjects. 
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Figure 16: Subjects clustered based on scaled cytokine values at birth or <6 hours 

after birth 

 
Figure 17: Subjects clustered based on scaled cytokine values at 24 hours 

 
                  * Box highlights the subjects who were controls 
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5.11.2 Hierarchical Clustering based on patient specific inflammatory signature 

Considering that the absolute values of cytokine data over all subjects did not demonstrate any 

significant patterns in the clusters, we then performed a PCA analysis on individual patient 

datasets (Methodology Section pg 69) to identify the relative importance of cytokines in defining 

a patients dynamic inflammatory response. This analysis takes into account the cytokine values 

at each timepoint and assigns a score to each cytokine. The PCA scores for individual cytokine 

levels were used in the clustering algorithm again and 6 clusters were identified (Figure 20). 

Patients in clusters 4 and 5 were different from all other clusters as they were discharged from 

hospital by 5-6 days of life while paitents belonging to other clusters needed longer time to 

achieve the milestones such as breast feeding, essential for discharge to home. None of the 

patients in these two clusters had abnormal MRI, seizures, or abnormal EEG. Patients in Cluster 

1 had to be admitted in hospital for 12-13 days before they could be discharged home. 

 

Figure 18: Cases clustered based on scaled cytokine values at 24 hours 

 
*Box highlights the cases with adverse outcome (HIE-1-06, HIE-1-01, HIE-1-15,  

  HIE-1-11, HIE-1-27, HIE-1-18) 
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Figure 19: Principal Component Analysis of case based clustering of cytokines

 
 

 Mortality Abnormal 
MRI Seizure Abnormal 

EEG 
Average 

hospital stay 
Moderate to 
severe HIE 

Cluster 1 
N=2 0 1 1 1 12 days 1 

Cluster 2 
N=5 0 2 1 2 9.6 days 3 

Cluster 3 
N=5 0 2 2 4 8.4 days 3 

Cluster 4 
N=5 0 0 0 0 7.6 days 3 

Cluster 5 
N=2 0 0 0 0 6.5days 0 

Cluster 6 
N=3 0 0 0 1 8.3 days 1 

 

5.11.3 Identifying cytokines modules associated with adverse outcome 

To determine the most important predictors among the 27 cytokines that can differentiate HIE 

infants with adverse outcome from HIE infants with normal MRI, we ranked the cytokines by 

their importance, using the Random Forest Analysis. We subsequently performed a multiple 

logistic regression analysis and constructed receiver operator characteristic curves to calculate 

the sensitivity, specificity, area under the curve, and Akaike information criterion for a group of 
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variables which have the highest importance in a stepwise fashion. Table 23 shows these 

variables in each combination.  Figure 21 shows the ranked cytokines in order.  

Timepoint 1(birth): The data revealed that IL-8, TNF", IFN-!, IL-1ra, IL-12p70, MIP1a, IL-2 

and IL-17 are the top 8 predictors of adverse outcome in cord blood or serum samples taken 

within 6 hours of life. A combination of TNF", IL-8 and IFN-! levels were the best combination 

of biomarkers predictive of adverse outcome with a sensitivity of 100%, but a specificity of only 

37.5%. Adding IL-1ra and IL-12p70 in the combination improves the specificity to 50% without 

affecting the sensitivity.  

Timepoint 2 (24 hours from birth): The data revealed that IL-10, IL-1ra, IL-6, GM-CSF, FGF 

basic, PDGF, MIP1b and IL-8 are the top 8 predictors of adverse outcome at 24 hours of life. A 

combination of IL-10 and IL-1ra has a sensitivity of 95% and specificity of 62% in   predicting 

adverse outcome in HIE. Including IL-6, IL-8, MIP1b and GM-CSF in the combination improves 

the specificity to 75% without affecting the sensitivity.  

 

Figure 20: Random Forest Analysis : Cytokines ranked by their relative importance for 

discriminating cases with adverse outcome 
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Table 25: Predictive value of biomarker combinations  

 

Time point 1(birth) Sensitivity Specificity AUC AIC 

IL-8 100 6.3 0.59 29.7 
TNF" 33.3 75 0.54 27.1 
IFN-! 83.3 18.7 0.62 29.3 
IL-1ra 50 56.3 0.58 26.9 
IL-12p70 0 93.8 0.58 29.7 
IL-8 + TNF" 100 18.7 0.60 28.6 
IL-8 + TNF" + IFN-! 100 37.5 0.83 27.7 
IL-8 + TNF" + IFN-! + IL-1ra 100 43.8 0.79 29.1 
IL-8 + TNF" + IFN-! + IL-1ra + IL-
12p70 

100 50 0.82 31.1 

IL-8 + TNF" + IFN-! + IL-1ra + IL-
12p70 + MIP1a 

100 50 0.81 32.1 

IL-8 + TNF" + IFN-! + IL-1ra + IL-
12p70 + MIP1a + IL-2 

100 50 0.80 33.3 

IL-8 + TNF" + IFN-! + IL-1ra + IL-
12p70 + MIP1a + IL-2+ IL-17 

33.3 100 0.67 30.6 

 

Time point 2 (24 hours) 
 

Sensitivity Specificity AUC AIC 

FGF basic 95.2 0 0.68 35.9 
IL-8 95.2 12.5 0.71 35.2 
IL-6  95.2 37.5 0.59 33.9 
IL-1ra  95.2 50 0.69 33.1 
IL-10  95.2 62.5 0.85 29.2 
IL-10 + IL-1ra  95.2 62.5 0.81 28.2 
IL-10 + IL-1ra + IL-8 95.2 62.5 0.82 29.9 
IL-10 + IL-1ra + IL-8 + GM.CSF 95.2 62.5 0.91 27.7 
IL-10 + IL-1ra + IL-6 + IL-8 + 
GM.CSF 

90.4 75 0.95 26.5 

IL-10 + IL-1ra + IL-6 + IL-8 + 
GM.CSF + MIP1b 

95.2 75 0.98 25.3 

IL-10 + IL-1ra + IL-6 + IL-8 + 
GM.CSF + MIP1b + FGF basic  

95.2 75 0.98 27.2 

IL-10 + IL-1ra + IL-6 + IL-8 + 
GM.CSF + MIP1b + FGF basic 
+PDGF 

95.2 75 0.96 28.1 

 

5.11.4 Identifying cytokines modules that characterize each clinical stage of encephalopathy 

We studied the correlation between individual cytokines to identify smaller groups of cytokines 

formed by cytokines which usually increase or decrease together in a given condition. In this 

work, we refer to these cytokine groups as clusters. We found that certain cytokines consistently 

showed a positive correlation among themselves in various clinical conditions. Such cytokine 

subsets are referred to as motifs in this study. The inter-cytokine correlation was quantified by 
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computing the Pearson’s correlation coefficient between all pairs of cytokines. Having a positive 

correlation indicates that patients with a high concentration of one cytokine were likely to have 

high concentrations of the other cytokines at a particular timepoint. Machine learning algorithm 

called Variable clustering, classified the variables (cytokines) into clusters that can be scored as a 

single variable (cytokine) called the most representative variable. The  mathematical formation 

selected this representative variable that represents the changes in the cluster as a whole. 

Correlation network analysis helps visualization of these clusters, their inter-relation, and to 

identify time-dependent evolution of cytokine networks that are specific to a clinical stage of 

HIE. It points out the strong negative correlation between cytokines in-addition to the positive 

ones. The goal of this analysis was to gain mechanistic insight into dynamic changes in network 

connectivity of the inflammatory response over time. Connections in the network were created if 

the correlation between two nodes were greater or equal to a threshold of 0.7.  

Controls: At birth only two clusters were found, with IL-4 and MCP1 being most representative 

variables. Three clusters were found at 24 hours, which were best repesented by MCP1, IP-10 

and IL-12p70. Cytokines like FGF basic, G-CSF, TNF", IL-10 and IL-9 showing strong 

correlation at both time points forming motifs. At 24 hours, both Eotaxin and IL-4 levels had a 

strong negative correlation with other cytokines, while IL-2 and MCP1 levels emerge as major 

hubs in the network. 

 

Controls- Cluster Members 
Time point 1 

(birth) 

Cluster 1: IL-4, Eotaxin, TNF", IL-5, FGFbasic, IL-9, IL-10, G-CSF, IL-1ra 

Cluster 2: MCP1, IFN-!, IP10 

Time point 2 

(24 hours) 

Cluster 1: MCP1,  IL-2, IL-9, IFN-!, IL-10, G-CSF 

Cluster 2: IP10, IL-7, TNF", IL-13, IL-1ra 

Cluster 3: IL-12p70, Eotaxin, IL-4, FGF basic, IL-5, IL-15 
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Figure 21: Correlation Networks in Controls  

 

(a) Timepoint 1(birth) 

 

 

(b) Timepoint 2(24 hours) 

 
(a) Cytokine network at timepoint 1 (b) Cytokine network at timepoint 2 
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Mild Encephalopathy: The cytokines which were most representative of the network at birth 

were FGF basic, IL-10, IL-2, but changed to IL-4, IP10, IL-15, IL-1ra, IL-10 at 24 hours. Around 

72 hours of life, the inflammatory mileu was represented by IL-1ra, IL-12p70, IL-7, IL-5, IP-10, 

G-CSF. It soon transitions to Eotaxin, IL-10, IL-12p70, IFN-! in the next 24 hours. IL-10 is 

noted to be playing an important hub in the networks at all time points. The cytokine motif 

formed by IP10, TNF" and MCP1 shows a consistent positive correlation among themselves at 

24 hours and 72 hours. 
 

Mild Encephalopathy- Cluster Members 
Time point 1 

(birth) 

Cluster 1: TNF", FGFbasic, G-CSF, Eotaxin, IL-13, IL-5, IP-10 

Cluster 2: IL-10, IL-7, IL-1ra, IL-4 

Cluster 3: IL-2, IL-12p70, MCP1, IL-15, IL-9, IFN-! 

Time point 2 

(24 hours) 

Cluster 1: IL-4, IFN-!, IL-5, IL-2 

Cluster 2: IP10, Eotaxin, TNF", MCP-1 

Cluster 3: IL-15, IL-13, G-CSF, IL-1ra, IL-9, FGF basic, IL-12p70, IL-10, IL-7 

Time point 3 

(72 hours) 

Cluster 1: IL-1ra, IFN-!, G-CSF 

Cluster 2: IL-12p70, IL-13, IL-10, FGF basic  

Cluster 3: IL-9, IL-7, Eotaxin, IL-2 

Cluster 4: IL-5, IL-15, IL-4 

Cluster 5: IP10, MCP1,TNF" 

Time point 4 

(96 hours) 

Cluster 1: G-CSF, IL-7, IL-15, IL-13, MCP1,TNF" 

Cluster 2: Eotaxin, IL-2, FGF basic  

Cluster 3: IL-10, IP-10 

Cluster 4: IL-1ra, IL-12p70 

Cluster 5: IFN-!, IL-9, IL-5, IL-4 
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Figure 22: Correlation Networks in Mild Encephalopathy 

                                                                          

(a) Timepoint 1 (birth) 

 
(b) Timepoint 2 (24 hours)
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(c) Timepoint 3 (72 hours) 

 

                                                          

 

(d) Timepoint 4 (96 hours) 
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Moderate Encephalopathy: In cord blood, 2 clusters represented by IL-2 and IL-5 were 

noted. At 24 hours of life, IL-10, G-CSF, IP10 and IL-5 formed the main clusters. On the 

otherhand, IL-9 + TNF" + IL-1ra and G-CSF + FGFbasic +TNF" +MCP-1 were the 

central hubs at 72 and 96 hours respectively. Similar to mild encephalopathy group, cord 

blood samples had strong postive correlation between all mediators and no particular 

pattern was obvious. The positive correlation between MCP1, IP10 and TNF" is seen at 

consecutive time points although the strength of the relationship varied between 

networks. The cytokines that are commonly found to be associated with this trio are 

Eotaxin, IFN-!, G-CSF. In turn, G-CSF had a common association with IL-10 and IL-1ra. 

FGF basic demonstrates frequent association with IL-12p70 which remained unchanged 

over time. IL-9, IL-5 and IL-15 commonly belong to the same cluster over the four 

timepoints. 

 

Moderate Encephalopathy-Cluster Members 

Time point 1 Cluster 1: IL-2, TNF", IL-12p70, G-CSF, IL-9, IL-10, IL-7, IL-13. IL-1ra 

Cluster 2: IL-5, IL-15, MCP1, FGF basic, Eotaxin, IP10, IFN-!, IL-4 

Time point 2 Cluster 1:  IL-5, IL-9, IL-15, IL-2, IL-13, FGFbasic, IL-12p70 

Cluster 2: IP10, Eotaxin, IFN-!, MCP1, IL-4, TNF" 

Cluster 3: G-CSF, IL-7, IL-1ra, IL-10 

Time point 3 Cluster 1: IL-9, IL-5, FGFbasic, IL-2,IL-15, IL-4, IL-12p70 

Cluster 2: TNF", MCP1, IP10, IL-10, G-CSF 

Cluster 3: IL-1ra, IFN-!, Eotaxin, IL-13, IL-7 

Time point 4 Cluster 1: G-CSF, IL-1ra, Eotaxin, IL-4, IFN-!, IL-2, IP10, IL-13, IL-5 

Cluster 2: FGFbasic, IL-12p70, IL-7, IL-15 

Cluster 3: TNF", MCP1, IL-10, IL-9 
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Figure 23: Correlation Networks in Moderate Encephalopathy 

 

(a) Timepoint 1 (birth) 

 

 

                   

(b) Timepoint 2 (24 hours) 
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(c) Timepoint 3 (72 hours) 

 
 

(d) Timepoint 4 (96 hours) 
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Severe Encephalopathy: IL-12p70, IL-7 and IL-5 defined the inflammatory pattern in 

cord blood. IL-9, IL-10, TNF" were the most representative cytokines forming 3 clusters 

at 24 hours. IL-4, IL-2, and Eotaxin were the central hubs at 72 and 96 hours. A 

consistent positive correlation was noted between MCP1, TNF" and IP10 in this group at 

multiple time points.  On the contrary, IL-5 and IFN-! had significant negative correlation 

with TNF", MCP1 and IP10 at 72 and 96 hours. The association between IL-9, IL-5 and 

IL-15 was also noted at all timepoints. Majority of the edges in the severe group which 

had correlation coefficient >0.7 and therefore did not reach statistical significance (p > 

0.05). 

 

Severe Encephalopathy-Cluster Members 
Time point 1 Cluster 1: IL-2, IL-12p70, G-CSF,  IL-10, IL-1ra, IFN-! 

Cluster 2: IL-7, IL-9, MCP1, IL-13, Eotaxin, TNF", IL-15, FGF basic 

Cluster 3: IL-5, IL-4, IP10 

Time point 2 Cluster 1:  IL-9, IL-15, IL-7, IL-4, IL-5, FGFbasic, IL-13, IL-1ra 

Cluster 2: IL-10, IL-2, G-CSF 

Cluster 3: TNF", Eotaxin, MCP1, IL-12p70, IFN-!, IP10 

Time point 3 Cluster 1: IL-4, IL-5, IFN-!, IL-15, G-CSF, IL-13, MCP1 

Cluster 2: IL-2, IL-12p70, IL-7, IL-10, IL-1ra 

Cluster 3:  Eotaxin, TNF", IL-9, FGFbasic, IP10 

Time point 4 Cluster 1:  Eotaxin, IL-12p70, FGF basic, IP10, IL-13, IL-9, MCP1, IL-7, IL-5, 

IFN-!, TNF" 

Cluster 2: IL-4, IL-2, IL-1ra, IL-15, IL-10, G-CSF 
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Figure 24: Correlation Networks in Severe Encephalopathy 

 

(a) Timepoint 1(birth) 

 
 

 

(b) Timepoint 2 (24 hours) 
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(c) Timepoint 3 (72 hours) 

 
 

 

(d) Timepoint 4 (96 hours) 

 
 

 

 



 103 

5.11.5 Supervised Machine learning 

If the machine learning algorithm uses the variables characterizing each individual 

observation along with labels that specify the corresponding class or outcome it is defined 

as supervised learning. At the first step, the dataset was classified based on the 27 

cytokine levels into 4 known clinical groups, controls, mild, moderate, and severe 

encephalopathy.  

Timepoint 1: The proteins TNF", FGF basic, IL-4, IL-17, IL-6 and IL-1ra were chosen 

to be the best classifiers (Figure 27) in segregating patients according to the clinical 

staging of HIE. When trying to differentiate mild from moderate-severe encephalopathy, 

PDGF-bb and IL-1% were the deciding classifiers with an area under the ROC curve of 

0.667. We organised the moderate and severe encephalopathy patients together because 

of low number of severe encephalopathy patients in the cohort. Analysis of  cytokine 

levels at birth to classify patients according to the presence or absence of adverse 

outcome yielded TNF", IL-8 and IFN-! as the best classifiers (Figure 28). When these 

variables were used in a logistic regression model with adverse outcome as the dependent 

variable, area under the ROC curve was 0.833.  

 

Figure 25: Classification tree for different encephalopathy groups at birth  

(a)  All clinical stages of encephalopathy  
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(b) Mild versus moderate-severe encephalopathy 

 
(c) Receiver Operating Characteristic Curve 

 
Classification and regression trees to differentiate  at timepoint 1 (a) All clinical stages of 
encephalopathy, (b) moderate-severe from mild encephalopathy (c) ROC curve using PDGF 
and IL1b to predict adverse outcome 

 
Timepoint 2: From the list of 27 targets, the cytokines which formed the decision tree 

levels at 24 hours to seperate patients according to favorable versus unfavorable outcome 

were IL-10, IL-6 and IL-8. The ROC for a logistic regression model including these three 

variables had an AUC of 0.791. However, in our study as in clinical reality, cytokines are 
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not the only determinants of outcome as signs of organ dysfunction can also be important 

to construct a predictive model of outcome in HIE. Including other variables namely EEG 

grades in the first 24 hours, presence of seizures, and organ dysfunction along with 

cytokines, changed the root node to EEG grade in the first day of life. 

Figure 28: Classification tree for adverse outcome groups at birth 

(a) Abnormal MRI or death versus Normal MRI 
 

!
!

(b) Receiver Operating Characteristic Curve 
 

 
Classification and regression trees to differentiate at timepoint 1 between (a) Patients with 
normal MRI and Adverse outcome (c) ROC curve using TNF", IL-8, IFN-! to predict adverse 
outcome 
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Figure 26: Classification tree for adverse outcome groups at 24 hours 

 

(a) Abnormal MRI or death versus Normal MRI 
 

 
 
 

(b) Receiver Operating Characteristic Curve 
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(c) Predicting adverse outcome based on cytokines and clinical parameters 

 

 
Classification and regression trees to differentiate at timepoint 2 between (a) Patients 
with normal MRI and Adverse outcome (b) ROC curve using IL-10, IL-8, IL-6 to 
predict adverse outcome (c) differentiate abnormal MRI or death based on cytokines 
and clinical parameters. 

 
* *
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*

CHAPTER 6: Discussion 
 

Hypoxic ischemic encephalopathy imposes a significant healthcare burden, where diagnosis and 

treatment remain challenging. Substantial effort has been made to understand better the intricate 

molecular mechanism underlying the pathophysiology with an aim towards defining early and 

specific biomarkers for this condition. Recently, bioinformatics and proteomic studies have 

proven to be an essential tool in biomarker discovery for many neurological diseases. In this 

study, we considered several biomarkers such as cytokine levels, indicators of organ dysfunction, 

and EEG to discern patterns that are characteristic of the underlying severity of brain injury. We 

followed individual subjects with perinatal hypoxic insult longitudinally from birth to 96 hrs of 

life. A data-driven systems biology approach was adopted with a goal towards hypothesis 

generation. The systems biology approach is a contemporary domain of biological science, which 

considers the organism (system) as a whole to move away from the reductionist view of complex 

biological systems (inflammation). Thus, instead of focusing on the individual proteins in 

isolation, we used systems biology to understand better the networks of functional proteins that 

characterize HIE clinal course and outcomes. 

  

6.1 Cytokine Profiles of the Cases compared to Healthy Controls 

        In our study, a multiplex immunoassay proteomic platform was utilized to assess the 

changes in cytokine expression in neonates with HIE undergoing therapeutic hypothermia. The 

cytokine profile was contrasted with that of healthy neonates at birth and 24 hrs after birth.  

 

6.1.1 Results from cord blood samples at birth 

In summary of the 27 sampled, only 6 cytokines namely IL-6, IFN!, IL-1ra, G-CSF, FGF-basic 

and MCP-1 had levels that were significantly elevated in cord blood at birth in the infants with 

HIE as compared to controls. 

 

Interleukin-6: IL-6 is a major multifunctional cytokine that has both pro- and anti-inflammatory 

functions in regulating neuronal differentiation and proliferation (347). It has a pro-inflammatory 

effect on the endothelial cells, where it upregulates the adhesion proteins E-selectin, ICAM-1 and 
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VCAM-1 along with IL-8 and MCP1. On the contrary, IL-6 dramatically inhibits the activating 

effect of IFN-!, IL-1%, and TNF" in astrocytes and microglia.  

The clinical importance of IL-6 levels in cord blood has been evaluated with regards to HIE in 

several studies. Elevated IL-6 has been significantly correlated with electrographic and clinical 

severity in HIE, and was found to be a better determinant of outcome compared to other 

nonspecific markers like pH and base deficit (348). In animal models of cerebral ischemia, 

upregulation of IL-6 in neurons, glial cells, and vascular endothelium has been a consistent 

finding, suggesting IL-6 to be a marker of injury. However, studies have also demonstrated a 

neuroprotective role of exogenously administered IL-6, thought to be due to effects on 

controlling oxidative stress and angiogenesis (349, 350). Further, the release of IL-6 from 

mesenchymal stem cells improved learning and memory function in rats subjected to hypoxia 

through a proposed inhibition of apoptosis (351). Our results demonstrate significantly elevated 

levels of IL-6 in cord blood of the severe HIE group compared to controls, as well as to infants 

with mild to moderate HIE. Similar to our findings, clinical studies have reported higher cord 

blood IL-6 concentrations (5.5 fold) in infants subjected to perinatal asphyxia as compared to 

normal newborns, which is at least 376 fold higher if they develop features of encephalopathy 

(352). This finding reiterates the importance of cord blood IL-6 levels as a marker of asphyxial 

insult, which proportionately increases as the severity of brain injury worsens. 

 

Interferon gamma: In our study, median levels of cord blood IFN-! were elevated in infants 

with HIE compared to controls. Hypoxia is known to be an important modulator of cytokine 

secretion within the Th1 subtype of CD4 (+) T cells and macrophages, thus augmenting the 

secretion of IFN-! (115, 353). Evidence also suggests IFN-! induces IL-6 upregulation from 

human cell lines, an effect also potentiated by IL-1% (354). This inter-relationship between IL-6 

and IFN-! may explain the higher levels of both cytokines in cord blood after asphyxial insult. 

 

Interleukin 1beta and Tumour Necrosis Factor alpha: TNF" is a potent stimulator of pro-

inflammatory IL-6 production from astrocytes and microglia. Interestingly unlike IL-6 and IFN-

!, we did not find any significant difference in the median cord blood levels of TNF" or IL-1%, 

between HIE cases and controls, which was somewhat surprising. The differences in peripheral 

cytokine profiles as compared to local or regional cytokine profiles in the CNS may explain this 
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phenomenon. Several studies have documented higher levels of IL-1%, TNF", and IL-6 in 

cerebrospinal fluid of infants diagnosed with HIE. Although CSF levels of all three cytokines 

highly correlated with the severity of asphyxia, only serum levels of IL-6, which has the lowest 

CSF/serum ratio, significantly correlated with outcome (355). Thus, some cytokines, which are 

known to be upregulated in the brain parenchyma after injury, may not necessarily show changes 

in serum or cord blood. Similar to our finding, Silveira et al. reported significantly elevated 

plasma IL-6 levels but no difference in plasma TNF" levels in asphyxia compared to controls 

despite extremely high CSF TNF" levels (356). This observation has not always been consistent, 

as shown when mice exposed to hypoxemia caused a marked elevation in the circulating levels of 

IL-1%, TNF", and IL-6 in male mice at 0 hours (357). Although both TNF" and IL-1% play an 

active role in brain injury and high levels have been reported in CSF after asphyxia, cord blood 

levels do not appear to be good peripheral markers of injury. 

 

Monocyte Chemo-attractant Protein (MCP1): We provide evidence that MCP1 levels in 

neonatal cord blood, is also greater following hypoxic insult as compared to controls. MCP1 

recruits microglia/macrophages and neural progenitors to the site of injury. Monocytic MCP-1 

gene expression is induced by intermittent hypoxia while human primary adipocytes show a 

basal and TNF" induced MCP-1 release under hypoxic conditions (358, 359). Interestingly, 

TNF" and IL-1% upregulate expression of MCP-1 in many experimental models (360). After a 

hypoxic insult, microglia in the neonatal rat brains increase MCP-1 production, which peaks 

around 24hrs after injury and induces the migration and accumulation of microglia from the 

neighboring areas (361, 362). Our study shows, that the more severe the stage of HIE the higher 

the cord blood level of MCP1. Given the role of MCP1 in recruiting progenitor cells, this 

proportionate increase in the circulating levels of the chemokine may be indicative of a 

compensatory role in the recruitment of stem cells and recovery process after the initial insult but 

further focused research is needed to evaluate this hypothesis. 

 

Interleukin-1receptor antagonist (IL-1ra): Our study shows higher levels of anti-inflammatory 

cytokine IL-1ra in infants with HIE compared to controls. IL-1ra antagonizes both the protective 

and toxic effects of IL-1% (363). Inhibition of IL-1% has a neuroprotective role essential for repair 

after hypoxic brain injury (364, 365). IL-1ra in the systemic circulation crosses the blood-brain 
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barrier, binds to the neuronal membranes and down-regulates IL-1% expression (366). IL-1ra has 

been systematically administered in rodent models after hypoxic insult and found to preserve 

neurological function by protecting the neural stem cell population, preventing myelin loss and 

decreasing gliosis (367). With regards to peripheral circulation, adipose tissues release leptin in 

response to hypoxia that in turn induces IL-ra production from macrophages (368). Activated 

mononuclear cells respond to hypoxic stress by modulating the expression of IL-1ra and IL-1-

related molecules demonstrating the balance between pro and anti-inflammatory factors (369). 

The way this balance affects the reparative process post-injury is not clear, but the up-regulation 

of IL-1ra may suggest an innate mechanism for regulating the pro-inflammatory environment. 

 

Fibroblast Growth Factor (FGF): We found significantly higher levels of the FGF basic 

(bFGF) in the cord blood samples of infants with HIE. Basic FGF protects neurons from 

excitotoxicity, thereby playing a vital role in cell survival after HIE (370-372). Initially identified 

as a stimulant factor for fibroblast division, bFGF is now thought to be essential for the growth, 

renewal, and functioning of many tissues. Perhaps more pertinent to our focus is the hypoxic 

stimulus-induced bFGF signaling in radial glial cells of brain parenchyma in in-vivo animal 

studies (373-375). Evidence suggests that overexpression of bFGF in neural stem cells promotes 

their survival and differentiation thus achieving better neuroprotective effect after neonatal 

hypoxic insult (376). In addition, bFGF has been found to reduce neuronal apoptosis and 

improve cognitive functioning in rodent models of hypoxic brain injury after intraperitoneal 

administration (377). Several other studies have highlighted that systemic administration of 

bFGF can exert neuroprotective effects against NMDA-induced excitotoxicity in vivo (378-380). 

Therefore, the significant increases in bFGF levels in cord blood of HIE neonates in our study 

may indicate fetal or placental compensatory effort towards migration and integration of stem 

cells that help in recovery after injury. 

 

Granulocyte Colony Stimulating Factor (G-CSF):  A hematopoietic growth factor as well as a 

neuroprotective agent for rodent models of brain ischemia, G-CSF inhibits apoptosis while 

augmenting neurogenesis and angiogenesis (381-385). It also mobilizes and facilitates the 

homing of endogenous mesenchymal stem cells into injured brain parenchyma (386-388). Unlike 

other neuroprotective agents and although upregulation of G-CSF receptors in the brain after 
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perinatal injury has been well documented, the potential for exogenous G-CSF to improve long-

term neurodevelopmental outcomes is controversial despite evident short-term beneficial effects 

(317, 389). G-CSF administration reduces cerebral edema, neutrophil infiltration, and 

neuroinflammation by down-regulating TNF", IL-1% and upregulating IL-10 (390). n addition, it 

stabilizes the blood-brain barrier by down-regulating VCAM-1 and ICAM-1 in the endothelial 

cells (390). So, it could be speculated that the correlation between increased endogenous 

production of G-CSF and the severity of brain injury in our study indicates a component of the 

balance or reparative mechanisms.  

Overall, in cord blood, we found a balanced up-regulation of proinflammatory and anti-

inflammatory cytokines. This observation may reflect the neonates’ innate response to oxygen 

deprivation in combination with a placental contribution in hypoxic threat. However, teasing out 

the relative contribution of each is not possible in this study. In previous HIE studies (352, 355, 

391-393) the focus has been mainly on pro-inflammatory cytokine levels in cord blood and how 

they are associated with outcomes, but results from this study underscores the importance of 

considering the spectrum of cytokine signaling factors in cord blood to understand their 

association with outcomes. 

 

6.1.2 Serum levels at 24 hours after birth 

Next, we analyzed serum samples of the subjects at 24-hours after birth (Time-point 2). This is a 

critical time-point as markers of “organ” injury such as seizures, elevated liver enzymes and 

creatinine become most evident at 24 hours. From a clinical perspective, this time point is also 

important as clinical decisions such as the addition of adjuvant therapies to hypothermia or 

withdrawal of care if the injury is deemed to be very severe are often made during this period. An 

understanding of the characteristic cytokine profile at 24 hours and how this is related to 

outcomes could, therefore, contribute to more individual clinical decisions. 

At 24 hrs, IL-10 levels were higher while PDGFbb and MIP1b were significantly lower in 

the infants with HIE. Proinflammatory cytokines like TNF-", IL-1%, IL-12p70, IFN-!, and IL-6 

are known to be vital for initiation of an effective inflammatory response, but excess production 

may be associated with multiorgan dysfunction and mortality. Anti-inflammatory cytokines are 

essential to control and down-regulate the inflammatory response. In line with this, studies on 

sepsis have found that anti-inflammatory cytokines were higher during fulminant infection, and 
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correlated with the severity of sepsis syndrome and mortality (394, 395). It is tempting to 

speculate that like septic state, in HIE the timing of cytokine release and the balance between 

pro- and anti-inflammatory cytokines may also determine the severity of the illness. 

 

Interleukin 10 (IL-10): IL-10 is a major anti-inflammatory cytokine produced by activated 

immune cells primarily acting on macrophages, significantly higher in the patients with HIE 

(396, 397). It is also released from activated macrophages when induced by lipopolysaccharide 

and TNF" injection in animal models (398, 399). IL-10 regulates specific metabolic processes 

such as LPS induced glucose uptake, glycolysis and oxidative phosphorylation in the activated 

macrophages, thus inhibiting inflammatory responses (400). Its anti-inflammatory effect is 

mediated through the JAK-STAT (Janus Kinase-Signal Transducer and Activator of 

Transcription) signaling pathway (401). Classically macrophage activation by T cell or NK cell-

derived IFN-! is mediated by STAT1, after its phosphorylation at the IFN-! receptor while 

STAT3 is labeled as “the anti-inflammatory STAT” (402, 403). Ligand-bound IL-10 receptor 

activates STAT3, which induces genes that inhibit recruitment of macrophage activating factors 

and may even induce secondary mediators such as Bcl-3 that controls TNF-", which in turn 

blocks mitogen-activated protein kinase (MAPK) and inhibits IL-6, and Nfil3, which inhibits IL-

12p40 expression (404). Thus the JAK-STAT signaling pathway exists at the crossroads of 

immune activation and suppression, playing an important role specific to the regulatory actions 

of IL-10.  

       In a neonatal rat model of HIE, IL-10 antagonizes the neuronal apoptosis induced by pro-

inflammatory cytokines such as TNF" and IL-6 (405). Increased expression of IL-10 in response 

to ischemia was demonstrated in-vitro from bone marrow-derived mononuclear cells (405). 

Increased expression of IL-10 in response to ischemia was demonstrated in-vitro from bone 

marrow-derived mononuclear cells (406). Even in clinical studies, neonates with seizures showed 

increased levels of IL-10 within 24 hours of seizure onset, and levels remained high beyond 72 

hours before normalizing (302). Locally, IL-10 is believed to antagonize several 

proinflammatory cytokines involved with ischemic brain injury. For example, IL-10 attenuated 

the stimulatory effect of IL-1% on reactive oxygen species production (115), and had been shown 

to inhibit the transcription of TNF-", IL-6, IL-12p40 and chemokines induced after LPS 

stimulation, while directly upregulating another anti-inflammatory cytokine IL-1ra  (407). These 
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effects include feedback loops, which is supported by the fact that Th17 cells stimulated by TGF-

%, IL-27, and IL-6 produce high amounts of IL-10 (408). As a consequence, IL-10 can provide 

direct neuroprotection in-vivo and in-vitro, and has been shown to play an essential role in 

decreasing the infarct size in rodent brain after focal and global ischemia (409-411). Further, not 

just local production in ischemic brain tissue but even systemic production of IL-10 is vital in 

containing injury. In experimental models of stroke, systemic regulatory T and B cells provide 

IL-10 mediated neuroprotection by protecting against excitotoxic neuronal damage (412-414). 

Evidence from these studies supports the concept that upregulation of serum IL-10, 24 hours 

after birth in neonates with severe brain injury may be indicative of an innate neuroprotective 

mechanism. 

 

Platelet derived growth factor (PDGF-bb): A potent mitogen for mesenchymal cells, PDGF 

consists of five ligands namely PDGFaa, PDGFab, PDGFbb, PDGFcc, PDGFdd and two 

receptors, PDGFR" and PDGFR%. PDGF-bb is induced by hypoxia in endothelial cells, 

monocytes/macrophages and is essential for angiogenesis and wound healing (415, 416). It is 

highly expressed in brain parenchymal perivascular cells, that control cerebral perfusion. 

PDGFbb was found to improve recovery from a hypoxia-induced depression of excitatory 

synaptic transmission during hypoxia (417-419). In addition, the trophic effect of PDGFbb has 

been demonstrated in cultures of rat dopaminergic neurons, where it improved neuronal survival 

and neurite formation (420). In line with this, PDGFbb and its receptors are upregulated in 

microvessel endothelial cells and white matter of infarcted human brain tissue especially after 

stroke, attributing its role in repair of injured axons or glial scar formation (421).  

         In addition to its role in CNS, PDGF also plays a vital role in fetal growth. Abundant 

expression of PDGF in smooth muscle cells of spiral arteries in the decidua and its role in 

atherosclerotic changes has been described with gestational hypertension (422). Alterations in 

PDGF levels during development of placenta has been implicated in fetal growth restriction in 

animals. Although evidence supports a compensatory neuroprotective role of PDGF in brain 

parenchyma and that vascular smooth muscles are a significant source of PDGF, little is known 

about the role of serum PDGF in neonates. Interestingly, in our study, lower levels of PDGF 

were noted in infants with moderate to severe HIE. As pro-angiogenic factors are essential in 
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reducing the extent of white matter damage after HI, lower levels of PDGF in the serum at 24 

hours after birth may indicate a higher probability of progressive brain injury. 

 

Macrophage inflammatory protein 1beta (MIP1b): We found significantly lower levels of 

MIP1b in the 24-hour serum samples of the infants with severe HIE. A chemokine produced by 

macrophages, MIP1b is a potent chemoattractant to monocytes and natural killer (NK) cells 

while also being an activator of granulocytes (423). Increased MIP-1b mRNA expression has 

been documented in the ischemic brain areas of immature rats along with an increase in 

lymphocytes, microglia and NK cell markers suggesting its association with leucocyte 

recruitment (153). However, studies explicitly investigating MIP1b levels in the peripheral 

circulation in the setting of hypoxia are lacking. It has been shown that LPS induced MIP-1b 

expression from human mononuclear cells is inhibited by IL-10. This observation may explain 

the elevated levels of IL-10 along with lower levels of MIP1b in the most severely affected 

infants in our cohort at 24 hours of life (424).  

 

6.2 Temporal evolution of cytokines in HIE cases  

To characterize the temporal change of the cytokine levels in the neonates with HIE, was one of 

the principal aims of this study. Neonates diagnosed with mild HIE had lower levels of IL-6, IL-

10, G-CSF, and MCP1, which changed very little over time.  However, in the severe HIE group, 

IL-6, IL-10, and MCP1 levels were significantly higher in cord blood, with levels gradually 

decreasing from 24-96 hours. In comparison, “neuroprotective” cytokines like IL-1ra and G-CSF 

peaked at 24 hours, and IL-7 peaked at 72 hours in the infants with the most severe HIE. 

Although FGFb and IFN* levels also peaks at 72 hours after birth,  no differences were found 

between infants with different stages of HIE. In comparison to the majority of cytokines which 

increased in the first 24 hours, PDGFbb levels initially decreased before showing an upward 

trend beyond 24 hours of life. PDGFbb levels in moderate-severe HIE infants were significantly 

lower than the mild HIE group at all time points.  

        We then compared the temporal pattern of cytokines among the HIE patients between the 

patients who had an adverse outcome and normal MRI. Prominent peaks of IL1ra and G-CSF 

levels at 24 hours was characteristic of patients with unfavorable outcome. Besides, IL-10 and 

MCP1 levels were significantly higher in the patients who had an adverse neurological outcome 
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at discharge in cord blood and remained persistently elevated over the first four days of life. On 

the other hand, we found that HIE patients with a normal brain MRI had relatively higher levels 

of PDGF and IP10 at all time points compared to the small group who had abnormal MRI or 

died. Our data thus highlight the temporal evolution of different cytokine groups after HIE (with 

concomitant therapeutic hypothermia) and the time-specific predominance of specific markers 

which may be considered characteristic of clinical outcomes. Although all cytokine levels 

underwent slight variations over time, time-specific peaks of IL-10, MCP1 in cord blood, as well 

as IL-1ra and G-CSF at 24 hours in conjunction with persistently low PDGF and IP10 levels 

emerged as the major indicators of adverse neurological outcome. 

         Few studies have explored the temporal cytokine patterns after perinatal asphyxia. Jenkins 

et al. reported, elevated serum IL-6 and MCP-1 levels shortly after birth that was associated with 

death or severely abnormal neurodevelopment at 12 months of age regardless of hypothermia or 

normothermia. But unlike our study, they had considered serum samples collected just after birth 

as the first time point sample instead of cord blood (425). Studies on infants receiving therapeutic 

hypothermia have also documented persistent elevation of IL-8 at 12-48 hours and VEGF at 48 

hours in moderate to severe encephalopathy, which was not seen in our study (426). We observed 

that between birth and 24 hours of life, median IL-1ra and G-CSF levels in the bad outcome 

group increased significantly, while IL-10 and MCP1 decreased. This observation suggests active 

modulation of cytokine values in the first 24-hours after birth showing a reversal of trend among 

cytokines in adverse outcome group. These changes may be related to the peak periods of 

neuronal injury and death. In line with this hypothesis, it has been documented in neonatal rats 

that HIE induced neuronal apoptosis reaches its peak by 24-72 hrs, and the rate of apoptosis is 

positively correlated with levels of IL-6, and negatively correlated with IL-10 (427).  

          

6.3 Factors other than brain injury influencing the cytokine values 
        Since we considered only the peripheral inflammatory pattern, it was essential to analyze 

the effects of other perinatal factors that influence systemic inflammation. Cord blood 

inflammatory markers may be affected by maternal characteristics and placental factors in 

addition to fetal asphyxia. On the other hand, serum cytokine levels at 24 hours are more likely to 

be influenced by the effects of HIE on multiple organs. 
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6.3.1 Gestational Diabetes 

Perinatal risk factors such as gestational diabetes were more common in the moderate-severe HIE 

group of patients in this study. Our data revealed that infants born to mothers with gestational 

diabetes tend to have higher levels of MCP1 in cord blood. The hyperglycemic environment in 

diabetic mothers and the presence of ketone bodies might be factors that increase inflammation 

and oxidative stress, reflected by an increase in inflammatory markers. In addition, oxidative 

damage and atherosclerotic changes in the blood vessels of the placenta may explain the 

increased levels of MCP1 in gestational diabetes. Similar to our findings, a significant increase in 

the levels of MCP-1 levels and protein oxidation has been previously observed in the cord blood 

of infants exposed to gestational diabetes (428). Expression of MCP-1 has been traced to the 

chorion, decidua, and placenta in the third trimester, and is thought to be important in the 

development of the placenta during normal pregnancy (429). Its key role in the recruitment and 

activation of peripheral blood leukocytes in atherosclerotic lesions and adipose tissue is believed 

to be the reason for higher serum levels in non-pregnant diabetic adults compared to controls 

(430, 431). Two separate studies from Poland reported that women with gestational diabetes 

showed increased levels of the MCP-1, possibly leading to adverse pregnancy outcomes (432). 

When tested specifically in the third trimester, serum MCP1 levels were elevated in gestational 

diabetes compared to the healthy pregnancy (433). However, Telekjo et al. did not find any 

difference in circulating levels of MCP1 in mothers with gestational diabetes at a gestational age 

of 30wks (434). Of note, the study cohorts of the abovementioned studies were taken from 

different gestational periods, and that might have contributed to the difference. Studies have also 

raised concerns that gestational diabetes might exacerbate maternal immune activation and cause 

disruption of dopaminergic neuronal development of the fetus predisposing to increased risk of 

neuropsychiatric disorders in later life (435). Although our data confirm elevated cord blood 

MCP1 levels in gestational diabetes, a more in-depth assessment of the effect of gestational 

hyperglycemic environment on the developing brain and precisely the nature of its response to 

hypoxic insult needs to further investigated in future studies in light of MCP1. 

 

6.3.2 Mode of delivery           

Infants born by C-section had significantly higher levels of IP10 in cord blood compared to those 

from vaginal deliveries irrespective of the severity of HIE. Another study analyzing multiple 
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cytokines in cord blood found no difference in concentrations of IP10 between elective C-section 

and vaginal delivery (436). Differences in the cytokine profile of mothers and neonates based on 

the mode of delivery have been studied extensively. Maternal plasma was found to have higher 

levels of IL-1%, IL-6, and IFN* following vaginal birth compared to women who delivered by 

elective C-section (437). In the same light, several studies have reported that IL-6 levels in cord 

blood are dependent on the mode of birth with higher values found in the vaginal delivery (393, 

436, 438, 439). In comparison, the relationship between TNF"levels and mode of delivery are 

less clear with some studies showing an association and others finding no association (393, 436, 

439). In contrast, cord blood IL-1% levels following an urgent cesarean section or vaginal 

delivery were significantly higher than those in cases of elective cesarean section (440). This 

finding may be related to the physiological stress during vaginal delivery or fetal distress that 

calls for emergent C-section as compared to planned C-sections. Concerning the relationship to 

cord blood cytokine levels, Malamitsi et al. reported that levels of IL-6, IL-1%, IFN* and TNF" 

in cord blood were significantly higher in cases of vaginal delivery as compared to elective C-

section (441). Labour along with fetal distress was independently associated with elevation of 

cord blood IL-6 and IL-8 levels in full-term neonates while only fetal distress decreased TNF" 

levels (442). In our study, however, we did not find a difference in IL-6, IL-1% or TNF", which 

may be because the majority of C-sections were urgent due to fetal distress.  

           As mentioned previously, the cytokine profile of cord blood is profoundly affected by 

intrapartum factors like mode of delivery, peripartum drugs used and chorioamnionitis. None of 

the infants in our cohort had a clinical suspicion of chorioamnionitis, so further placental 

examination was not done. Assisted instrumental delivery with forceps or vacuum was found to 

be more common in the mild HIE group and was associated with higher levels of IL-8, FGFb, 

MIP1a and MIP1b in cord blood. Previously, umbilical cord levels of IL-8 has been reported to 

increase 2 fold during vaginal delivery even without placental inflammation (392). Chan et al. 

compared umbilical venous and arterial cord blood cytokine levels at birth and found that 

umbilical vein MIP-1a levels were higher than arterial levels suggesting a potential influence of 

the placenta, while conversely, umbilical artery IL-8 levels were increased compared to venous 

suggesting a greater fetal influence (392).  Intrapartum administration of epidural anesthesia to 

mothers in our study was associated with elevation of TNF"in infants cord blood. Unfortunately, 

no research has previously studied the effect of anesthesia on TNF"levels in cord blood. 
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However, there is some evidence with levels of other cytokines. Similar to our results, it has been 

shown that any anesthetic given to mothers during C-section did not affect chemokine levels in 

the cord blood of term neonates (443). Cervical dilatation and myometrial contractions during 

vaginal delivery are associated with increased production of IL-6 and IL-8 (444, 445). The 

elimination of the pain through epidural analgesia can mitigate this response. In our study,  a 

major portion of the mothers received epidural anesthesia, and unlike other studies, most of them 

were exposed to some degree of asphyxia and fetal distress. Since both anesthetic exposure and 

HIE are known to influence the inflammatory profile of cord blood, this could explain the 

difference in our results from the studies that only included vaginal deliveries without 

complication. 

 

6.3.3 Extracranial organ dysfunction 

We expand upon this work to elucidate a possible influence of organ dysfunction other than the 

brain on cytokine levels in patients with HIE. Interestingly, the brain is one of the later organs to 

suffer from hypoxic insult because fetal circulation responds by vasoconstriction of splanchnic 

organs to divert blood flow towards vital organs brain, adrenal and cardiac muscles. Every organ 

system is affected by hypoxia and may demonstrate an inflammatory response that could 

contribute to the circulating cytokine pool. We used laboratory values like liver enzymes and 

creatinine levels as the markers of respective organ dysfunction following asphyxia.  

Liver Dysfunction: When adjusted for multiorgan dysfunction and unfavorable outcome, IL-15 

and PDGF levels were significantly lower in the presence of liver dysfunction. 

Interleukin 15: IL-15 is a cell growth-factor that regulates lymphocyte function and homeostasis, 

and plays a critical role in Natural Killer T cell survival (446). Although the significance of this 

cytokine in HIE has not been studied, IL-15 was found to have a direct relationship with liver 

dysfunction in chronic alcoholics (447). IL-15 and its receptors are expressed constitutively in 

the healthy liver, and ligand expression is induced in injured liver (448), while IL-15 levels were 

significantly higher in the patients with hepatic failure who died as compared to survivors (449). 

Although IL-15 has been implicated in hepatic stellate cell injury, the reason for the decrease in 

its circulating level after hypoxic liver injury is not apparent. 

Platelet derived Growth Factor: PDGF plays a central role in the repair process after acute tissue 

injury. In animal studies, local expression of PDGF and its beta receptor, which are typically 
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absent in normal rat liver, but is increased after both acute and chronic liver injury (450, 451). In 

chronic hepatitis B infection, serum PDGF-bb levels have been used as a biomarker as levels 

decrease with progressing hepatic fibrosis (452). Yoshida et al. confirmed that serum PDGF-bb is 

mostly supplied to damaged liver tissues and platelets (453). Of note thrombocytopenia and 

platelet dysfunction is a common co-occurrence with liver dysfunction in HIE and hypothermia 

therapy. It has been reported that in rodent models of cholestasis multiple platelet activation 

defects are induced leading to impaired thrombus formation and bleeding complications. This 

effect is mediated by elevated prostacyclin induced phosphorylation of Vasodilator-stimulated 

phosphoprotein (VASP), an inhibitor of platelet activation (454). Inositol lipid and arachidonic 

acid metabolism are impaired in cirrhosis of the liver causing an intrinsic defect in platelet 

aggregation and adhesion (455, 456). Such impairment has been attributed to multiple factors 

like defective signal transduction, acquired storage pool deficiency, decreased the concentration 

of arachidonic acid essential for thromboxane A2 production,  and increased levels of cyclic 

nucleotides and nitric oxide (NO) (457-460). In platelets, PDGF is stored in the " granules, from 

which it is coreleased with platelet-specific proteins during the platelet release reaction. 

Therefore, serum PDGF level is thought to reflect the rate of release in a state of platelet 

activation (461). This leads to the speculations that platelet activation defects, even in the 

absence of thrombocytopenia, that are associated with hepatic injury may be responsible for the 

lower levels of PDGF in this group of patients. Another possibility may be that more severe the 

brain injury more likely the patient is to develop hypoxic changes in the liver as well as bone 

marrow, which in turn contributes to platelet dysfunction and lower PDGF. Further studies are 

warranted to explore the intrahepatic PDGF expression in HIE.  

 

Cardiovascular Dysfunction: Cardiovascular instability and the need for ionotropic support are 

suggestive of an HIE-related effect on the heart, either due to hypoxia or ischemia. Cardiac 

abnormalities in perinatal asphyxia include tricuspid and mitral valve regurgitation associated 

with transient myocardial ischemia of the newborn (462). Studies have documented an increase 

in the tissue expression of proinflammatory cytokines such as TNF-", IL-1%, and IL-6 in the 

myocardium in response to fetal hypoxia (463). The effect of HIE on the myocardium is not just 

direct, but there has also been the recent interest in the alterations of heart rate variability and 

autonomic cardiac control in perinatal asphyxia (464). In fact, a relationship between immune 
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status and the autonomic nervous system has been established with the finding that vagal 

activation attenuates proinflammatory cytokine release (465). In our study, we found two 

different cytokines MCP-1 and G-CSF levels significantly elevated in HIE patients with 

hypotension, but data on these cytokines in neonates is limited. 

Monocyte Chemoattractant Protein 1: In addition to mononuclear cell recruitment and 

modulation of lymphocyte phenotype, MCP1 is involved in the pathogenesis of vascular 

remodeling in both animals and humans, such as atherosclerosis and neointimal hyperplasia 

(466). It is markedly expressed in the infarcted myocardium and plays a vital role in healing and 

post-infarction remodeling (467). 

Granulocyte-Colony Stimulating Factor. G-CSF has also been shown to induce proteins 

inhibiting the apoptotic death of cardiomyocytes and endothelial cells as well as increase 

vascularization in the infarcted hearts. In our study, myocyte injury secondary to HIE (and 

potentially therapeutic hypothermia) as well as subsequent cardiac remodeling may explain the 

high levels of MCP-1 and G-CSF in neonates with hypoxia-induced cardiovascular dysfunction. 

 

Pulmonary dysfunction: PPHN is the failure of the pulmonary vasculature to relax at birth, 

resulting in severe hypoxemia, arterial hypertension, and vasoreactivity with extra-pulmonary 

right-to-left shunting of blood in the absence of cyanotic congenital heart disease. Previously, 

inflammatory patterns involving different biomarkers associated with primary pulmonary 

hypertension have been reported. Inhaled nitric oxide therapy used to dilate pulmonary vascular 

bed and improve oxygenation is converted to NO2 and peroxynitrite in the presence of oxygen, 

which may initiate or exacerbate pulmonary inflammation (468). A complex interplay of already 

known proinflammatory cytokines like IL-6, IL-1%, TNFa, IL-13 with anti-inflammatory IL-10 

has been implicated in progression and protection from hypoxia-induced pulmonary hypertension 

respectively (469). Other biomarkers such as higher levels of IL-1" and lower levels of VEGF 

have been associated with adverse outcomes in pediatric pulmonary hypertension (470). Even a 

significant increase of serum MCP-1 has been demonstrated in severe pediatric pulmonary 

hypertension (471).  

Interleukin 15: Patients with PPHN in our cohort had significantly higher serum levels of MIP1a 

and IL-15. Impairment of natural killer cells in pulmonary arterial hypertension has been 

documented in both human and animal models and IL-15 has an important regulatory role in 



 122 

activation and proliferation of NK cells (472). Elevated levels of IL-15 seen in neonates with 

HIE and PPHN has been previously reported in animal studies. On exposure to chronic hypoxia, 

mice models of pulmonary hypertension showed reduced circulating NK cells, along with 

increased soluble IL-15 in serum and lung parenchyma (473). Our results suggest that IL-15 may 

be an important indicator of injury in HIE, but further studies are needed to ascertain its 

predictive ability better. 

Macrophage Inflammatory protein: MIP-1a is a potent chemotactic factor for inflammatory cells 

such as lymphocytes and macrophages. Fartoukh et al. presented evidence of elevated MIP-1a 

mRNA expression in lung biopsy specimens obtained from patients displaying severe primary 

pulmonary hypertension, as compared with control subjects. Studies regarding the distribution of 

MIP1a in HIE is limited, but based on animal studies elevation of circulating MIP1a may, in part,  

reflect the presence of elevated pulmonary MIP1a and recruited perivascular inflammatory cells 

involved in the pathophysiology of PPHN.             

Cytokines are ubiquitous entities, expressed in various organs and tissues. Our study underscores 

the importance of considering individual organ contribution to the serum cytokine pool. These 

variations in the degree of end-organ involvement add yet another dimension to the natural 

variability among the patients. This might be the reason why the studies that consider one or two 

cytokines at a time without considering the organ dysfunction failed to be replicated in other 

studies. We suggest that for future studies investigating the roles of cytokines mentioned above 

as biomarkers in HIE, should consider the respective the organ involvement as a covariate. 

 

6.4 Identification of combinational biomarkers characteristic of the stage of 

encephalopathy  
A detailed analysis of cellular and molecular pathways explored in isolation have provided 

valuable insights into the pathophysiology of HIE, but have often been limited in their clinical 

applicability. Herein, we sought to use data-driven analyses of high-throughput datasets to 

discern if any molecular signatures exist within the complex dynamic model of HIE. Twenty-

seven inflammatory mediators were assessed over a time course in patients classified according 

to their stage of encephalopathy. Only the markers that were significantly altered over time were 

included to construct a correlation network at different time points. We hypothesized that the 

dynamic evolution of these 27 cytokines could be analyzed using data-driven modeling 
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approaches, to understand the roles of these mediators and identify the differences between 

clinical stages of encephalopathy. We found a strong positive correlation among the key 

cytokines resulting in smaller clusters where each cluster is represented by a particular cytokine, 

which has the highest correlation coefficient with all other members in the cluster. Using this 

strategy, the elevation of this representative cytokine would predict an elevation of all other 

cytokines in the cluster and vice versa. We noticed the changing importance of cytokines in 

different severity groups over different time points. Several insights were gained from this 

correlation network analysis and are discussed below. 

 

Controls vs Mild HIE: Cytokine profiles of cord blood from healthy infants had two dominant 

markers, IL-4 and MCP1. While IL-4 is involved in differentiation of Th2 type CD4+ T cells, 

MCP1 predominantly facilitates recruitment of lymphocytes and macrophages. In comparison to 

healthy controls, infants with mild HIE had a predominance of anti-inflammatory cytokines like 

FGF-basic, IL-2, and IL-10 in cord blood.  At 24 hours of life, control infants continued to show 

the dominance of  IL-12p70, MCP1 and IP-10, while at the same time point, however, neonates 

with mild HIE had multiple clusters of strongly correlated groups of cytokines including the Th2 

cytokines IL-4 and IL-10, monocyte secreted cytokines IP10 and IL-15, as well as IL-1ra. 

Interestingly, there was co-expression of the Th2 cell cytokine IL-4 and the Th1 (IFN-!) induced 

chemokine IP10. As compared to healthy controls, infants affected by mild HIE had a pattern of 

elevated anti-inflammatory cytokines such as IL-1ra and IL-10 at 24 hrs, that was similar to what 

was found in the cord blood. In an attempt to identify the cutoff value of the key cytokines that 

differentiated controls from the mild HIE group, based on cord blood levels, we found that if 

TNF" levels were < 74.4 pg/ml and FGF basic levels were < 0.32 pg/ml, then the infant was 

more likely to be controls and not suffered from HIE. As a comparator, another study used TNF" 

to differentiate infants with fetal distress with and without brain injury (104). In the study by 

Buonocore et al. using a TNF" cut off of 53.3 pg/ml in cord blood was found to be the best value 

in providing a useful combination of sensitivity and specificity for diagnosing brain damage. 

However, the study only included infants who had signs of intrapartum fetal distress but had 

good Apgar scores at birth with no signs of encephalopathy and thus did not receive therapeutic 

hypothermia. In our study, however, the infants had lower Apgar scores, features of perinatal 

asphyxia, and received therapeutic hypothermia, suggesting that our study population was a 
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group of more severely affected infants, which may help explain the differences between study 

findings.  

With respect to the significance of FGFb in cord blood, this has not yet been studied in HIE. 

Research focused on the molecular mediators of stem cell self-renewal has identified FGFb with 

its receptors as the key players in embryonic development and tissue repair (474). FGF basic is 

highly expressed in the CNS, where it supports cell survival, growth, and neuronal differentiation 

(475, 476). Moreover, in vitro, it contributes to the differentiation of the neuronal lineage along 

with other extracellular molecules as shown in mouse bone marrow stromal cells (477). FGF also 

augments the mitotic potential of human mesenchymal stem cells possibly by transient activation 

of JNK signaling (478). In the context of our study, values of FGFbasic >0.32pg/ml may suggest 

a compensatory increase in neuroprotective growth factors secreted by the fetus or placenta in 

response to a hypoxic insult in more severe cases that are then reflected in the findings of 

abnormal MRI or death. 

 

Moderate-Severe HIE: Therapeutic hypothermia comes with inherent risks like arrhythmia, 

coagulopathy and subcutaneous fat necrosis thus it is important to ensure that treatment is only 

applied to those that need it. Since it is most beneficial to infants with moderate-severe brain 

injury, it is essential to be able to differentiate infants with mild injury from moderate-severe 

injury early after birth to prevent unnecessary interventions. We attempted to identify biomarkers 

that can complement the information from history and physical examination for this clinical 

decision-making process ideally from cord blood and serum samples within 24 hours of life. 

Infants clinically classified as moderate encephalopathy in our cohort were characterized by Th2 

cytokines including IL-5 along with IL-2 representing the important cytokine clusters. 

Functionally, these cytokines are potent stimulators of B and T lymphocytes. Further, in the 

neonates with the most severe HIE, IL-12p70 and IL-7 in addition to IL-5 formed the most 

important nodes in the network from cord blood. However, it is hard to generalize this pattern as 

proinflammatory or anti-inflammatory as the delineation of the function of the proteins is not 

well demarcated. IL-12p70 has a dual role with both anti and pro-inflammatory effects whereas 

IL-7 is a hematopoietic growth factor. However, our data does suggest there is a stronger anti-

inflammatory trend in cord blood of infants diagnosed with mild HIE, as evidenced by higher 
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levels of  FGFbasic and IL-10. Whether the occurrence of the anti-inflammatory signal is a cause 

or an effect of mild HIE is yet to be explored.  

         Comparing the differences in the inflammatory trajectory of infants with mild and moderate 

HIE at 24 hours shows a predominance of anti-inflammatory cytokines. At this time point in 

infants with moderate HIE, the main clusters were represented by Th2 cytokines IL-5 and IL-10 

along with the growth factor G-CSF and Th1 induced IP10. IL-5 is a crucial T cell-derived 

cytokine that regulates proliferation, cell survival and maturation of B cells and eosinophils, 

playing a pivotal role in both the innate and adaptive immune responses in human (479). IP-10 is 

structurally and functionally related to chemokines induced by IFN-! that direct migration and 

stimulate the adhesion of activated T cells and NK cells. IL-10 and G-CSF are two major anti-

inflammatory cytokines, and we have previously discussed. Cytokines like IL-10 and IP-10 were 

also prominent 24 hrs of birth in infants classified as mild HIE in addition to IL-4, IL-15, and IL-

1ra. Functionally, IL-4 induces differentiation of naive helper T cells to Th2 cells, which upon 

activation by IL-4, produce additional IL-4 in a positive feedback loop (480). IL-15 is secreted 

by mononuclear phagocytes regulating the activation and proliferation of T and NK cells. The 

crucial role of IL-1ra in modulating the proinflammatory cascade has also been discussed 

previously.  

On the other hand infants in the severe HIE group, the cytokines IL-9, IL-10 and TNF" 

represented the main clusters at 24 hrs. IL-9 is produced by a variety of cells like mast cells, NK 

T cells, Th2, Th17, and Treg cells. It is a key regulator of a variety of hematopoietic cells, and 

both stimulate cell proliferation and prevents apoptosis. In comparison, IL-10  downregulates the 

expression of Th1 cytokines, MHC class II antigens, and co-stimulatory molecules on 

macrophages. Regarding TNF-", as mentioned it had been ascribed a dual role in neuronal injury 

with both a deleterious effect in the acute phase by increasing apoptosis and a beneficial effect in 

the chronic phase by recruiting astrocytes to help restore the extracellular ionic environment. 

Overall, taking into account all clinical groups, we demonstrate that Th2 cytokines and anti-

inflammatory cytokines emerge as the key players in the cytokine network. 

         To distinguish infants with moderate-severe HIE from infants with mild injury, we 

focussed only on cut off values of the cytokines in cord blood that are best characteristic of the 

stage of encephalopathy, which can be helpful to use before the initiation of therapeutic 

hypothermia. Our data suggest that in cord blood a high level of TNF-" ( >74.4 pg/ml) is 
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predictive of moderate-severe HIE. If the level of TNF-" is lower, there is a need also to see 

elevated levels of IL4 (> 0.01 pg/ml), IL-1ra ( >500 pg/ml)  and FGF basic ( >0.32 pg/ml) to be 

able to diagnose a moderate-severe HIE. Thus, the cord blood inflammatory profile shows a 

definite trend towards anti-inflammatory predominance as the severity of brain injury increases 

even before the initiation of therapeutic hypothermia. This suggests that the physiological 

response to buffer TNF-" has a limit. 

 

Later phase 72-96 hours: Infants with mild HIE continue to have IL-1ra and IP-10 as the 

predominant cytokines in the correlation network from 24-72 hrs. In comparison IL-12p70 

emerges as an important node only at 72 hrs and persists till 96 hours and IFN-! emerges at 96 

hours. At 72 hours after birth, neonates with moderate HIE have elevated levels of IL-9, TNF-", 

and IL-1ra, but at 96 hours, TNF-" continues to be cytokine cluster representative along other 

vital players are G-CSF and FGF-basic. Very few infants were classified as severe HIE, but in 

those that were they demonstrated a predominance of IL-4, IL-2 and Eotaxin after 72 hours. 

Unfortunately, two infants in this group died due to the severity of injury, so the number of 

infants who had serum samples at 72 and 96 hours was small (n=4). Most infants completed 

therapeutic hypothermia around 72 hours, and notably after completion of therapeutic 

hypothermia, the emergence of the Th1 cytokines IL-2, TNF-" and IFN-! were noted irrespective 

of the initial clinical stage of HIE. This suggests that whatever be the initial severity of brain 

injury, exposure to therapeutic hypothermia shifted the cytokine balance towards neurotrophic 

factors and Th2 cytokines when measured around 24 hours of life. This effect is terminated with 

cessation of induced hypothermia thus the emergence of Th1 cytokines. In this regard, research 

has previously demonstrated the immunomodulatory effect of induced hypothermia. 

Hypothermia suppresses lymphocyte proliferation causing a polarity shift from type 1 to type 2 

response in-vitro, which was reflected by the decreased numbers of Th1 (CD4 + IFN-! + and 

CD4 + IL-2 +) cells with a concurrent increase in CD4 + cells expressing IL-4 and IL-10. (481) 

This finding was confirmed in-vivo, by measuring serum cytokines in reserpine-induced whole-

body hypothermia in mice models, which promoted IL-4 and IL-10 release and suppressed IFN-! 

and IL-2 production (481). While therapeutic hypothermia causes suppression of 

neuroinflammation which arguably should be protective in traumatic brain injury, through 

attenuation of Th1 cytokine tissue injury, this net suppression of inflammatory responses can also 
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impose an increased risk for infections making the therapy not without risk (181). Our data thus 

confirm that the effect of therapeutic hypothermia on Th1/Th2 balance in infants with HIE is 

similar to those previously seen in traumatic brain injury and stroke. 

 

Repetitive Motifs: Results from our correlation network analysis helped to emphasize the 

complex nature of the inflammatory response to HIE, with overlapping pathways and mediators. 

The presence of common cytokine motifs indicates multiple mechanisms of inflammation 

operating at different time scales. We found a consistent positive correlation between MCP1, 

IP10, IFN-! and TNF-" levels at 24 and 72 hours in infants with any severity of HIE. This 

suggests that the relationship among these cytokines with each other may be linked to underlying 

pathophysiology rather than just a casual correlation. Functional enrichment of this particular 

motif involves biological processes like leucocyte chemotaxis, cellular response to 

lipopolysaccharide, monocyte and lymphocyte chemotaxis, as well as T cell migration (482). 

CD4+ T helper cells of Th1 type are known to secrete IFN-!, which subsequently stimulates 

macrophages to produce IP-10. CXCL10 or IP-10 is a potent chemoattractant for activated T 

lymphocytes of Th1 specificity which carry CXC3 receptors, thereby contributing to the 

evolution and progression of the inflammatory response (483). However, macrophage secreted 

TNF-" has been found to be a more potent inducer of IP10 (484). Additionally, the chemokine 

MCP-1, which exerts chemotactic effects on monocytes and basophils is primarily expressed by 

macrophages and dendritic cells following induction by IFN-! and TNF-" (485, 486). This 

interrelationship between proinflammatory cytokines and chemokines emphasizes the complexity 

of the network that does not lend itself to a reductionist hypothesis in terms of identifying a 

single target that is highly predictive of outcomes. 

Another cytokine motif that is repeated at different time points in our data is the relationship 

between IL-9, IL-15, IL-5, IL-13, and IL-2. Within all clinical groups of subjects, these 

mediators were found to have a significant positive correlation with each other. From a 

functional perspective, these cytokines are mechanistically involved in positive regulation of the 

JAK-STAT signaling pathway (482). Current evidence states that neuronal and astroglial STAT3 

molecules are involved in the pathways underlying cell death, tissue loss and gliosis following 

neonatal hypoxia-ischemia (487). Hypothermia is known to inhibit STAT3 activation and 

suppresses ICAM-1 in cerebral vascular endothelium and leukocyte infiltration following 
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ischemic insult (488). This pathway has been studied in relation to asphyxia and disturbances of 

the JAK/STAT pathway by hypoxia resulting in alteration of glutamate uptake by astrocytes was 

found to contribute in perinatal asphyxia associated white matter injury (489). Considering the 

individual cytokines in the motif separately, IL-9 has been shown to stimulate the expression of 

IL-2 from mast cells (490). IL-13 and IL-5 are often coreleased from the Th2 subset of effector T 

cells (491). IL-13 and IL-5 are often coreleased from the Th2 subset of effector T cells (492). In 

summary, repeated appearance of positively correlated motifs formed by IL-9, IL-15, IL-5, IL-

13, and IL-2 may be explained by mechanistic relations among themselves which remains 

unchanged with time and severity of the injury. 

 

6.5 Accounting for intersubject variability in inflammatory patterns  

              In assessing the impact of a given therapeutic intervention or disease process from a 

biologic point of view, it is necessary first to understand the natural degree of variability in the 

biomarker being chosen. Our study suggests that it may not be possible to relate specific changes 

in circulating levels of individual cytokines with specific outcome measures in individual 

patients due to high inter-patient variability. In our effort to discern specific patterns within 

various mediators, the data was centered and subjected to hierarchical clustering without 

considering the outcome. Clustering is expected to segregate individual patients into clusters or 

groups with some common characteristics, which in this study was the relative importance of 

individual cytokines in defining the inflammatory trajectory from cord blood to 96 hours of life. 

We used PCA to determine the cytokines that dominated the overall patient-specific, time-

dependent inflammatory profiles of the study cohort and performed hierarchical clustering. This 

approach revealed that the participants segregated naturally into six clusters, out of which two 

clusters consisted of patients with the short duration of hospital stay and none of the patients had 

abnormal EEG or abnormal MRI. This suggests that the inflammatory signature common to the 

participants in those clusters might be characteristic of a better outcome and quick recovery. PCA 

was able to discern those mediators exhibiting the greatest, time-dependent variance, which 

could potentially define a given disease state across the entire time range studied. This was not 

possible by analyzing raw cytokine data in a cohort of infants with HIE because of a high degree 

of patient-to-patient variability. Some cytokines may be potentially not reaching statistical 
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significance when considering the whole cohort aggregatively, but drive the production of other 

mediators which remain statistically elevated.!

 

6.6 Biomarker combinations most consistently associated with unfavorable 

outcome 

            We initially identified the group of cytokines that undergo >1.5 fold change in patients 

with adverse outcome compared to the patients who suffered from HIE but survived with normal 

MRI at discharge. We found IL-10, G-CSF, MCP1, IL-6, TNF-", IL-8 and IL-1ra are the subset 

of cytokines upregulated in the patients with unfavorable outcome. In comparison, IL-4, PDGF, 

MIP1a, IL-15, IP10, and IFN-! are downregulated irrespective of the time after birth when the 

blood sample was collected. A random forest analysis followed by logistic regression of cord 

blood samples revealed that a combination of TNF-", IL-8, and IFN-! predicted adverse outcome 

in patients with HIE with a sensitivity of 100% and specificity of 37.5%. Similarly, combining 

IL-10 and IL-1ra levels at 24 hours considered as independent variables in the predictive model 

of the adverse outcome had a sensitivity of 95.2% with a specificity of 62.5%. 

            Subsequently, we constructed decision trees of cytokines levels in cord blood to classify 

patients according to their outcome. We found that patients with TNF-" levels < 74.4 pg/ml in 

conjunction with IL8 levels >  0.85 pg/ml and IFN-! levels  > 0.04 pg/ml in cord blood were less 

likely to die or have abnormal MRI. Besides, patients with IL-10 levels > 36.7 pg/ml or a 

combination of IL-6 levels < 8.46 pg/ml and IL-8 levels >59.5 pg/ml at 24 hours were more 

likely to have an unfavorable outcome in spite of therapeutic hypothermia for 72 hours. Once 

again TNF-" levels in cord blood had an important role in predicting abnormal changes in MRI 

brain, as despite higher levels of other proinflammatory cytokines like IL-8 and IFN-!, having 

levels of TNF-" below threshold was associated with better outcomes. Although both the 

inflammatory and anti-inflammatory response is augmented at 24 hours, the overproduction of 

the anti-inflammatory cytokine IL-10 was the main predictor of fatal outcome, i.e., abnormal 

MRI brain at 3-5  days of life. This aspect of serum IL-10 levels has not been described yet. 

Several cytokines have been studied so far for their ability to predict the abnormal 

neurodevelopmental outcome, and a significant association between IL-6 and 

neurodevelopmental outcome at 2 years of age has been previously reported (352). The role of 

serum IL-6 levels was further established as its suppression resulted in a decrease in both 
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postinjury neuroinflammation and subsequent motor deficits (493). We found that even in the 

presence of low IL-6 levels at 24 hours, IL-8 levels > 59.5 pg/ml and IL-10 levels > 36.7 pg/ml 

was associated with abnormal MRI or death. Another important marker, CSF and serum levels of 

TNF-" were elevated in HIE patients and was predictive of the clinical severity of the disease. 

However, TNF-" did not correlate with mortality or with neurological impairment at 6–12 

months (355). Although our cohort was not followed beyond discharge from the hospital, we 

only found an association between cord blood TNF-" and short-term radiological outcome, but 

no association was evident in the analysis of serum TNF-" at 24 hours. Expression of TNF-" is 

transient, and this time-sensitivity may explain the reported differences between TNF-" levels in 

HIE (356, 494).  In addition to the already studied markers, we also had interesting results with 

markers such as IL-10, IL-8, and IFN-! that when measured simultaneously contributed 

considerably to the predictive ability of the biomarkers. This further underlines the concept of 

considering the major cytokine status with respect to the status of other related cytokines and in a 

time-dependent manner instead of considering each cytokine in isolation. 

 

6.7 Study limitations and future perspectives 
This prospective observational study was restricted by both duration of analysis outcome and 

sample size. Only a minority of infants were classified as severe encephalopathy and this also 

limited our scope of comparing the inflammatory pattern between moderate and severe 

encephalopathy. Further ongoing recruitment to increase the sample size will provide enough 

data for a future, more comprehensive analysis of the cytokine profiles and its association with 

neurodevelopmental outcomes. The machine learning algorithms that we use to derive our 

conclusions have been previously used on bigger datasets. Given that we had a smaller data set, 

and the abnormal outcome that we intended to predict was also a small fraction of the total 

population, it is possible that our data is underpowered to conclusively utilise the more  

sophisticated analytical tools. Nevertheless, we used the existing data analytics in an effort to 

better understand the clincal and biochemical profiles of the patients and try to develop 

prognostic algoriths/decision trees. In future endeavors, the outcome measure may be expanded 

to include standardized variables pertaining to the neurological exam at follow up as well as 

quantitative measurements of white matter injury on MRI. We speculate that the use of only 

conventional and diffusion-weighted MRI sequence has perhaps limited to some extent our 
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ability to detect abnormalities on MRI brain at 3-5 days of life. Also, the study of a sub-group of 

patients who received hypothermia and had normal MRI at discharge is important given that they 

may eventually show evidence of neurological dysfunction over time. 

Effect of hypothermia: It should be acknowledged that the longitudinal changes noted in the 

cytokine levels of this study cohort could not be solely attributed to brain injury. In fact, 

therapeutic hypothermia in itself has been known to modulate serum cytokine profiles and affects 

different cytokines to a variable extent. In vitro culture of human macrophages and monocytes 

exposed to hypothermia and lipopolysaccharide significantly decreased the early release of TNF-

", IL-1%, and IL-6 but increased TNF" levels at 24 h twice compared with levels to normal 

temperature (495, 496). Therapeutic hypothermia commenced 30 min after focal cortical 

ischemia in mice decreased the expression of M1 type microglia and release of TNF-", IL-1%, 

IL-12 and IL-23 while increasing the expression of M2 type microglia releasing IL-10 (497). 

Clinical trials investigating cytokine profiles of neonates exposed to asphyxia found that 

therapeutic hypothermia treatment significantly increased the serum levels of IL-6, IL-8, IL-10, 

and MCP-1 over the first 80 hours after birth. This effect is not specific to HIE or hypoxia. Mild 

hypothermia in septic neonatal rats depressed TNFa and IL-6 levels compared to normothermia 

(498). In animal models of hemorrhagic shock, hypothermia induced lower levels of IL-6 and IL-

1%, but higher levels of TNF"and IL-10 (499). After traumatic brain injury, hypothermia led to 

the decreases in the pro-inflammation cytokines TNF-", IL-6, IL-18 and brain tissue damage in 

rats compared with normothermia (500). The apparent contradictions in TNF"levels may be 

explained by the differences in underlying pathology and transient nature of the cytokine 

expression. Since therapeutic hypothermia is a standard of therapy currently for HIE, it is 

ethically inappropriate to compare immunomodulation between hypothermia and normothermia 

in neonates. Our results will still be valid because the cord blood samples are collected before 

initiation of induced hypothermia and serum samples at 24 hours can contribute to clinical 

decisions like withdrawal of care or addition of adjuvant neuroprotective therapies. 

Serum inflammatory response versus central nervous system inflammation: A major 

limitation to our study is the assumption that peripheral inflammatory profile can be predictive of 

the severity of brain injury. As discussed before, the CSF/serum ratio of the cytokines are 

variable and not all serum cytokines are an accurate reflection of the levels in CNS. Nevertheless, 

based on the existing literature we argue that characterization of the systemic inflammatory 
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pattern in HIE is crucial for both diagnostic and therapeutic interventions. In the past, the 

importance of peripheral immune response, especially the role of the spleen in traumatic and 

ischemic brain injury has been extensively studied. Brain injury affects not only brain 

parenchyma but also ensures systemic inflammation which in turn exacerbates cerebral tissue 

injury and concomitant nosocomial infection and multiple organ failure (501-503). How 

peripheral immune system coordinates with CNS injury and impacts outcome needs further 

exploration. The spleen has been reported to decrease in size as a response to stroke in rodents 

due to contraction of the splenic capsule caused by activation of the sympathetic nervous system 

(504-506). This finding has also been confirmed in adult patients with acute ischemic stroke, 

who showed re-expansion of the spleen after initial contraction (507). Interestingly, not only 

changes in splenic volume is inversely related to total leucocyte count but the removal of the 

spleen also significantly reduces infarct volume in the rodent brain after experimental stroke 

(508, 509). Thus splenic immune response definitely has a significant role in the evolution of 

brain injury. Spleen is believed to influence both systemic and local expression of a 

proinflammatory cytokine in the injured brain (510). In fact, removal of a spleen can protect 

multiple other organs like the liver, intestine, kidney, and heart from ischemic injury (511-513). 

Independent of the severity of the ischemic lesion, systemic inflammatory mediators induce 

cerebrovascular inflammation, blood-brain barrier injury and worsening brain edema in mice 

after experimental stroke (514). Hence, we assumed that time specific circulating cytokine 

profiles could provide a better understanding of the underlying mechanisms governing the end 

outcome in perinatal asphyxia and help guide future therapeutic strategies and improve patient 

outcome. 

 

6.8 Conclusion 
In summary, this thesis provides a general evaluation of the peripheral inflammation 

pertaining to HIE and the complex interrelationship among cytokines in asphyxiated infants 

treated with therapeutic hypothermia. The study uses a data-driven approach to identify cytokine 

groups in cord blood and at 24 hours in a serum sample that can predict poor outcomes such as 

abnormal MRI or death at an early stage in the disease. Based on this study, no single marker at a 

single time point is predictive of unfavorable outcome. Further, there is a considerable role of 

pre-existing factors like gestational diabetes and mode of delivery that affects the pattern of 
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cytokines. Moreover, the presence of other organ injuries also affects the cytokine pattern and is 

a contributor to prognostication. Besides, not just proinflammatory cytokines but higher levels of 

anti-inflammatory cytokines like IL-10 was consistently noted in the pattern analysis associated 

with an adverse outcome suggesting a role of innate compensatory responses in influencing the 

final outcome. However further elucidation of the individual contributions of different cytokines 

is required, and results from this study can serve as a stepping stone to further validate the cut 

offs determined for individual cytokines assessed in a bigger dataset to be used as a biomarker 

for clinical application.  

This study also builds the framework for future studies assessing mechanistic 

relationships between the major cytokines and delineating the key drivers that may serve as 

therapeutic targets. To our knowledge, few studies have investigated multiple cytokines together 

longitudinally in HIE, and based on our results we believe that it is essential to acknowledge the 

redundancy and pleiotropism of peripheral inflammatory mediators during biomarker discovery. 

The occurrence of similar cytokine motifs in patients with different severity of encephalopathy 

helps to explain this basis of this thought. After adjustment for confounding, none of the 

cytokines were individually predictive of adverse outcome.  On the other hand, cytokine 

combinations like TNF-" + IL8 + IFN-! levels in cord blood and IL-10 + IL-6 + IL-8 in serum at 

24 hrs after birth had improved predictive ability. As such the inflammatory response could 

represent either the natural evolution of a resolving injury and the resulting healing and 

regeneration; or a progressive and unchecked process of cellular damage either due to injury, 

innate factors, or potentially iatrogenic causes. Thus, we suggest that future research continue to 

take into consideration the time and context-dependent role of cytokines as it will be more 

informative to increasing our understanding of underlying neurobiology than efforts focussed at 

the pre-assigned pro or anti-inflammatory role of individual or groups of cytokines. 

 

 

 
!
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