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1 Introduction 

1.1 Hypoxic-ischemic encephalopathy 

1.1.1 Epidemiology and etiology 

Perinatal asphyxia (PA) and consequential hypoxic ischemic encephalopathy (HIE) is a 

severe and mostly unpredictably occurring condition of the perinatal period, with a 

prevalence ranging from 1.5‰ in developed countries to as high as 26‰ in the developing 

world (1). Moreover, HIE is responsible for the death of yearly 0.7 million newborns 

worldwide, and several million children develop consequential permanent neurological 

deficit each year (2). Neonates affected with milder forms of HIE are often 

underdiagnosed, yet still recover completely, without any permanent neurological 

damage in the majority. However, 10-15% of newborns with moderate-to-severe HIE die 

from the complications of the condition, 10-15% of surviving children develop cerebral 

palsy (CP), and further 40-50% show different psychomotor and mental developmental 

deficits (e.g. hearing or visual loss, autism spectrum disorders, epilepsy, mental 

retardation etc.) (3). 

The timing of the hypoxic-ischemic insult is categorized based on the time period of 

occurrence – this affects the success of neuroprotection, and also plays a role in the 

resulting neuropathology and presented symptoms –: (a) prepartum/intrauterine, (b) 

intrapartum and (c) postpartum events (4). The principal intrapartum events leading to 

HIE include acute placental and umbilical disturbances (e.g. placental abruption or cord 

prolapse), prolonged labor with transverse arrest (e.g. due to abnormal presentation or 

shoulder dystocia), difficult instrumental extraction or rotational maneuvers (e.g. breech 

maneuver), and other acute intrapartum events compromising maternal cardiovascular 

stability (e.g. maternal hemorrhage, rupture of uterus or general anesthesia) (5). 

Postpartum events alone can also lead to HIE, caused by various neonatal respiratory and 

cardiovascular conditions (e.g. severe recurrent apneic cells, circulatory insufficiency 

secondary to patent ductus arteriosus or other congenital heart diseases), manifesting in 

the form of sudden unexpected postnatal collapse (SUPC), an entity that occurs in 0.3-

0.8/1000 livebirths (6). Postpartum asphyxia is one of the possible etiologies in the 
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background of SUPC, and might contribute to all cases of HIE by approximately 10% 

(7). However, these factors are much more important in the pathogenesis of 

encephalopathy in preterm infants. Prepartum/intrauterine events leading to HIE are 

mainly related to abnormal placental/cord function, caused by various conditions (e.g. 

placental vasculopathy, delayed villous chorionic maturation, chronic chorioamnionitis 

or funisitis secondary to maternal infection, intrauterine growth retardation, maternal 

diabetes, preeclampsia) (8). Evidence quantifying the relative contribution of these 

factors to the total prevalence of HIE is rather controversial. While a magnetic resonance 

imaging (MRI) study estimated the prevalence of antenatally acquired insults around 5%, 

others hypothesize that antenatal factors are present in 96% of HIE cases, with or without 

a concomitant intrapartum acute hypoxic insult (9,10). The explanation for these 

contradictory findings is that although some acute prepartum events can indeed directly 

lead to HIE (e.g. maternal hypotension or hemorrhage, severe placental abnormality), 

most of these previously listed prenatal factors sensitize and predispose for a subsequent 

intrapartum injury, by compromising placental flow. That being said, these data need to 

be interpreted with the awareness that determination of the timing of the insult is usually 

based on imprecise methods (4). 

1.1.2 Pathophysiology 

The fundamental cause of neural tissue disturbance in HIE is the deficit of substrate 

supply, i.e. oxygen. The perinatal brain can be deprived of oxygen by two means: hypoxia 

and consequential hypoxemia, constituting a diminished blood oxygen level, as well as 

ischemia, which is diminished blood supply to the brain. Experimental as well as clinical 

data suggest that ischemia has the more important role of these two pathophysiological 

factors, considering that deprivation of oxygen as well as glucose and other substrates are 

crucial in the pathogenesis of the condition (4). The biochemical and metabolic processes 

following the hypoxic-ischemic insult can be divided in three stages: 

Primary energy failure occurs immediately during the hypoxic-ischemic insult, as a direct 

consequence. Depletion of oxygen inhibits the mitochondrial oxidative phosphorylation, 

resulting in decreasing level of adenosine-triphosphate (ATP) in neurons. Automatically, 

anaerobic glycolysis is activated in order to maintain energy production, however, at a 

much lower level (while oxidative phosphorylation produces 38 molecules of ATP from 
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a single molecule of glucose, anaerobic glycolysis can only produce 2). Consequently, 

accumulation of lactate and protons occurs, causing tissue acidosis. Initially, this 

constitutes an adaptive response to the hypoxic-ischemic insult, since decreasing pH 

induces the hydrolysis of phosphocreatine (PCr), the main form of high-energy phosphate 

in the brain. Exhaustion of ATP increases levels of adenosine-monophosphate (AMP), 

which in turn accelerates anaerobic glycolysis, as well as glycogenolysis in astrocytes, in 

order to provide sufficient glucose substrate from glycogen for the increased needs of 

glycolysis. These adaptive changes are capable of temporarily maintaining neuronal 

metabolism, for 1-2 hours following the hypoxic-ischemic insult (see Figure 1) (11,12). 

 

Figure 1. Biochemical effects of hypoxemia, following the primary energy failure. 

Concentrations of metabolites in the brain of newborn mice, by duration of anoxia 

(adapted from data published by Holowach-Thurston et al (11)). 

Left Y-axis (green font): concentration of adenosine-triphosphate (ATP), glycogen, 

phosphocreatine (PCr); right Y-axis (red font): concentration of lactate. 

 

However, with progression of lactate formation and increasing acidosis, several 

deleterious effects occur, namely (a) impairment of cerebral autoregulation, a potential 
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for further ischemic injury, (b) inhibition of phosphofructokinase, which provides the 

pyruvate substrate for anaerobic glycolysis, as well as (c) direct cellular injury and 

necrosis due to tissue acidosis. Meanwhile, the initial decrease of neural ATP causes the 

failure of ATP-dependent Na+-K+ pump, which is crucial for the homeostasis of cells. 

Consequent intracellular Na+, Ca2+and water accumulation occurs, resulting in cytotoxic 

edema and membrane depolarization, causing excessive release of glutamate, which in 

turn results in further intracellular Ca2+ accumulation, generating free radicals and 

activating phospholipase, which begins the degradation of cellular lipids (13,14). 

Mitochondrial permeability is also increased, which releases several apoptosis-inducing 

factors into the cell (15). On top of that, reoxygenation and consequential oxidative stress 

enhance the deleterious events described previously (4). All these pathways enhance each 

other and ultimately lead to neuronal apoptosis and necrosis. All these impairments of 

cell metabolism manifest clinically called as delayed or secondary energy failure, 

occurring 6-8 hours after the hypoxic-ischemic insult, with its nadir around 24-48 hours, 

and lasting for several days, based on in vivo human brain phosphorous MR spectroscopy 

observations (16). The cell level events contributing to the secondary energy failure are 

presented in Figure 2. 

 

Figure 2. Pathogenesis of the secondary energy failure, following the hypoxic-

ischemic insult. Adapted from data published by Kusaka et al, Barks et al and Gilland et 

al (13-15). ATP: adenosine-triphosphate, NOS: nitric oxide synthase. 
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Latest evidence suggests that in case of severe neuronal damage and insufficient recovery, 

activation of inflammatory response persists, and abnormal proliferation of glial cells 

(gliosis) as well as various epigenetic changes occur (17). These mechanisms contribute 

to lasting cerebral lactic acidosis, which fuel the above detailed pathological processes. 

This persisting neurological deterioration is the tertiary phase of the hypoxic-ischemic 

pathophysiology, lasting from weeks to years (18). 

1.1.3 Clinical presentation 

The neurological signs and symptoms of the hypoxic-ischemic insult of the brain usually 

appear right after birth. These symptoms are not specific for HIE, but rather show the 

state of functional impairment of the brain, and may appear in other forms of neonatal 

encephalopathies, as well (4). The succession of neurological signs following the hypoxic 

insult has been described in detail by Sarnat & Sarnat, detailing the systemic reactions 

triggered by hypoxia/ischemia (19). Characteristics of the three Sarnat stages are 

presented in Table 1. 

After the onset of the acute hypoxic-ischemic insult, adrenal activation occurs, rising 

plasma catecholamine levels, in order to counteract the imminent circulatory 

insufficiency. This explains the hyperalertness characterizing Stage 1 of HIE, which 

might be the only neurological syndrome seen in newborns having suffered only mild 

hypoxic injury. However, in case of moderate-to-severe HIE, this stage is brief and 

usually undergoes in utero (marked by fetal tachycardia). The subsequent Stage 2 is 

mainly characterized by parasympathetic overactivity, likely caused by the release from 

inhibition of the brainstem, spinal cord reflexes, vagal and other parasympathetic nerve 

functions. This stage is characterized by lower level of consciousness, represented by 

lower electric brain activity on electroencephalogram (EEG), and often by appearance of 

seizures. In cases where Stage 2 undergoes in utero, it is represented by the fetal 

bradycardia following the tachycardia. Stage 3 is the extension of this parasympathetic 

overactivity throughout the neuraxis, manifesting in absent muscle tone and reflexes, 

stuporous consciousness, temporary lack of seizures and lengthening isoelectric phases 

on EEG. While newborns with mild HIE might not undergo Stages 2-3 at all, babies with 

moderate-to-severe HIE might present with symptoms of Stages 2-3 right after delivery 

(19). 
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Table 1. Sarnat staging of newborns with hypoxic-ischemic encephalopathy (19). 

EEG: electroencephalogram. 

 Sarnat stage 1 Sarnat stage 2 Sarnat stage 3 

Duration of stage Less than 24 h 2 to 14 days Hours to weeks 

Level of consciousness Hyperalert Lethargic or obtunded Stuporous 

Neuromuscular control 

Muscle tone Normal Mild hypotonia Flaccid 

Posture Mild distal flexion Strong distal flexion 
Intermittent 

decerebration 

Stretch reflexes Overactive Overactive Decreased or absent 

Segmental myoclonus Present Present Absent 

Complex reflexes 

Suck Weak Weak or absent Absent 

Moro 
Strong; low 

threshold 

Weak; incomplete; high 

threshold 
Absent 

Oculovestibular Normal Overactive Weak or absent 

Tonic neck Slight Strong Absent 

Autonomic function 
Generalized 

sympathetic 

Generalized 

parasympathetic 
Both systems depressed 

Pupils Mydriasis Miosis 

Variable; often 

unequal; poor light 

reflex 

Heart rate Tachycardia Bradycardia Variable 

Bronchial and salivary 

secretions 
Sparse Profuse Variable 

Gastrointestinal 

motility 

Normal or 

decreased 
Increased; diarrhea Variable 

Seizures None 
Common: focal or 

multifocal 

Uncommon (excluding 

decerebration) 

EEG findings Normal (awake) 

Early: low-voltage 

continuous delta and 

theta. 

Later: periodic pattern 

(awake). 

Seizures: focal 1-to 1½-Hz 

spike-and-wave 

Early: periodic pattern 

with isopotential 

phases. 

Later: totally 

isopotential 

Besides the above described original Sarnat staging, several simpler neurological scoring 

systems were developed, like the modified Sarnat EEG score (20) or the Thompson score 

(21). However, the main limitation of these scoring systems is the difficulty of assessing 

certain neurological signs (e.g. primitive reflexes) right after birth, and the problematic 

interpretation of some intermediate signs, that often do not fit in any of the categories. 

Moreover, the neurological signs visible to the clinician are strongly affected by 

medication and may be altered by other biochemical abnormalities (e.g. acidosis, glucose 
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level), emphasizing that while these scoring systems are fundamental in the immediate 

clinical diagnosis of HIE, they are fairly imprecise and therefore not suitable for 

prediction of long-term outcome (22). 

Therefore, the previously mentioned EEG and more importantly, amplitude-integrated 

EEG (aEEG) is a highly valuable tool to refine the assessment of the severity of 

encephalopathy, as well as signs of early recovery. The later has the important advantage 

of being a user-friendly and point-of-care method easily attained by the neonatal intensive 

care personnel (23). The aEEG trace is classified based on voltage and pattern in the 

following main categories: continuous normal voltage (CNV), discontinuous normal 

voltage (DNV), burst suppression (BS), continuous low voltage (LV) and flat trace (FT) 

(24). 

Although previously, we focused on the pathological processes and clinical symptoms of 

the central nervous system, the effects of the perinatal hypoxic-ischemic insult impair 

several organ systems, causing various organ dysfunctions, or even multi-organ failure. 

These disturbances can be manifested in acute tubular necrosis, hepatopathy, myocardial 

impairment and cardiovascular insufficiency, pulmonary hypertension, gastrointestinal 

dysfunction or coagulopathy, indicated by non-specific laboratory parameters, like rising 

creatinine, blood urea nitrogen, transaminases or creatine kinase, as well as hyperkalemia, 

hypocalcemia, laboratory signs of coagulopathy and frequently, rising markers of 

inflammation, without an infectious background (25). While abnormalities of the central 

nervous system are detected in 20% of symptomatic cases of PA, and 60% present both 

neurological and other organ dysfunctions, in 20% of cases, only extracerebral organ 

injury appears without any neurological signs (26). 

Generally, the diagnosis of moderate-to-severe HIE is established combining the 

information gained from the peripartum history and degree of acidosis, a thorough clinical 

examination of neurological signs and symptoms, as well as the result of aEEG 

monitoring. The gold standard diagnostic criteria has been outlined by the international 

Total Body Hypothermia for Neonatal Encephalopathy (TOBY) clinical trial (27), which 

also constitute the criteria for hypothermia treatment (see Table 2.). 
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Table 2. Diagnostic criteria for moderate-to-severe HIE, as well as eligibility criteria 

for hypothermia treatment. 

The presence of A and B criteria is sufficient to establish the diagnosis of moderate-to-

severe HIE, and commence cooling. The C criterion is used to aid the diagnosis; however, 

since availability of aEEG is limited in certain centers, it is not routinely applied 

everywhere. BD: base deficit, aEEG: amplitude-integrated electroencephalography. 

A criteria 

 Apgar score ≤ 5 at 10 min after birth OR 

 continued need for resuscitation (including endotracheal or mask 

ventilation) at 10 min after birth OR 

 acidosis (pH < 7.0) OR BD ≥ 16 mmol/L within 60 min after birth 

(occurring in any umbilical, arterial or capillary blood sample)  

B criteria 

 altered level of consciousness (lethargy, stupor or coma) AND at least 

one of the following: 

 hypotonia OR 

 abnormal reflexes (including oculomotor and pupil reflexes) OR 

 absent or weak suck OR 

 clinical seizures 

C criterion 
 abnormal brain background activity or seizures registered on at least 

30 minutes of aEEG recording 

1.1.4 Neuroprotection 

1.1.4.1 Hypothermia treatment 

The efficacy and safety of hypothermia treatment (HT) has been closely studied since the 

1990s, resulting in HT being the current gold standard neuroprotective method for 

newborns with moderate-to-severe HIE (28). Based on the results of the multicenter 

TOBY trial, moderate whole-body hypothermia of 33-34 °C maintained for 72 hours 

decreased the combined risk of death or adverse neurological sequelae by 19% (27). This 

decrease in mortality and morbidity presumes that HT was introduced in the first 6 

postnatal hours of eligible infants, as cooling induced after 6 hours of life is hypothesized 

to be ineffective (29). The eligibility criteria for HT is identical to the diagnostic criteria 

of moderate-to-severe HIE used in the majority of neonatal intensive care units (NICUs), 

described in detail in Table 2. 

The therapeutic process is divided into three phases: (a) induction, where the target 

temperature is rapidly achieved, together with close monitoring of blood pressure, plasma 

glucose and blood gas levels; (b) maintenance phase, where core temperature needs to be 
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kept as stable as possible, with maximal fluctuation of ± 0.5 °C; and (c) rewarming phase, 

where the temperature increase velocity must be kept below 0.2-0.5 °C/h, to prevent 

hypoglycemia, hypokalemia and acidosis (30). To inhibit shivering, and alleviate the 

discomfort caused by cooling, infants undergoing HT usually need major analgesia and 

sedation (31). 

The working mechanism of HT lies in slowing enzymatic cellular processes (based on 

the Van’t Hoff’s law), therefore reducing cerebral metabolism (and thus glucose and 

oxygen utilization) by 5% per °C (32). This decreases the consequential accumulation of 

anaerobic metabolites, excitatory amino-acids and reactive free radicals, which would 

potentially lead to neuronal injury and death (33). 

Despite its promising utility in preventing the development of long-term neurological 

deficits or death, the number needed to treat in case of HT is 8, and approximately half of 

the infants receiving whole-body cooling still have an abnormal outcome, suggesting that 

a significant portion of newborns with the most severe injuries may not be rescued (34). 

This underscores the need for further, additional or alternative neuroprotective methods 

besides HT. 

1.1.4.2 New emerging neuroprotective methods 

Several recent preclinical and clinical studies has drawn attention to other emerging 

neuroprotective strategies, briefly discussed below. 

Melatonin is an endogenous neuroendocrine molecule regulating the circadian rhythm, 

and also influencing a number of developmental and immunological processes (18). Its 

neuroprotective effect is presumably achieved via anti-apoptotic, anti-inflammatory and 

anti-oxidative processes, promoting neuronal and glial development. A recent 

randomized control study with 80 enrolled HIE infants concluded that a single dose of 10 

mg melatonin reduced mortality by more than 60% (35). As for neurological sequelae, 

another study revealed that HIE newborns receiving both melatonin and HT presented 

fewer seizures on EEG and had less white matter injury on MRI, than infants treated with 

HT alone, corroborated the boosting effect between multiple neuroprotective strategies 

(36). 
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Erythropoietin (Epo) has – besides its well-known effect of inducing red blood cell 

production – a vital role in promoting proliferation and differentiation of neuronal, glial 

and endothelial cells throughout the central nervous system. Moreover, it has been 

described that Epo receptors are upregulated following brain injury, supporting Epo’s role 

in endogenous neuroprotection (37). Evidence shows that Epo might help stimulate 

reparatory mechanisms in the tertiary phase of HIE, with its optimal administration 

window between the first days and weeks of life. Randomized controlled trials suggest 

that Epo treatment alone reduces the risk of CP by about 50%, compared to HT alone, 

and MRI performed in HIE newborns treated with a combination of Epo and HT show 

lower volumes of brain injury, than infants receiving HT alone (38). 

Remote ischemic postconditioning exploits the organism’s endogenous protective 

mechanisms, and is described by intermittent sublethal interruptions to blood flow, in a 

non-vital organ (e.g. a limb), remote to the affected organ (i.e. the brain) (39). This 

controlled limb ischemia triggers the release of a number of endogenous autacoids (e.g. 

kinins), affects the immune response (e.g. reduces neutrophil activation), and decreases 

expression of apoptotic and inflammatory genes. This results in increasing cerebral flow, 

attenuation of neuroinflammation and activation of pro-survival signaling cascades at 

cell-level (40). Animal studies suggest that four 10-minute cycles of lower limb 

ischemia/reperfusion protected effectively against white matter injury, when started 

immediately after resuscitation (41). However, clinical safety and reproducibility studies 

are still needed, in order to determine the recommended and safe dose of controlled 

remote ischemia, with or without HT. 

A number of additional neuroprotective agents are currently studied, including 

cannabinoids, xenon, topiramate or allopurinol, and further candidates are constantly 

emerging (42). However, as mentioned before, the temporal factor in introducing 

neuroprotective methods is crucial in all potentially effective interventions, emphasized 

by the commonly used phrase “time is brain” (43). This underscores the ultimate need not 

only for the early diagnosis of HIE, but also for the precise determination of severity as 

well as the accurate prediction of outcome, as soon as possible. Therefore, risk 

stratification in HIE is of utmost importance, in order to select HIE newborns who would 

benefit the most from future compound neuroprotective strategies (44). 
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1.2 Role of imaging techniques in the diagnosis and prognosis of HIE 

The diagnosis of moderate-to-severe encephalopathy is usually corroborated by imaging 

techniques, especially useful in ruling out other etiologies additional to HIE, that could 

modulate the clinical appearance, or interfere with therapy (4). 

1.2.1 Cranial ultrasound 

Cranial ultrasound is routinely used in neonatology, due to its safety and availability at 

the bedside, however, it has poor interobserver reproducibility and its sensitivity greatly 

depends on the examiner (45). While the guidelines of the American Academy of 

Neurology consider cranial ultrasound as the first line imaging technique principally for 

the diagnosis of intracranial hemorrhage and intracranial congenital malformations, it has 

also some value in HIE, especially for differential diagnostic purposes, i.e. quick 

exclusion of other etiologies for encephalopathy (46). Additionally, Doppler cerebral 

flow velocity and resistance indices are commonly used to estimate cerebral flow. Its 

disturbances are sensitive markers of the severe hypoxic brain injury and may add a lot 

to the information provided by cranial ultrasound alone (47). 

1.2.2 Magnetic resonance 

Magnetic resonance (MR) and its various modalities are considered the gold standard 

radiological technique to diagnose neonatal HIE. MRI, its imaging modality, provides 

detailed anatomic and neuropathological pictures of the brain, due to its excellent tissue 

differentiation, moreover, its functional modalities (functional MRI and MR 

spectroscopy) offer unique information on the metabolic and functional state of the brain, 

in a non-invasive way (48). 

The biophysical foundation of MR lies in the magnetic characteristics of protons, which 

are organized and aligned when placed in a strong magnetic field (i.e. the MR scanner). 

During the MR scan, excitation of these aligned protons is achieved using radiofrequency 

wave, followed by relaxation and consequential release of the energetic surplus. The 

parameters of the relaxation are characteristic of the environment of the affected proton 
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(i.e. the tissue), which is scanned and reconstructed to create the MR images of the 

examined organ (49). 

Current guidelines recommend the performance of at least 2 MR scans in newborns with 

HIE – ideally, an initial scan between postnatal hours 24-96, and a repeated, control scan 

after postnatal day 6 – considering that the utility and sensitivity of the different MR 

modalities vary with postnatal age (44). The main modalities, their strengths and 

weaknesses are briefly described in the following chapter. 

1.2.2.1 MR modalities 

MRI has been used for imaging in newborns with HIE for more than 30 years, accurately 

differentiating between the various morphological types of HIE, and also capable of 

estimating the timing of the hypoxic-ischemic insult. To improve comparability of scans, 

scoring systems were developed to grade the severity of HIE-related MRI abnormalities 

(50). Detection of injury to the basal ganglia and thalamus (BGT), as well as the signal 

change in the posterior limb of internal capsule (PLIC) are important predictors of adverse 

outcome in newborns with HIE (51). However, sensitivity of conventional MRI is greatly 

dependent of the timing of the scan, and MRI scans often appear normal during the very 

early days of life. As macroscopic lesions take time to develop, only injuries acquired 

prior birth are detectable with high confidence in this time frame (52). During the first 

week, pathophysiological maturation of perinatal injuries occur, as they become visible 

on MRI scans in the second half of the first week of life, confirming the full extent and 

pattern of the hypoxic ischemic insult (48). 

Diffusion-weighted imaging (DWI) optimized the low sensitivity of MRI during the first 

days of life, enabling the detection of cytotoxic edema and consequential cell swelling, 

appearing days before morphological abnormalities are shown on conventional MRI (53). 

The accuracy of DWI is further improved by quantification of diffusion, using apparent 

diffusion coefficient (ADC), showing low ADC values for a more severe injury. 

Therefore, DWI examinations can provide early information for the diagnosis of HIE as 

well as for prediction of neurological outcome, when conventional MRI might still appear 

normal (54). However, as histopathological changes progress after the first week (i.e. 

vasogenic edema and loss of cell membrane integrity appear), the previously low ADC 
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values begin to rise, and temporarily reach the normal range, presenting the issue of 

pseudo-normalization. This process  worsens the sensitivity of DWI and ADC in this time 

period (55). 

Diffusion tensor imaging (DTI) and tractography are further developments of ways to 

detect diffusion, constructing a 3-dimensional diffusivity map to help identify the 

asymmetry of white matter, impaired microstructural organization of corpus callosum or 

the corticospinal tracts, and can thus predict poor long-term cognitive and motor 

performance (56). 

MR angiography and venography are capable of visualizing the cerebral vascular 

system noninvasively, without the use of contrast material. These methods have 

contributed to the increased detection of sinovenous thrombosis in newborns (57). 

Magnetic resonance spectroscopy (MRS) has been used for a long time, even before 

MRI emerged as an imaging technique. Its analytical utility to assess the chemical 

composition of a volume of interest (VOI) is based on the fact that atomic nuclei behave 

differently, have different magnetic parameters, and resonate differently, based on the 

chemical compound they are in, due to molecular interactions. Conclusively, the chemical 

composition of certain VOI is represented by a spectrum of curves, where the horizontal 

position of the spectral curve is specific to the chemical substance (or in case of brain 

MRS, the cerebral metabolite), shown in ppm (parts per million) units. Based on the 

acquired spectrum, metabolite concentration is proportional to the height of the spectral 

curve (peak height), as well as the area under the spectral curve (peak area) (58). 

During the MRS acquisition, the time intervals of excitation-registration can be optionally 

modified by applying different echo times (TE). The level of noise, as well as the number 

of detectable metabolites can thus be fine-tuned, depending on the clinician’s need. Lower 

TE settings enable the registration of only a few metabolites, with relatively low noise 

level. At higher TE settings though, more metabolite curves emerge from the spectrum, 

however, noise level also increases (59). 

Chemical elements with atomic nuclei suitable for use in MRS are proton (H+), 

phosphorous (31P), fluorine (19F), carbon (13C) and sodium (23Na). From these methods, 

only proton and phosphorous MRS are used in the routine clinical practice (60). 
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1.3 Proton MR spectroscopy 

Proton MR spectroscopy (H-MRS) is a non-invasive tool to assess tissue functionality 

and metabolism in various conditions. In pediatric radiology, it is widely used in patients 

with HIE, epilepsy and metabolic diseases, but it also provides valuable information 

concerning the metabolic spectrum (and thus, malignant potential) of neoplasms and 

infectious processes involving various organs (e.g. liver), and above all, excel at the 

diagnostic workup of cerebral pathologies, such as white matter disorders (61). 

The VOI of the examination can be freely determined, requiring a minimal volume of 

1x1x1 cm3, based on a conventional MR image. In HIE, the most common VOIs include 

the thalamus and basal ganglia, the cortex (although artifacts resulting from overlapping 

white matter or bone matter are difficult to prevent), as well as white matter (60). 

1.3.1 Metabolites 

As detailed earlier, the metabolic spectrum of the examined tissue can be acquired using 

various TE settings. Generally, brain H-MRS is registered at TE 35 ms, 144 ms and 288 

ms. On the spectrum registered with brain H-MRS – as seen in Figure 3. –, the following 

main metabolite peaks can be distinguished: 

N-acetyl-aspartate (NAA) is the second most abundant cerebral amino-acid (after 

glutamate), and can be found almost exclusively in neurons, with its peak registered at 

2.01-2.02 ppm (62). Its role in the central nervous system is rather complex and still not 

fully understood; however, evidence suggests that this molecule functions as an osmolite, 

regulating the expulsion of intracellular fluid produced by normal metabolism, and thus 

prevents cell swelling (63). Moreover, it presumably plays a role in protein and lipid 

synthesis, by providing the source, storage and transport of acetyl-group, aspartate and 

amino-nitrogen (64). NAA levels increase rapidly with neuronal maturation during 

gestation, and especially during the first year of life, reaching its nadir around 3-5 years 

of life (65). Decreasing NAA level is a reliable marker of neuronal injury or dysfunction, 

even in the absence of cell death (66). 
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Figure 3. Spectrum acquired by H-MRS. 
The registered metabolites are from left to right: Cr2: secondary creatine peak, Glx: 

glutamine/glutamate (multiple peaks, here: double peaks), mIns: myo-inositol (double 

peaks), Cho: choline, Cr: creatine, NAA: N-acetyl-aspartate, Lac: lactate. 

? represent low (< 1) signal-to-noise ratio (SNR). 

Creatine (Cr) is a non-neuron-specific substance, synthesized primarily in the liver and 

kidneys, which is then phosphorylated into PCr, and transported into organs with high 

energetic needs, such as muscles and the brain. The utility of PCr lies in re-converting 

adenosine-diphosphate (ADP) produced during ATP utilization into ATP, thus 

significantly increasing usability of the available cellular energy pool. Due to its function, 

Cr is an important marker of the examined tissue’s energy status (67). Cr and PCr levels 

increase rapidly before and around term, and contrary to other metabolites, their levels 

stay relatively constant after the first year of life (65). Due to its special energetic 

characteristics, two Cr peaks appear on the spectrum (Cr and Cr2). Because of its better 

differentiation from noise and other peaks, the first Cr peak is routinely used (measured 

around 3.0-3.1 ppm). 

Choline (Cho) is a normal component of myelin sheath and neuronal cell membrane; 

therefore, its level in newborns is high – due to ongoing myelination –, and slowly 

decreases with age and with completion of myelination, reaching its final value at 3-5 

years of age (65). The above normal Cho-concentration in the perinatal period might 

suggest degradation of central nervous system cells (both neuronal and glial) (61). The 

peak of Cho can be registered at 3.2 ppm. 

Myo-inositol (mI or mIns) is a configuration variant of the pentose sugar inositol, not 

specific for the central nervous system. It functions as a precursor for inositol-derived 

lipid synthesis and is part of the intracellular second-messenger system (68). To date, 
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studies suggest that mI could be the breakdown product of abnormal cerebral inositol-

polyphosphate metabolism and the cell membrane component myelin (69), implementing 

that increased mI levels signal cell death. In the neonatal period, mI is one of the highest 

peak, and rapidly decreases with age, reaching its final value around 1 year of age (65). 

The peak of mI can only be detected at TE = 35 ms and 144 ms, as a peak triplet 

(summation of three, partly overlapping peaks, registered between 3.45-3.65 ppm). 

Glx (glutamine/glutamate) is the most abundantly found metabolite detectable with H-

MRS in the brain, being an important neurotransmitter. Its level does not change 

significantly with age; however, due to the multiple Glx peaks resonating within the 

spectrum (multiplet peak), as well as their overlapping with other metabolite peaks does 

not allow Glx to be accurately and reliably measurable for diagnostic purposes (65). 

Lac (lactate) is barely detectable in the central nervous system under normal conditions. 

Its importance lies in case of anaerobic metabolism, therefore, rise in its concentration is 

a classic sign of hypoxia and ischemia – both in neuronal and in other tissues (61). 

However, accurate detection of Lac peak is hindered by multiple issues. First, its peak 

cannot be detected at TE 35 ms due to high noise level, and TE 144 ms is only suitable 

for its assessment in severe cases of HIE, which result in extremely high lactate levels. 

Second, Lac peak is detected at 1.3 ppm, where it is superimposed on the broad lipid (Lip) 

peak, interfering with its measurement. Finally, introduction of HT as the gold standard 

neuroprotective method in HIE further inhibits precise use of Lac peak (70). This 

observation presumably indicates the working mechanism of HT, as it decelerates 

metabolic processes, and most importantly, glycolysis, delaying accumulation of lactate 

(71). 

1.3.2 Cerebral metabolism registered by H-MRS 

The non-invasiveness of H-MRS makes it a useful tool in monitoring metabolic changes 

undergoing in the brain of infants, after the hypoxic-ischemic insult. While repeated 

acquisition of H-MRS in same newborns has ethical limitations, the fluctuation of 

metabolites can be partly reconstructed based on the existing study results. 

The events closely following the hypoxic-ischemic insult – i.e. during the primary energy 

failure – are difficult to observe, since it usually occurs in utero or during delivery. 
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However, on H-MRS spectra acquired in the first postnatal days, a prominent Lac peak, 

elevated Cho peak, as well as significantly decreased NAA and slightly reduced Cr peak 

can be seen in the thalamus of newborns with moderate-to-severe HIE, compared to the 

H-MRS spectra of healthy term newborns (72,73). As pathological processes progress 

during the first week, NAA levels keep sinking; however, repeated H-MRS up to 

postnatal weeks 4-5 show signs of recovery, signaled by higher NAA and Cr, as well as 

lower Cho peak, compared to the first postnatal days (74,75). Nevertheless, Lac peak has 

been described to persist for weeks after the insult, especially in newborns facing poor 

outcome, while Lac/NAA ratios slowly rise in the tertiary phase of the disease (i.e. after 

the first week, up to years), presumably due to the increasing NAA level (18). 

1.3.3 Prognostic value of H-MRS 

Previously, the prognostic value of H-MRS to predict 2-year-old neurodevelopmental 

outcome has been investigated by several studies in neonates with HIE, using various 

methods, protocols and equipment (54,76–85). Nevertheless, drawing a global conclusion 

applicable in the general clinical practice poses a problem, due to the difference of the 

methods and findings. Indeed, a wide range of H-MRS derived metabolites were 

suggested as potential biomarkers, e.g. some studies concluded that absolute Lac levels 

and/or Lac-containing metabolite ratios (Lac/NAA, Lac/Cho, Lac/Cr) were the most 

accurate for prediction of outcome (54,77–79,81–86), while others showed that NAA/Cr, 

NAA/Cho, absolute NAA and/or Cho levels had promising prognostic value 

(76,77,80,82,83), whereas only few studies investigated glutamate (Glx) or glutamate-

containing metabolite ratios (Glx/Cr) (81), and/or mI (82). 

Generalizability of these results is hindered by the variability of methods used, 

considering that some studies applied various data-optimizing software (80,83,87), 

methods for absolute metabolite quantification (79,80,85), or special head-coils (79,82) 

in order to improve the information acquired from the registered H-MRS spectra. While 

these methods may indeed ameliorate data quality, they are not generally applicable in 

standard clinical settings as there is no uniform consent on their use (88). Therefore, the 

diagnostic and prognostic workup of HIE using conventionally performed brain H-MRS 

needs to be specifically assessed, analyzing spectra acquired using a routine sequence on 

the average MR scanner. 
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As mentioned previously, both peak height and peak area are proportional with the 

metabolite concentration, and thus theoretically, can be used for comparison of metabolite 

levels. Despite their limitations, the majority of existing studies support the use of peak 

areas as prognostic markers in patients with HIE (86). Based on Bottomley’s 

comprehensive review of H-MRS (89) though, without post-processing techniques, 

analysis of both peak height and peak area has certain challenges. While peak height 

provides an acceptable measure for non-overlapping metabolite peaks, it is affected by 

patient motion and inhomogeneous widening of spectrum widths. On the contrary, peak 

areas are relatively immune to motion artefacts and spectrum widening. Nevertheless, 

since most of the integrated area of a peak resides near its base, noise and overlapping of 

other peaks can significantly affect area measurements. Taking these aspects into 

consideration, under conventional circumstances, both peak heights and peak areas might 

have equal potential for outcome prediction. 
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1.4 Outcomes following HIE 

Besides its life-threatening complications in the neonatal period, the significance of 

moderate-to-severe HIE lies in the imminent adverse neurological sequelae, ranging from 

mild delays in development to severe impairments, such as CP or mental retardation (4). 

Even with HT, almost half of surviving infants develop cognitive impairment 

(intelligence quotient < 70) or learning disabilities, and 17% are later diagnosed with CP 

(90). The incidence of visual disturbances (secondary amblyopia or blindness) is reported 

in 26% of cases, while hearing loss or deafness in 9% (91). Epilepsy develops in 10% of 

cases, usually by 3.5 years of age (92). 

1.4.1 Assessment of neurological sequelae 

Different aspects of outcome can be assessed at different ages. Severe motor or sensory 

loss is detectable as early as the first year of life, severe developmental delay in the second 

year, while fine and gross motor dysfunction between two to four years (depending on 

severity). However, some cognitive impairments become apparent only at later ages, 

since abnormalities in cognitive function can be assessed around four to seven years of 

age, while learning disabilities even later, between seven to nine years (93,94). 

In our neonatal intensive care unit (NICU), all newborns diagnosed with moderate-to-

severe HIE undergo referral to a neurodevelopment neurologist before discharge, and are 

routinely followed up around 2 years of age, using the Bayley Scales of Infant 

Development II tool-kit (95), performed by trained personnel (neurodevelopmental 

neurologist of pediatric psychologist). Parents or legal guardians of the children are 

routinely contacted via telephone for an appointment; participation on the follow-up 

examination is voluntary. This test evaluates psychomotor and mental development using 

various playful tasks and procedures, providing as a result the psychomotor (PDI) and 

mental developmental indices (MDI), which score development as follows: normal (≥ 85 

points), mildly delayed (70-84 points), moderately delayed (55-69 points) or severely 

delayed (< 55 points) development. If needed, children are directed to specialized 

departments or developmental interventions. 
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1.4.2 Cerebral palsy 

CP describes a group of permanent disorders of the development of movement and 

posture, causing activity limitation, which are attributed to non-progressive disturbances 

that occurred in the developing fetal or infant brain. The motor disorders of CP are often 

accompanied by disturbances of sensation, perception, cognition, communication and 

behavior, by epilepsy and by secondary musculoskeletal problems (96). Overall 

frequency of CP has been reported to be 1.5–2.7‰ by various countries (97); however, 

the national incidence in Hungary is unknown, only regional data are available, stating 

CP prevalence in Borsod-Abaúj-Zemplén county to be 2.1‰ (98). 

Several pre-, intra- and postpartum events can potentially lead to CP, principally 

encompassing three causal pathways: (a) brain damage, (b) brain malformation and (c) 

functional disorders of the brain without any structural abnormality (97). The specific 

conditions are barely risk factors of CP, involving one or more pathways. Previously, 

intrapartum asphyxial insults were thought to be the main cause of CP; however, this 

hypothesis seems to be contradicted by recent epidemiological researches, revealing 

perinatal asphyxia in the background of only 20% of cases (99). Conversely, based on a 

systematic review of 27 studies in HIE, CP was diagnosed in 29% of HIE cases (91). 

Other risk factors of CP – besides HIE – include prematurity, intracranial hemorrhage, 

neonatal stroke, intrauterine growth restriction (IUGR), fetal inflammatory syndrome and 

infections of the central nervous system, cranial trauma, multiple pregnancy and assisted 

reproductive methods (97,100). 

1.4.2.1 Clinical classification 

Several classification systems exist for CP, with the traditional aspects based on seven 

different axes: physiological (type/nature of motor or movement disorder), topology, 

supplemental, etiologic, neuroanatomic (radiologic), therapeutic and functional (101). 

Here, we discuss the most widely used, first two classification categories. 

Physiologic classification involves the type and nature of motor or movement disorder 

(the quality and change in muscle tone). The most commonly defined subtype is spastic 

CP (characterized mainly by muscle hypertonia), seen in 72-91% of cases, 

pathophysiological described by dysfunction of the inhibitory interneurons of the 
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corticospinal tract (102). The second most frequent form is dyskinetic (or athetoid) CP, 

further divided into dystonic and choreo-athetoid, which are caused by injury to the 

thalamus and basal ganglia. This subtype is seen in 15% of children with CP, 

characterized by uncoordinated movements of the upper and lower limb together with 

abnormal posture (103). The rarest form is ataxic CP, involving generalized muscle 

hypotonia together with loss of muscle coordination (presumably suggesting cerebellar 

injury), described in 4-5% of cases (104). The remaining cases constitute mixed type CP, 

characterized by a mixture of the upper described symptoms (105). Previously, hypotonic 

CP has been separately differentiated; however, recent evidence demonstrated that 

hypotonic cases are either mild forms of ataxic CP, or merely transient forms, where the 

leading motor dysfunction (usually spasticity of the extremities) has not appeared yet 

(102). This emphasizes the importance of well-timed diagnosis and classification, which 

is reliable starting from 3-4 years of age, and requiring regular follow-up into the 

adolescent years (105). 

Topological classification of CP is done in case of spastic subtype of CP, based on the 

guidelines of the Surveillance of Cerebral Palsy in Europe (SCPE) collaboration (102). 

This system divides localization into unilateral and bilateral CP: 

 Unilateral palsy includes 

o monoplegia, where only one limb is affected (usually being the lower limb), and 

o hemiplegia, affecting one half of the body (with usually the upper limb being the 

more severely affected). 

 Bilateral palsy can be further categorized into 

o diplegia, all limbs are affected (but the upper limbs only show fine motor 

impairment), 

o triplegia, with the typical pattern of one affected upper limb and bilateral 

(asymmetric) lower limb involvement, and 

o tetraplegia, where all four limbs and the trunk is also affected. 

Nevertheless, the observed CP type is rarely permanent, as progression of the disease 

includes change of the most prominent muscle tone dysfunction and limb involvement 

(104). 
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1.4.2.2 Functional severity 

A number of functional classification systems exist for CP severity, with the most widely 

used being the Gross Motor Function Classification System (GMFCS), the Manual 

Ability Classification System (MACS), the Communication Function Classification 

System (CFCS), and the Eating and Drinking Ability Classification System (EDACS). 

These have the advantage of grading CP severity by degree of caused functional 

disability, and can thus accurately monitor progression or response to therapy (106). 

In Hungary, the adapted version of GMFCS is applied, which scores the degree of caused 

disability on a five-level scale, from I to V, and accurately quantifies functional severity 

(107). The GMFCS scores are presented in Table 3. 

1.4.2.3 Management and prognosis 

To date, no definitive treatment exists for CP, thus the mainstream for reducing the 

incidence and health impact of this disease is effective prevention (i.e. pre- and perinatal 

maternal and infant care to overcome risk factors), as well as close follow-up and 

management (108). The later include motor (i.e. physiotherapy and kinesiology), as well 

as occupational rehabilitation, aiming at improving critical thinking, self-sufficiency and 

problem solving. Neurorehabilitation is also provided, if needed, targeting the reduction 

of spasticity using baclofen or botulinum toxin A, and in refractive cases, surgical 

interventions like selective rhizotomy or neurotomies (105). 

Due to the increasing scope of rehabilitation and care, the average life expectancy of 

patients with CP is constantly increasing. As a result of better nutrition, more aggressive 

prevention and cure of infections and improving surgical techniques, 50% of even the 

most severely affected children will survive into the middle of their third decade (97). 

This is a welcoming result, as long as the increased years of survival are spent in good 

life quality. To guarantee the improving life conditions of patients affected with CP, 

knowledge of regional CP risk factors, prevalence and severity is vital, to assess where 

improvement of interdisciplinary management is needed. This underscores the need for a 

national Hungarian registry, to monitor CP prevalence and optimize follow-up. 
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Table 3. The Gross Motor Function Classification System (GMFCS). 

Categories showing capabilities and situations causing disability. Adapted for children 

aged 6 to 12 years (107). 

GMFCS 

Level I 

- walk at home, school, outdoors and in the community, 

- can climb stairs without the use of a railing, 

- perform gross motor skills such as running and jumping, 

- speed, balance and coordination are limited. 

GMFCS 

Level II 

- walk in most settings and climb stairs holding onto a railing, 

- may experience difficulty walking long distances and balancing on 

uneven terrain, inclines, in crowded areas or confined spaces, 

- may walk with physical assistance, a handheld mobility device or 

wheeled mobility over long distances, 

- have only minimal ability to perform gross motor skills such as 

running and jumping. 

GMFCS 

Level III 

- walk using a hand-held mobility device in most indoor settings, 

- may climb stairs holding onto a railing with supervision or assistance, 

- use wheeled mobility when traveling long distances, and may self-

propel for shorter distances. 

GMFCS 

Level IV 

- use methods of mobility that require physical assistance or powered 

mobility in most settings, 

- may walk for short distances at home with physical assistance or use 

powered mobility or a body support walker when positioned, 

- at school, outdoors and in the community children are transported in a 

manual wheelchair or use powered mobility. 

GMFCS 

Level V 

- are transported in a manual wheelchair in all settings, 

- are limited in their ability to maintain antigravity head and trunk 

postures and control leg and arm movements. 
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2 Objectives 

In the research projects constituting the basis for my doctoral dissertation, I examined the 

prognostic utility and optimization possibilities of conventionally acquired brain H-MRS 

to predict long-term outcome in newborns with moderate-to-severe HIE. Moreover, I 

assessed the prevalence, clinical manifestation and severity of CP diagnosed following 

PA/HIE. During my research, my principal questions were as follows: 

2.1 Predictive value of early, conventional brain H-MRS in neonatal HIE 

a. Is early (first 96 postnatal hours), conventional brain H-MRS suitable for 

prediction of long-term neurodevelopmental outcome in newborns with HIE? 

b. Which brain metabolite ratios show strong association with outcome? 

c. How do these metabolite ratios correlate with postnatal age at scan, in the first 96 

postnatal hours? 

d. What is the predictive value, sensitivity and specificity of the metabolite ratios 

showing weak or no correlation with postnatal age at scan? 

2.2 Optimal postnatal age at H-MRS for outcome prediction in newborns 

with HIE 

a. How does predictive value of brain H-MRS change with postnatal age during the 

first two weeks of life in newborns with HIE? 

b. Is brain H-MRS suitable for outcome prediction throughout the first 14 postnatal 

days, irrespective of postnatal age at scan? 

c. Which postnatal age period provides the highest predictive accuracy? 

2.3 Dynamic changes of brain H-MRS metabolite ratios in neonatal HIE 

a. Does gestational age and postnatal age at scan affect the measured brain H-MRS 

metabolite ratios overall, during the first 14 days of life in newborns with HIE? 

b. How are metabolite ratios associated with gestational age and postnatal age, when 

analyzed separately based on neurological outcome? 
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2.4 Prevalence and clinical manifestation of CP at Semmelweis University 

a. What is the prevalence of PA/HIE among children diagnosed with CP at the 

clinics of Semmelweis University? 

b. What clinical manifestation and severity can be observed in children with post-

asphyxial/post-hypoxic-ischemic CP at the examined clinics? 

c. Does the observed prevalence and clinical presentation differ from those reported 

from existing CP registers? 
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3 Methods 

3.1 Patient selection 

3.1.1 Predictive value of early, conventional H-MRS in neonatal HIE 

In our 1st, retrospective descriptive analysis, we reviewed all 283 patients born between 

January 2006 and December 2010 and admitted with suspected HIE to the regional 

cooling center, the Neonatal Intensive Care Unit (NICU) of the 1st Department of 

Paediatrics, Semmelweis University, Budapest, Hungary. Selection of newborns with 

suspected HIE was done according to the admission log. 

From this patient pool, we included in our study all patients who (A) fulfilled the 

diagnostic criteria for moderate-to-severe HIE, based on the international TOBY trial 

(27), described in detail in chapter 1.1.3, AND (B) underwent a brain H-MRS 

examination before the 96th postnatal hour; AND (C) had a neurodevelopmental follow-

up result, as detailed in chapter 3.4. 

From this patient pool, we excluded all newborns who (d) had other underlying conditions 

which could cause encephalopathy besides HIE (i.e. stroke, intracranial hemorrhage, 

congenital malformation or metabolic disease). Considering that at the time of the study, 

only early onset (< 6 postnatal hours) HT was thought to be effective for neuroprotection, 

we excluded patients who (e) did not receive HT due to delayed admission. Further 

exclusion criteria were: (f) gestational age < 36 weeks and (g) low quality brain H-MRS. 

Altogether, 51 patients met all the criteria and were included in the analysis (see Figure 

4.). 
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Figure 4. Algorithm for patient selection in our 1st study, analyzing predictive utility 

of early (first 96 hours), conventional H-MRS in newborns with HIE. 
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3.1.2 Optimal postnatal age at H-MRS for outcome prediction in HIE 

For our 2nd retrospective analysis, we reviewed all 484 newborns admitted to our NICU 

between 2006 and 2016 with confirmed moderate-to-severe HIE (according to the TOBY 

criteria (27)). 

From this patient pool, we included in our investigation neonates who (A) had a H-MRS 

examination in the first 14 days of life (DOL), and (B) had a neurodevelopmental follow-

up result, as detailed in chapter 3.4. 

From the newborns eligible to the inclusion criteria, we excluded those who (c) were born 

at < 36 gestational weeks, and (d) had other etiologies for encephalopathy besides HIE 

(i.e. stroke, intracranial hemorrhage, metabolic disease or congenital malformation). 

Inclusion and exclusion criteria are presented in detail in Figure 5. 

Next, we divided the newborns into three categories, based on postnatal age at first 

performed H-MRS examination (where more than one was done during the first 2 weeks 

of life): 

 early H-MRS (DOL 1-3), indicating the common time period for the gold standard 

HT (27), 

 midtime H-MRS (DOL 4-6) and 

 late H-MRS (DOL ≥7), the recommended time for a control MR examination, 

according to guidelines (44). 

3.1.3 Dynamic changes of H-MRS metabolite ratios is neonatal HIE 

The inclusion and exclusion criteria of our 3rd analysis was identical to the one examined 

in our 2nd study, conclusively, we enrolled newborns with moderate-to-severe HIE, 

having at least one H-MRS examination during the first 14 postnatal days, as well as 

known neurodevelopmental outcome, as described in detail in chapter 3.4. Patient 

selection is presented in Figure 5. 
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Figure 5. Algorithm for patient selection in our 2nd and 3rd study, analyzing optimal 

postnatal age at scan and metabolite dynamics for H-MRS, in newborns with HIE. 
a Age at scan categorization was done based on the initial (1st) performed H-MRS, where 

more than one H-MRS scan was performed 
b Initial (1st) and repeated (2nd and 3rd) H-MRS results were also included, without age at 

scan categorization 

ROC: Receiver-Operating Characteristics. 
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For analysis of metabolite dynamics, we included all performed H-MRS examinations of 

enrolled infants: the ones included in the previous analysis (i.e. first scans), as well as the 

repeated examination(s), where applicable (i.e. second and third scans). The results of 

these examinations were analyzed irrespective of the postnatal age categories described 

in chapter 3.1.2. 

3.1.4 Prevalence and clinical presentation of CP at Semmelweis University 

In our 4th retrospective pilot study, we reviewed patient records of all children born 

between 2005 January - 2015 December, and diagnosed or treated with CP at the 

departments of Semmelweis University enrolled in the routine care of CP: 1st Department 

and 2nd Department of Paediatrics, as well as Department of Orthopaedics, Semmelweis 

University, Budapest. Patient data of eligible children were collected using International 

Classification of Diseases (ICD) codes applied for diagnosis of CP, as determined by 

orthopedic surgeons, being as follows: 

 G8000: Spastic cerebral palsy, 

 G8010: Spastic bilateral palsy, 

 G8030: Dyskinetic cerebral palsy, 

 G8040: Ataxic cerebral palsy, 

 G8090: Infantile cerebral palsy, not otherwise specified, 

 G8110: Unilateral spastic palsy, 

 G8190: Unilateral palsy, not otherwise specified, 

 G8240: Spastic tetraplegia, 

 G8250: Tetraplegia, not otherwise specified, 

 M6240: Muscle contracture, not otherwise specified. 

We included in our analysis all children with confirmed diagnosis of CP, based on through 

revision of available patient documentation in the Semmelweis University’s electronic 

patient record system MedSolution. Children where the relevant ICD codes were 

registered due to suspicion or preliminary, but later unconfirmed CP diagnosis were 

excluded from further analysis. 
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Next, we reviewed the available patient history to determine the possible risk factors that 

could be linked to CP. Finally, we performed the clinical and topological classification of 

CP cases, as well as severity assessment using the GMFCS scale, as detailed in chapter 

1.4.2.2. 

3.2 Clinical care of newborns with HIE 

According to the local NICU protocol, whole-body HT was initiated in each case 

fulfilling the therapeutic criteria as established by the TOBY trial (27). Cooling was 

started as soon as possible, but within 6 hours after delivery (or in case of postpartum 

asphyxia, after the hypoxic-ischemic insult), using a water-filled mattress (Tecotherm©; 

TecCom, Halle, Germany). The target rectal temperature was between 33 and 34 °C, 

which was maintained for 72 hours. In the rewarming phase, temperature increase 

velocity was 0.5 °C/h. All newborns were ventilated throughout the cooling and 

rewarming phase. 

 

A loading dose of morphine (0.1 mg/kg BW) was administered as soon as HT was 

initiated, followed by continuous morphine sedation (10 µg/kg BW/h), in order to 

alleviate the discomfort of hypothermia as well as to prevent shivering (31). If clinical or 

electrophysiological seizures were detected, anticonvulsant therapy was provided, with 

phenobarbitone (loading dose 20 mg/kg) as first line therapy. In case of noncontrolled 

seizures, the phenobarbitone loading dose was repeated, or midazolam was given in single 

or repeated doses (0.1 mg/kg BW), or in continuous infusion (0.1 mg/kg BW/h). In some 

cases, newborns with therapy resistant convulsions received phenytoin or diazepam or 

chloral hydrate, as a third line choice treatment, according to the attending clinician’s 

decision. All infants were monitored by continuous aEEG for a minimum of 96 hours or 

until trace normalization. 

3.3 Brain H-MRS examination 

Brain H-MRS examination was performed as part of brain MR examination, which is the 

routine diagnostic imaging for newborns with HIE in our unit as a center practice. The 

scans were carried out on a 3 Tesla Philips Achieva MRI scanner between 2006-2015, 

and on a 3 Tesla Philips Ingenia MRI scanner in 2016 (Philips Medical Systems, Best, 
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The Netherlands), at the Department of Neuroradiology of the Medical Imaging Center, 

Semmelweis University, as soon as the infants reached clinical stability and were suitable 

for transport. The Neonatal Emergency & Transport Services of the Peter Cerny 

Foundation provided the newborns’ transport. NICU medical staff of the 1st Department 

of Paediatrics provided analgesia, ventilation, HT and medical supervision during scan. 

For the time of the MR examination, newborns were removed from the incubator, and 

received continuous morphine sedation. In case of intubated neonates, manual ventilation 

was provided by skilled personnel, using an AMBU bag. Throughout the examination, all 

infants underwent continuous monitoring of pulse and transcutaneous oxygen saturation 

(Medrad Veris MR Monitoring System, Bayer Healthcare LLC, Whippany, NJ). 

Proton MR spectra were acquired using PRESS (Point RE-Solved Spectroscopy) single 

voxel localization sequence, with a repetition time (TR) of 2000, number of acquisitions 

128, on three different TEs: 35 ms, 144 ms and 288 ms. The analyzed VOI was a 1 x 1 x 

1 cm (1 cm3) voxel from the left thalamus of the infants, localized based on gradient echo 

survey images acquired with TE = 5 ms, TR = 75 ms and 30º flipangle. 

3.3.1 Metabolites and metabolite ratios 

From the acquired H-MRS, we registered the most frequently analyzed metabolites, being 

as follows: NAA, Cho, Cr, mI and Lac. Physiological and pathological function, as well 

as TE-dependent acquisition of these metabolites is described in detail in chapter 1.3.1. 

From the registered spectrum, we measured and recorded each metabolite curve’s peak 

height and peak area. 

3.3.2 H-MRS analysis 

To ensure generalizability of the obtained results, we only used the vendor-provided data-

processing software of the MR console for analysis, without any specific equipment or 

tool for data-optimization. Our aim was to reproduce basic, non-research center hospital 

level circumstances, therefore, no data-optimizing equipment or further post-processing 

methods were used to improve the registered spectra. To ameliorate the precision of our 

analysis, we excluded metabolite curves – and thus the metabolite ratios derived from 
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them –, which could only be acquired with extreme high noise level (i.e. with signal-to-

noise ratio (SNR) < 2). 

We did not use absolute quantification protocols due to their high technical requirements, 

consequently, statistical analysis was carried out on ratios of peak heights and ratios of 

peak areas, recorded at same TE. 

3.3.3 Predictive value of early, conventional brain H-MRS in neonatal HIE 

For our 1st study, our initial approach was a hypothesis-free, data-driven analysis, to 

determine whether conventional brain H-MRS during the first 96 hours of life is suitable 

for outcome prediction in newborns with HIE. Consequently, we analyzed all 36, 

routinely measured metabolite ratios of peak heights and ratios of peak areas, listed in 

Table 4. 

Table 4. List of ratios of peak heights, and ratios of peak areas of the analyzed 

metabolites. 

NAA: N-acetyl-aspartate, Cho: choline, Cr: creatine, mI: myo-inositol, Lac: lactate, TE: 

echo time. Metabolite spectra were determined at TEs 35 ms, 144 ms and 288 ms. 

TE = 35 ms TE = 144 ms TE = 288 ms 

 NAA/Cho height  

 NAA/Cho area 

 NAA/Cr height 

 NAA/Cr area 

 Cho/Cr height 

 Cho/Cr area 

 mI/NAA height 

 mI/NAA area 

 mI/Cho height 

 mI/Cho area 

 mI/Cr height 

 mI/Cr area 

 NAA/Cho height  

 NAA/Cho area 

 NAA/Cr height 

 NAA/Cr area 

 Cho/Cr height 

 Cho/Cr area 

 mI/NAA height 

 mI/NAA area 

 mI/Cho height 

 mI/Cho area 

 mI/Cr height 

 mI/Cr area 

 NAA/Cho height  

 NAA/Cho area 

 NAA/Cr height 

 NAA/Cr area 

 Cho/Cr height 

 Cho/Cr area 

 Lac/NAA height 

 Lac/NAA area 

 Lac/Cho height 

 Lac/Cho area 

 Lac/Cr height 

 Lac/Cr area 

DOI:10.14753/SE.2021.2537



40 

 

3.3.4 Optimal postnatal age at H-MRS for outcome prediction in HIE 

For our 2nd study, we concentrated our analysis on the metabolite ratios showing the 

highest predictive value based on existing research and our previous study. We focused 

on TE = 144 ms spectra, seeing that it provides adequate compromise between the 

determined number of metabolites and level of noise, furthermore, it is the most 

commonly used TE setting for brain H-MRS in newborns with HIE. The metabolite ratios 

included in the 2nd analysis are: 

 NAA/Cho height 

 NAA/Cho area 

 NAA/Cr height 

 NAA/Cr area 

 mI/NAA height 

 mI/NAA area 

3.3.5 Dynamic changes of H-MRS metabolite ratios in neonatal HIE 

In our 3rd analysis, we included the metabolite ratio/ratios that showed high predictive 

value throughout the examined first 14 days of life of newborns with HIE, across all three 

postnatal age categories, based on the results of our 2nd analysis. 

3.4 Neurodevelopmental outcome 

Neurodevelopmental follow-up is routinely measured between 18-26 months of age, 

using the Bayley Scales of Infant Development II tool-kit (95), by trained personnel 

(either a trained pediatrician or child psychologist), blinded to the H-MRS results. Details 

on the Bayley II test are presented in chapter 1.4.1. 

For our studies, we defined poor outcome as either death (< 28 days of age or > 28 days 

associated with HIE) OR moderately/severely delayed development on either the mental 

or the psychomotor scale (MDI or PDI < 70) OR diagnosis of cerebral palsy, hearing loss 

or visual loss. All other outcomes (MDI and PDI both ≥ 70) were considered as good 

outcome. 
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3.5 Statistical analysis 

Categorical variables are presented as sample size (n) and percentage (%), while 

continuous variables are reported as mean ± standard deviation or median [25th to 75th 

interquartile range], depending on the distribution of the parameters. Normality was 

assessed using Shapiro-Wilk test. Categorical variables were compared with the Fisher’s 

exact test or chi-squared test (X2), while continuous variables were compared with the 

Student t-test or Mann-Whitney U-test, for parametric and non-parametric comparisons, 

respectively. Generally, we considered statistical tests to be significant at p < 0.05. 

Demographic, clinical and spectral data were analyzed and plotted using GraphPad Prism 

7.0, IBM SPSS Statistics 23.0 as well as R Statistical software 4.0.2. 

3.5.1 Predictive value of early, conventional brain H-MRS in neonatal HIE 

In the 1st study, we used Mann-Whitney U-test to select metabolite ratios showing 

significant association with outcome. As it has been described that brain metabolism 

undergoes intense postnatal age dependent alterations following the hypoxic insult, we 

aimed to search and select for the exceptions, namely those metabolite ratios that show 

weak or no correlation with postnatal age, and would thus be suitable for prognosis any 

time during the analyzed first 4 postnatal days. Postnatal age dependence of metabolite 

ratios was assessed using Spearman rank-correlation test. Next, we used Receiver-

Operating Characteristics (ROC) analysis to assess the predictive value of metabolite 

ratios associated with outcome, and showing weak or no correlation with postnatal age. 

Finally, we compared the metabolite ratios as diagnostic tests using the area-under-the-

ROC curve (AUC), using the method described by Hanley and McNeil (109). 

Due to the high number of analyzed metabolite ratios and comparisons, we used 

Bonferroni-correction to overcome the problem of multiple testing. Conclusively, due to 

36 examined metabolite ratios, we considered statistical results significant at p < 0.0014 

(0.05/36 = 0.0014) in all analyses of the 1st study. 
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3.5.2 Optimal postnatal age at H-MRS for outcome prediction in neonatal HIE 

In the 2nd study, we extended our research concept described previously, and tested 

predictive accuracy of H-MRS in postnatal age windows beyond the 4th day of life. For 

this, the metabolite ratios’ association with outcome was determined separately in the 

three postnatal age category groups (early, midtime and late), using Mann-Whitney U-

test. We selected metabolite ratios showing significant association with outcome 

throughout all three age categories, and assessed predictive value using ROC analysis. 

3.5.3 Dynamic changes of H-MRS metabolite ratios in neonatal HIE 

In our 3rd study, we aimed to refine the earlier results for a more precise prediction. To 

this end, metabolite ratios showing strong association with outcome, throughout all three 

examined postnatal age categories, were included in a repeated-measures linear mixed-

effect regression model, with first-order autoregressive within-group correlation structure 

fitted by maximizing the restricted log-likelihood, in order to assess metabolite dynamics. 

The dependent variables for the regression model were the metabolite ratios, covariates 

were: gestational age (weeks), postnatal age (days) and poor outcome. The mixed-effect 

model was constructed generally, in the whole population, and separately in the two 

outcome groups, as well. 

3.5.4 Prevalence and clinical presentation of CP at Semmelweis University 

In our 4th study, prevalence of different clinical presentations was presented using sample 

size (n) and percentage (%). The prevalence values registered among CP cases following 

perinatal asphyxia/hypoxic-ischemic encephalopathy (post-PA CP) were compared to 

overall prevalence values using Fisher’s exact test and X2 test. 

3.6 Ethical considerations 

Ethical permission for the 1st, 2nd and 3rd analyses was obtained from the Scientific and 

Medical Research Council Ethics Committee of Hungary (11790-2/2016/EKU). The 

infants enrolled did not undergo any procedures or interventions solely for the purposes 

of the studies. Both brain MRI and H-MRS, as well as neurodevelopmental follow-up 

examinations are part of the routine imaging and diagnostic protocol of our unit, and are 
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performed on all newborns with suspected moderate-to-severe HIE. The use of these 

imaging tools help the clinician confirm the diagnosis, determine the timing and nature 

of the hypoxic-ischemic insult (chronic intrauterine or intrapartum), as well as rule out 

other etiologies. 

As our 4th study was a pilot audit investigation, to assess patient documentation quality 

as well as prevalence and clinical manifestation of CP cases, no ethical permission was 

needed. 
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4 Results 

4.1 Predictive value of early, conventional brain H-MRS in neonatal HIE 

After our patient selection described in detail in chapter 3.1.1, 51 newborns with 

moderate-to-severe HIE were enrolled in the study. HT was initiated before the 6th 

postnatal hour for all 51 neonates, at median [IQR] 2 [1.4; 3.1] hours. Forty-five out of 

the 51 patients had the H–MRS examination done while receiving HT. The remaining 6 

patients had the examination performed before the initiation, or after the completion of 

HT. Nevertheless, all scans were performed within 96 hours of age, with the earliest scan 

done at 5 hours of age. 

Clinical characteristics of these 51 neonates are presented in Table 5, categorized by long-

term outcome. Of the 16 patients considered to have poor outcome, 9 infants died. Of 

these 16 patients, 7 patients survived but had moderately/severely delayed development 

based on either the mental or the psychomotor scale determined using the Bayley II test 

(either MDI or PDI < 70), 4 infants were diagnosed with CP (2 associated with mental 

retardation and one with epilepsy), 2 had mental retardation, and one patient suffered 

from neuronal hearing loss and epilepsy. As presented in Table 5, good and poor outcome 

groups only differed significantly in their 5 min and 10 min Apgar scores. 

MRI findings of these 51 infants are presented in Table 6, categorized by outcome. The 

outcome groups did not differ significantly in the occurrence of abnormalities seen on 

MRI images < 96 postnatal hours. 

Analysis of the metabolite ratios’ association with long-term outcome revealed that out 

of the examined 36 metabolite ratios, only 3 metabolite ratios were able to significantly 

(p < 0.0014, after Bonferroni-correction) differentiate between good and poor outcome, 

in the first 96 hours of newborns: mI/Cr height (TE = 35 ms, p = 0.0005), mI/NAA height 

(TE = 35 ms, p < 0.0001) and NAA/Cr height (TE = 144 ms, p < 0.0001). Further results 

of the Mann-Whitney U-test, as well as results of the 33 metabolite ratios not significantly 

(p > 0.0014) associated with outcome, are presented in Table 7. 

 

 

DOI:10.14753/SE.2021.2537



45 

 

Table 5. Clinical characteristics of newborns enrolled in the study (n = 51). 
Data shown as median [IQR], mean ± SD or percentage. 

Good outcome is defined as both MDI and PDI ≥ 70 achieved on Bayley II test, poor 

outcome is defined as either MDI or PDI < 70 OR death (< 28 days of age OR > 28 days 

of age associated with HIE). 

BD: base deficit, aEEG: amplitude-integrated electroencephalography, CNV: continuous 

normal voltage, DNV: discontinuous normal voltage, BS: burst suppression, LV: low 

voltage, FT: flat trace, MR: magnetic resonance, DWI: diffusion weighted imaging. 

* represents significant results surviving Bonferroni-correction (p < 0.0014). 

NA (not applicable) represents statistical significance not applicable as death was 

included in the definition of the poor outcome group. 

Variable 
Good outcome 

(n = 35) 

Poor outcome 

(n = 16) 
p value 

Male sex 19 (51%) 12 (75%) 0.1365 

Gestational age (weeks) 39 [38; 40] 38 [37; 40] 0.0536 

Birth weight (g) 3261 ± 577 3128 ± 537 0.4379 

Apgar 1’ 2 [1; 4] 1 [0; 2] 0.0091 

Apgar 5’ 5 [4; 7] 3 [2; 4] 0.0002* 

Apgar 10’ 6 [5; 8] 4 [2; 4] 0.0005* 

Lowest pH < 1hour of age 
7.21 [6.98; 

7.28] 

7.10 [7.00; 

7.20] 
0.1643 

Highest BD < 1hour of age 14.1 ± 5.9 17.1 ± 4.6 0.0860 

Onset of hypothermia (h) 1.8 [1.4; 3.1] 2.1 [1.4; 3.3] 0.6309 

Clinical or aEEG seizures (< 24 

h) 
28 (80%) 14 (88%) 0.7012 

Abnormal aEEG pattern 

(BS, LV, FT) 
31 (88%) 12 (75%) 0.2396 

aEEG normalization 

(CNV, DNV) < 72 h 
22 (63%) 5 (31%) 0.0681 

aEEG normalization time (h) 30 [12; 47] 60 [42; 68] 0.1381 

Age at MR scan (h) 25 [14; 49] 30 [16; 54] 0.6625 

Abnormalities on MR imaging 

(T1/T2 weighted imaging or 

DWI) 

13 (37%) 11 (69%) 0.0681 

Death 0 9 (56%) NA 
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Table 6. Location and severity of observed magnetic resonance imaging (MRI) 

abnormalities in newborns with good versus poor outcome.  

Abnormalities are described as signal intensity abnormality on T1/T2 weighted images, 

or diffusion abnormality. 

* represents significant results surviving Bonferroni-correction (p < 0.0014). 

 
MRI abnormality 

and good outcome 

(n = 13) 

MRI abnormality 

and poor outcome 

(n = 11) 

p value 

Location of injury 

Basal ganglia and thalami 6 (46%) 8 (72%) 0.2397 

Internal capsule 5 (38%) 6 (54%) 0.6824 

White matter 5 (38%) 0 (0%) 0.0411 

Cortex 1 (8%) 1 (9%) >0.9999 
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Table 7. Results of Mann-Whitney U-test, assessing association between metabolite ratios and long-term outcome. 

NAA: N-acetyl-aspartate, Cr: creatine, TE: echo time, Cho: choline, mI: myo-inositol, Lac: lactate. 

* represents significant results (p < 0.0014), also emphasized by bold font. 

Assessed metabolite ratio 
value of metabolite ratio (median [IQR]) 

p value 
good outcome (n=35) poor outcome (n=16) 

NAA/Cr height (TE = 35 ms) 0.8671 [0.8183; 0.9658] 0.8183 [0.6436; 0.8573] 0.0288 

NAA/Cr area (TE = 35 ms) 0.9590 [0.8889; 1.110] 0.8453 [0.7146; 1.010] 0.0946 

NAA/Cho height (TE = 35 ms) 1.003 [0.8859; 1.201] 1.064 [0.8448; 1.143] 0.7669 

NAA/Cho area (TE = 35 ms) 0.9717 [0.8037; 1.078] 0.8481 [0.7599; 1.021] 0.3374 

Cho/Cr height (TE = 35 ms) 0.8285 [0.7738; 0.9534] 0.8365 [0.6604; 0.9699] 0.5656 

Cho/Cr area (TE = 35 ms) 1.005 [0.9394; 1.156] 0.9168 [0.7779; 1.230] 0.2143 

mI/Cr height (TE = 35 ms) 0.4706 [0.3867; 0.5297] 0.6402 [0.5277; 0.7241] 0.0005* 

mI/Cr area (TE = 35 ms) 0.8682 [0.6645; 0.9688] 1.092 [0.7907; 1.340] 0.0595 

mI/NAA height (TE = 35 ms) 0.5337 [0.4402; 0.6104] 0.7804 [0.6937; 0.8939] <0.0001* 

mI/NAA area (TE = 35 ms) 0.8725 [0.6758; 1.024] 1.179 [1.098; 1.371] 0.0057 

mI/Cho height (TE = 35 ms) 0.4865 [0.4298; 0.6420] 0.7905 [0.5385; 0.8775] 0.0027 

mI/Cho area (TE = 35 ms) 0.7869 [0.6197; 0.9446] 1.000 [0.7978; 1.286] 0.0223 

NAA/Cr height (TE = 144 ms) 0.9900 [0.8974; 1.096] 0.8082 [0.6897; 0.8630] <0.0001* 

NAA/Cr area (TE = 144 ms) 0.9541 [0.8744; 1.085] 0.8350 [0.7529; 0.9147] 0.0050 

NAA/Cho height (TE = 144 ms) 0.92654 [0.7326; 1.062] 0.7761 [0.6004; 0.9041] 0.0418 

NAA/Cho area (TE = 144 ms) 0.6708 [0.5916; 0.7639] 0.5922 [0.5258; 0.6978] 0.0552 

Cho/Cr height (TE = 144 ms) 1.103 [0.9743; 1.302] 1.022 [0.8516; 1.359] 0.2389 

Cho/Cr area (TE = 144 ms) 1.473 [1.348; 1.605] 1.320 [1.271; 1.470] 0.0877 
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Table 7 (continued). Results of Mann-Whitney U-test, assessing association between metabolite ratios and long-term 

outcome. * represents significant results (p < 0.0014), also emphasized by bold font. 

Assessed metabolite ratio 
value of metabolite ratio (median [IQR]) 

p value 
good outcome (n=35) poor outcome (n=16) 

mI/Cr height (TE = 144 ms) 0.3979 [0.3196; 0.4976] 0.4066 [0.3717; 0.4615] 0.5777 

mI/Cr area (TE = 144 ms) 0.6271 [0.4615; 0.8844] 0.7763 [0.5986; 0.9557] 0.2598 

mI/NAA height (TE = 144 ms) 0.3872 [0.3314; 0.4950] 0.5336 [0.4592; 0.5953] 0.0114 

mI/NAA area (TE = 144 ms) 0.6417 [0.4716; 0.8770] 0.8910 [0.7957; 1.090] 0.0162 

mI/Cho height (TE = 144 ms) 0.3497 [0.3054; 0.4080] 0.4284 [0.3445; 0.5401] 0.1433 

mI/Cho area (TE = 144 ms) 0.4088 [0.3480; 0.5588] 0.5718 [0.4576; 0.7106] 0.0503 

NAA/Cr height (TE = 288 ms) 1.395 [1.128; 1.506] 1.191 [0.9924; 1.259] 0.1047 

NAA/Cr area (TE = 288 ms) 1.423 [1.149; 1.619] 1.463 [1.126; 1.543] 0.9825 

NAA/Cho height (TE = 288 ms) 0.9609 [0.7782; 1.103] 0.8192 [0.6838; 0.8759] 0.0667 

NAA/Cho area (TE = 288 ms) 0.8384 [0.7383; 0.9555] 0.8116 [0.6767; 1.068] 0.9400 

Cho/Cr height (TE = 288 ms) 1.428 [1.225; 1.622] 1.360 [1.076; 1.972] 0.8896 

Cho/Cr area (TE = 288 ms) 1.633 [1.443; 1.966] 1.632 [1.500; 2.075] 0.8865 

Lac/Cr height (TE = 288 ms) 0.1877 [0.1546; 0.2283] 0.3289 [0.2619; 0.6619] 0.0059 

Lac/Cr area (TE = 288 ms) 0.4206 [0.3127; 0.5072] 0.9143 [0.7500; 1.238] 0.0037 

Lac/Cho height (TE = 288 ms) 0.1479 [0.1169; 0.1883] 0.2599 [0.1494; 0.3475] 0.0289 

Lac/Cho area (TE = 288 ms) 0.2469 [0.2098; 0.3589] 0.6444 [0.3001; 0.7439] 0.0059 

Lac/NAA height (TE = 288 ms) 0.1484 [0.1167; 0.2629] 0.2967 [0.2731; 0.5493] 0.0205 

Lac/NAA area (TE = 288 ms) 0.2994 [0.2281; 0.4713] 0.5926 [0.5488; 1.099] 0.0093 
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As seen in Figure 6, the poor outcome group showed significantly higher mI/Cr and 

mI/NAA ratios, as well as lower NAA/Cr ratio, compared with the good outcome group, 

thus these metabolite ratios can accurately differentiate between outcome groups. 

 

Figure 6. Metabolite ratios significantly associated with outcome, as detected in 

newborns with HIE facing good and poor outcome 

Bars represent median and interquartile range values, the corresponding exact p values 

are presented in Table 7. 

Next, we assessed the postnatal age dependence of these 3 metabolite ratios among all 51 

patients, during the first 96 postnatal hours. Neither mI/Cr, nor mI/NAA or NAA/Cr ratios 

were correlated with postnatal age at scan, based on p values of Spearman rank correlation 

(p = 0.878, 0.384 and 0.056, respectively), hence might be considered stable during the 

first 96 postnatal hours. Plots and results of Spearman rank correlation are presented on 

Figure 7. 
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Figure 7. Age-correlation diagrams of the 3 metabolite ratios showing strong 

association with outcome. 

r: Spearman rank correlation coefficient. 

Finally, ROC analysis concluded that out of these 3 age-independent metabolite ratios, 

mI/NAA height had a stronger discriminative power than mI/Cr height and NAA/Cr 

height, to differentiate between infants facing good and poor outcome (cut-off values 

0.6798, 0.6274 and 0.7798, respectively, AUC: 0.9084, 0.8462 and 0.8396, respectively, 

difference between ROC curves p < 0.0001, according to Hanley & McNeil’s method 

(109)). Conclusively, out of the 36 analyzed metabolite ratios, mI/NAA height at TE = 
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35 ms gives the most accurate prediction of outcome, with 84.6% sensitivity and 95.2% 

specificity, within the first 96 hours of age, regardless of the postnatal age at H-MRS 

examination (see Table 8 and Figure 8). 

Table 8. Results of Receiver Operating Characteristics (ROC) analysis. 

mI: myo-inositol, NAA: N-acetyl-aspartate, Cr: creatine, TE: echo-time, AUC: area-

under-the-ROC-curve. 

Difference between ROC curves was significantly different (p < 0.0001) (109). 

Assessed 

metabolite ratio 
Cut-off 

value 
AUC Sensitivity Specificity 

Positive 

predictive 

value 

Negative 

predictive 

value 

mI/NAA height 

(TE = 35 ms) 
0.6798 0.9084 84.6% 95.2% 91.7% 90.9% 

mI/Cr height 

(TE = 35 ms) 
0.6274 0.8462 61.5% 95.2% 88.9% 80.0% 

NAA/Cr height 

(TE = 144 ms) 
0.7798 0.8396 70.6% 85.3% 75.0% 75.6% 

 

 

Figure 8. Receiver Operating Characteristics (ROC) curves of metabolite ratios 

showing no correlation with age at scan. 
mI: myo-inositol, NAA: N-acetyl-aspartate, Cr: creatine, TE: echo-time. 

The area under the ROC curve was 0.9084 for mI/NAA, 0.8396 for NAA/Cr and 0.8462 

for mI/Cr height (p < 0.0001). 
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4.2 Optimal postnatal age at H-MRS for outcome prediction in neonatal HIE 

According to the patient selection described previously, 169 infants met all the criteria 

and were enrolled in our 2nd study. Ninety-six of the 169 patients had the H–MRS 

examination performed while receiving HT, the remaining 73 patients were scanned 

under normothermic conditions, after the completion of HT. All newborns with early 

(DOL 1-3) H-MRS scans had the examination under hypothermic conditions, 6 newborns 

with midtime (DOL 4-6) H-MRS scan were examined during ongoing HT. 

Clinical data of newborns are presented in Table 9, sorted according to postnatal age 

category at initial H-MRS examination. As seen in the table, postnatal age categories did 

not differ in any examined clinical parameters. 

Table 9. Clinical characteristics of newborns enrolled in the study of optimal 

postnatal age at scan (2nd study), categorized by postnatal age at initial H-MRS. 

Data shown as median [IQR], mean ± SD or percentage. DOL: day of life, BD: base 

deficit. 
a moderate encephalopathy: 6 h normal amplitude-integrated electroencephalography 

(aEEG) pattern (continuous or discontinuous normal voltage) AND Sarnat stage 1-2, 

severe encephalopathy: 6h abnormal aEEG pattern (burst suppression, low voltage or flat 

trace) OR Sarnat stage 3 (20). 

* represents significant results of X2 or Fisher’s exact test (p<0.05). 

  

Early H-MRS 

(DOL 1-3) 

n = 91 

Midtime H-MRS 

(DOL 4-6) 

n = 50 

Late H-MRS 

(DOL 7-14) 

n = 28 

p value 

Male sex % 63 % 37 % 61 % 0.071 

Gestational age (weeks) 39 [38; 40] 40 [39; 40] 39 [37; 40] 0.298 

Birth weight (g) 3175 ± 521 3321 ± 542 3082 ± 528 0.126 

Apgar 1’ 2 [0; 3] 2 [1; 4] 2 [1; 5] 0.425 

Apgar 5’ 4 [3; 6] 5 [3; 6] 5 [3; 7] 0.107 

Apgar 10’ 5 [4; 7] 6 [5; 7] 5 [4; 7] 0.758 

Onset of hypothermia (h) 1.8 [1.2; 2.5] 2.1 [1.4; 2.6] 1.8 [1.0; 2.7] 0.439 

Lowest pH < 1hour of age 7.03 ± 0.20 7.04 ± 0.18 6.96 ± 0.24 0.202 

Highest BD < 1hour of age 17.7 ± 6.2 16.1 ± 6.7 16.5 ± 7.0 0.352 

Moderate/severe 

encephalopathy a 
33/58 26/24 14/14 0.143 
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First, we analyzed the association between metabolite ratios showing highest predictive 

utility based on existing evidence and our previous study, as well as outcome, across all 

three postnatal age categories. The performed Mann-Whitney U-test revealed that only 

NAA/Cr height ratio, and mI/NAA height ratio and area ratio were able to discriminate 

between good and poor outcomes consistently throughout the early, midtime and late 

postnatal age windows, as well (see Table 10 and Figure 9). In newborns facing good 

outcome, NAA/Cr height ratio was higher, and mI/NAA height and area ratios lower, 

compared with newborns with poor outcome, throughout all three postnatal age category. 

Moreover, as seen from Table 10 and Figure 9, medians of metabolite ratios showed a 

slight shift between postnatal age categories, in the good and poor outcome groups as 

well. 

 

Next, ROC analysis was performed to assess prognostic value of metabolite ratios 

showing association with outcome consistently through postnatal age categories, which 

revealed that the highest predictive value could be observed in the late (DOL 7-14) 

postnatal age window, represented by the highest sum of AUCs. 

Detailed results of the performed ROC analysis are displayed in Table 11, ROC-curves 

are displayed in Figure 10. 
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 Table 10. Results of Mann-Whitney U-test comparison of metabolite ratios and outcome, across postnatal age categories at H-MRS 

scan (n = 169). Data shown as median [IQR]. NAA: N-acetyl-aspartate, Cr: creatine, Cho: choline, DOL: day of life. BD: base deficit. * 

represents significant results (p<0.05). 

Figure 9. Metabolite ratios significantly associated with outcome throughout postnatal days 0-14, as detected in newborns with HIE 

facing good and poor outcome. NAA: N-acetyl-aspartate, Cr: creatine, Cho: choline, DOL: day of life. Bars represent median and 

interquartile range values. 

 Early H-MRS (DOL 1-3) Midtime H-MRS (DOL 4-6) Late H-MRS (DOL ≥ 7) 

Good 

n = 44 

Poor 

n = 47 
p value 

Good 

n = 37 

Poor 

n = 13 
p value 

Good 

n = 19 

Poor 

n = 9 
p value 

NAA/Cr height 1.08 [0.97; 1.16] 0.85 [0.73; 1.02] <0.0005* 1.09 [0.99; 1.21] 0.84 [0.52; 0.94] <0.0005* 1.09 [0.93; 1.15] 0.69 [0.62; 0.74] <0.0005* 

NAA/Cr area 1.05 [0.94; 1.15] 0.91 [0.78; 1.02] <0.0005* 1.00 [0.97; 1.12] 0.93 [0.67; 1.08] 0.111 0.98 [0.83; 1.12] 0.72 [0.66; 0.76] <0.0005* 

NAA/Cho height 0.95 [0.88; 1.09] 0.86 [0.74; 1.03] 0.097 0.80 [0.75; 0.92] 0.69 [0.57; 0.83] 0.167 0.65 [0.56; 0.72] 0.48 [0.42; 0.66] 0.053 

NAA/Cho area 0.69 [0.62; 0.77] 0.65 [0.53; 0.75] 0.088 0.70 [0.66; 0.73] 0.55 [0.40; 0.59] <0.0005* 0.58 [0.49; 0.65] 0.38 [0.37; 0.45] 0.001* 

mI/NAA height 0.41 [0.33; 0.52] 0.57 [0.45; 0.81] <0.0005* 0.33 [0.29; 0.44] 0.77 [0.50; 1.01] <0.0005* 0.34 [0.24; 0.44] 0.54 [0.41; 0.89] 0.009* 

mI/NAA area 0.66 [0.48; 0.91] 0.94 [0.80; 1.51] 0.004* 0.56 [0.49; 0.74] 1.02 [0.71; 1.51] 0.002* 0.49 [0.42; 0.79] 0.97 [0.53; 1.37] 0.009* 
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Table 11. Results of Receiver-Operating Characteristics (ROC) analysis of metabolite ratios showing association with outcome 

throughout postnatal age categories. NAA: N-acetyl-aspartate, Cr: creatine, Cho: choline, DOL: day of life, AUC: area-under-the-

ROC-curve. 

 

Early H-MRS (DOL 1-3) Midtime H-MRS (DOL 4-6) Late H-MRS (DOL 7-14) 

AUC cut-off Sensitivity Specificity AUC cut-off Sensitivity Specificity AUC cut-off Sensitivity Specificity 

NAA/Cr height 0.807 0.96 81.8% 70.2% 0.871 0.95 81.1% 84.6% 0.963 0.83 88.9% 88.9% 

mI/NAA height 0.719 0.42 59.0% 82.6% 0.897 0.37 63.6% 99.9% 0.816 0.42 73.7% 75.0% 

mI/NAA area 0.683 0.80 69.2% 72.7% 0.818 0.85 84.8% 70.0% 0.816 0.93 99.9% 62.5% 

 

Figure 10. Receiver Operating Characteristics (ROC) curves of metabolite ratios showing association with outcome 

throughout postnatal age categories. NAA: N-acetyl-aspartate, Cr: creatine, Cho: choline, DOL: day of life, AUC: area-under-the-

ROC-curve. AUCs are listed in Table 11. 
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4.3 Dynamic changes of H-MRS metabolite ratios in neonatal HIE 

As described above, patient population for our 3rd study was identical to the one for our 

2nd study, with the exception that we included not just the initial H-MRS, but all acquired 

H-MRS results in this analysis, without postnatal age at scan categorization. From the 

169 patients enrolled, 130 neonates had only one H-MRS scan, 31 infants had only two 

scans, and 8 newborns had three scans, summing to a total of 216 acquired H-MRS 

results. Initial scans were performed on median DOL 4, second scans on median DOL 7, 

and third scans on median DOL 8. As detailed above, 96 of initial scans, and 12 of second 

scans were performed while receiving HT. All third scans were done under normothermic 

conditions, after the completion of HT. 

Since the enrolled population is identical for the 2nd and 3rd study, clinical data of 

newborns are the same as presented in chapter 4.2, shown in Table 9. 

The mixed effect model was constructed using the metabolite ratios showing consistently 

high predictive value throughout the first 14 days of life (i.e. all three postnatal age 

categories described in the 2nd study). Based on the results presented in chapter 4.2, 

predictive value was higher for mI/NAA height ratio than for mI/NAA area ratio, in all 

three postnatal age categories, therefore, we focused the mixed-effect model on NAA/Cr 

height ratio and mI/NAA height ratio. 

Results of regression analysis are presented in Table 12. 

Analysis of metabolite dynamics revealed that examining the whole population in 

general, long-term outcome was the only significant covariate for both NAA/Cr and 

mI/NAA height ratios (p < 0.0001). However, these metabolite ratios were not associated 

with gestational age and postnatal age. 

Nevertheless, assessment of metabolite dynamics separately in the good outcome group 

revealed that both NAA/Cr and mI/NAA ratios were significantly affected by gestational 

age in newborns facing good long-term outcome (p = 0.0058 and 0.0002, respectively). 

Furthermore, postnatal age proved to be a significant covariate for mI/NAA in this patient 

subgroup (p = 0.0007). 
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When analyzed separately in the poor outcome group however, the association between 

metabolite ratios and gestational age disappeared. Moreover, in the poor outcome group, 

NAA/Cr showed only slight association with postnatal age (p = 0.0319), whereas 

mI/NAA none. 

Table 12. Results of mixed effect regression analysis. 

Results presented separately in the whole population generally, and separately in the good 

and poor outcome groups. 

* represents significant results (p<0.05), NAA: N-acetyl-aspartate, Cr: creatine, mI: myo-

inositol, w: weeks, d: days, coeff: coefficient, 95% CI: confidence interval (at 95% 

confidence level). 

 NAA/Cr height mI/NAA height 

 coeff 95% CI p value coeff 95% CI p value 

GENERAL 

(Intercept) 0.4522 (-0.3335, 1.2379) 0.2574 1.1115 (-0.2324, 2.4553) 0.1043 

Gestational age (w) 0.0162 (-0.0038, 0.0362) 0.1115 -0.0177 (-0.0519, 0.0165) 0.3086 

Postnatal age (d) -0.0450 (-0.1015, 0.0114) 0.1148 -0.0467 (-0.1224, 0.0291) 0.2209 

Poor outcome -0.2277 (-0.2883, -0.1672) <0.0001* 0.3167 (0.2125, 0.4208) <0.0001* 

GOOD OUTCOME 

(Intercept) -0.1929 (-1.0761, 0.6902) 0.6656 1.8131 (1.1285, 2.4978) <0.0001 

Gestational age (w) 0.0320 (0.0095, 0.0545) 0.0058* -0.0346 (-0.0521, -0.0171) 0.0002* 

Postnatal age (d) -0.0038 (-0.0723, 0.0646) 0.9088 -0.1047 (-0.1601, -0.0494) 0.0007* 

POOR OUTCOME 

(Intercept) 0.7541 (-0.5712, 2.0795) 0.2600 0.5655 (-2.3818, 3.5128) 0.7025 

Gestational age (w) 0.0032 (-0.0310, 0.0374) 0.8513 0.0039 (-0.0723, 0.0802) 0.9182 

Postnatal age (d) -0.0958 (-0.1824, -0.0091) 0.0319* 0.0151 (-0.1133, 0.1435) 0.8083 
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4.4 Prevalence and clinical presentation of CP at Semmelweis University 

The query of children born between 2005 – 2015, labeled with at least one of the ICD 

codes listed in chapter 3.1.4, collected 1201 cases with suspected CP, after deletion of 

duplicates (i.e. patients labeled with more than one ICD codes and/or presented at more 

than one Department). Revision of these 1201 patients’ medical records concluded 673 

children with confirmed diagnosis of CP. From the excluded children, in 436 cases the 

diagnosis of CP was univocally ruled out, and in 92 cases, the information gained from 

the patient documentation was insufficient for clear exclusion of CP. In non-CP cases 

with encoded CP-related ICD-s, the most frequent alternative diagnoses were congenital 

hip dysplasia (5%), Down-syndrome or other genetic syndrome (5%), pes equinuus (4%) 

and epilepsy (4%). In 23% of the excluded cases, the relevant codes were used for cranial 

ultrasound examination request. 

Basic data, as well as data availability of these 673 patients are presented in Table 13.  

Table 13. Basic data and data availability of patients with confirmed cerebral palsy. 

CP: cerebral palsy, explicitly stated: the data of interest was registered literally, word-for-

word; implicitly stated: the data of interest was deduced from evaluation of patient 

documentation 

 Number of patients, ratio (%) from all 

cases with confirmed CP (n = 673) 

Sex (male) 394 (59%) 

Clinical type of CP available 577 (86%) 

 explicitly stated 445 (77%) 

 implicitly stated 132 (23%) 

Clinical type of CP unavailable 96 (14%) 

Patient history available 602 (89%) 

 negative history 98 (16%) 

Patient history unavailable 71 (11%) 

Mode of delivery available 391 (65%) 

 vaginal birth 140 (36%) 

 cesarean section 251 (64%) 

Birth weight available 477 (79%) 
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Data availability is reported as (a) explicitly stated, constituting cases where the data of 

interest was registered literally, word-for-word, (b) implicitly stated, for cases where the 

needed information could be consistently deduced from evaluation of patient 

documentation, and (c) unavailable, where insufficient or no data was registered. 

From cases with confirmed CP, patient history was available in 602 cases (89%). From 

this patient population, 330 children were born preterm (≤ 36 gestational weeks) (55%), 

and 108 (18%) were born with IUGR or as small for gestational age infants (SGA). PA 

and/or HIE was registered in the medical reports of 186 children (31%). Multiple 

pregnancy was noted in 112 CP cases (19%), 101 of whom (90%) were also preterm. 

Assisted reproductive techniques/in vitro fertilization (AR/IVF) was present in the history 

of 33 cases (5%), 24 of whom (73%) were also preterm. Infectious etiology was described 

in 123 cases (20%): intrauterine in 3%, perinatal in 12% and postneonatal infections in 

7% of cases. Intracranial hemorrhage was registered in 161 cases (27%), while neonatal 

stroke in 20 cases (3%). Congenital malformation was mentioned in 74 cases (12%), 

while proved genetic abnormality in 16 cases (3%). It is important to note that the 

different etiological and risk factors were not exclusive. 

From the 577 CP cases with available information concerning the clinical presentation, 

spastic CP was registered in 522 cases (90.5%), dyskinetic CP in 7 cases (1.2%), and 

ataxic CP in 3 cases (0.5%). Although the current international CP classification does not 

differentiate for hypotonic subtype, at the time of our study, it was noted in 45 cases 

(7.8%). Considering topological classification, as well, 46% of overall cases presented 

with spastic tetraplegia, 24% with spastic diplegia, 21% with spastic hemiplegia and 0.5% 

with spastic monoplegia. Severity assessed on GMFCS was definable in 82% of cases, 

23% showing I grade, 24% II grade, 28% III,20% IV grade and 9% V grade impairment. 

Among the 186 cases of CP following PA (post-PA CP), 10 children had no information 

concerning gestational age at birth. From the 176 cases where data was available, 100 

(57%) were born preterm and 76 (43%) were born at term (gestational weeks 37-42). All 

further descriptions are confined to these 76 children with CP born at term. Additional 

risk factors registered in children with post-PA CP born at term are presented in Table 

14. Comparison of risk factor prevalence revealed that IUGR was described in 
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significantly more cases of post-PA CP, than in cases without PA. No other risk factor, 

neither distribution of prevalence (X2 = 12.258, p = 0.0565), nor distribution of different 

infection subcategories (X2 = 4.226, p = 0.1209) showed significant difference. 

From these 76 post-PA cases, the clinical presentation of CP was registered in 65 cases 

(86%). Among these, 53 (82%) presented with spastic CP, and only 1 (1%) with ataxic 

CP. The historical hypotonic CP subtype was noted in 11 cases (17%). Considering 

localization, 55% presented with spastic tetraplegia, 14% with spastic diplegia, 11% with 

spastic hemiplegia and 2% with spastic monoplegia. Clinical presentation of post-PA CP 

are presented in Table 15, compared with overall clinical presentation among all cases 

with CP born at term, without PA. Comparison of clinical presentation showed significant 

difference in the prevalence of spastic tetraplegia, but in neither of the other topological 

categories, nor overall (X2 = 1.897, p = 0.5940). 

Table 14. Prevalence and comparison of cerebral palsy (CP) risk factors registered 

in children with CP born at term, following perinatal asphyxia, compared to non-

asphyxiated cases. 

Post-PA CP: cerebral palsy after perinatal asphyxia/hypoxic-ischemic encephalopathy, 

PA: perinatal asphyxia, IUGR: intrauterine growth restriction, AR/IVF: assisted 

reproduction/in vitro fertilization. 

* represents significant results of Fisher’s exact test (p < 0.05), 

# percentage of overall infectious cases. 

Risk factor 
Post-PA CP 

(n = 76) 

CP without PA 

(n = 134) 
p value 

IUGR 7 (9%) 3 (2%) 0.038* 

Infection 

overall 9 (12%) 16 (12%) >0.999 

 intrauterine  1 (11%)#  2 (12.5%)# >0.999 

 perinatal  7 (78%)#  6 (37.5%)# 0.097 

 postneonatal  1 (11%)#  8 (50%)# 0.088 

Intracranial hemorrhage 6 (8%) 13 (10%) 0.804 

Neonatal stroke 1 (1%) 6 (4%) 0.426 

Congenital malformation 13 (17%) 34 (25%) 0.228 

Multiple pregnancy 1 (1%) 6 (4%) 0.426 

AR/IVF 0 (0%) 6 (4%) 0.089 

Table 15. Clinical presentation and localization registered in children with cerebral 

palsy (CP) born at term, following perinatal asphyxia, compared to non-asphyxiated 

cases. 
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Post-PA CP: cerebral palsy after perinatal asphyxia/hypoxic-ischemic encephalopathy, 

PA: perinatal asphyxia. 

* represents significant results of Fisher’s exact test (p < 0.05), 

Clinical presentation 
Post-PA CP 

(n = 65) 

CP without PA 

(n = 127) 
p value 

Spastic CP 

overall 53 (82%) 109 (86%) 0.529 

 tetraplegia 36 (55%) 49 (39%) 0.039* 

 diplegia 9 (14%) 27 (21%) 0.317 

 hemiplegia 7 (11%) 28 (22%) 0.102 

 monoplegia 1 (2%) 0 (0%) 0.327 

Ataxic CP 1 (1%) 0 (0%) 0.339 

Dyskinetic CP 0 (0%) 4 (3%) 0.302 

Hypotonic CP 11 (17%) 14 (11%) 0.264 

Among the 76 term post-PA cases of CP, severity of the disability was registered in 55 

cases (72%), 14.5% showing grade I, 23.5% grade II, 31% grade III, 22% grade IV and 

9% grade V impairment. GMFCS scores, compared among children born at term, with 

and without PA, are presented in Table 16. Comparison of severity prevalence did not 

show statistically significant difference neither overall, (X2 = 2.2739, p = 0.6855), nor 

separately in GMFCS scale categories. 

Table 16. Severity of cerebral palsy (CP) among children born at term, following 

perinatal asphyxia, compared to non-asphyxiated cases, registered using the Gross 

Motor Function Classification System (GMFCS). 

Post-PA CP: following perinatal asphyxia/hypoxic-ischemic encephalopathy. PA: 

perinatal asphyxia. 

Severity 
Post-PA CP 

(n = 65) 

CP without PA 

(n = 116) 
p value 

GMFCS I 8 (14.5%) 28 (22%) 0.080 

GMFCS II 13 (23.5%) 26 (20%) 0.851 

GMFCS III 17 (31%) 30 (24%) >0.999 

GMFCS IV 12 (22%) 21 (17%) >0.999 

GMFCS V 5 (9%) 11 (9%) 0.790 
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5 Discussion 

5.1 Optimization of outcome prediction with conventional H-MRS in 

newborns with HIE 

To the best of our knowledge, at the time of publication, our studies were the first ones 

that investigated the prognostic accuracy of conventional brain H-MRS performed during 

the first 4 postnatal days in newborns with HIE treated with HT, the effect of postnatal 

age on the predictive value of H-MRS throughout the first two weeks of life, as well as 

the combined effect of gestational age and postnatal age on metabolites. 

To this end, we targeted our 1st investigation on H-MRS examinations performed the 

earliest possible, within 96 postnatal hours, presuming that the earlier the accurate 

prognostic information, the higher is its clinical importance. The predictive value of H-

MRS in newborns with HIE has been widely studied, but the majority of these studies 

investigated H-MRS scans that were performed significantly later and/or in a wider range 

of postnatal age (3 to 45 postnatal days) (70,76,77,80–85,87,111), with only three papers 

concentrating on early neonatal ages similar to our study (54,78,79), all three analyzing 

considerably small patient cohorts. Hanrahan et al investigated newborns during their 

first postnatal day (31 neonates of 4-18 postnatal hours); however, considering the 

unstable clinical status of many severely asphyxiated infants, this may be unfeasible in 

the clinical practice (78). The observations of L’Abee et al (11 neonates of 12-48 postnatal 

hours) suggest that only the combined assessment of H-MRS and DWI is suitable for 

accurate outcome prediction (54), while Cheong et al (17 neonates of 48-96 postnatal 

hours) used absolute quantification and a custom-made head-coil to optimize data 

acquisition (79). Nonetheless, none of these early-acquisition studies examined newborns 

treated with HT. Conversely, the results of our 1st study suggest that conventional H-MRS 

has outstanding predictive utility as early as the first 96 postnatal hours in newborns with 

HIE, undergoing HT. 

An additional step in our 1st study was the assessment of the association between 

metabolite ratios and postnatal age at scan. It has been previously described that in the 

early hours after hypoxic-ischemic insult, the brain undergoes extremely dynamic 

metabolic changes (112), so theoretically, metabolite ratios measured by H-MRS may 
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vary significantly depending on postnatal age at MR examination. Subsequently, the 

prognostic markers that vary significantly with patient age may show false negative or 

false positive results, if performed too early or too late in the examined time period, so 

would require a dynamic range of cut-off values (cut-off curve) which calls for 

considerably larger population and/or repeated measures. Based on these considerations, 

until the precise kinetics of brain metabolites are described, the proposed prognostic 

marker should ideally not change with postnatal age, but should only be determined by 

potential outcome (i.e. theoretically, severity of insult). Therefore, we focused our 1st 

study on metabolite ratios that were not significantly correlated with postnatal age at MR 

scan in the first 96 hours of life, and found that both mI/Cr, mI/NAA and NAA/Cr ratios 

met this criteria, hence could be potentially independent of postnatal age. 

However, recent evidence suggests that the prognostic accuracy of H-MRS is not equal 

in the period between postnatal hours 18-96 and postnatal days 7-14 (74). Yet, the effect 

of the newborns’ postnatal age on the predictive value of H-MRS throughout the first 

weeks of life has not been studied in detail, albeit examination of all newborns with HIE 

in a uniform postnatal narrow age window is not plausible, due to variable clinical 

stability and resource availability. In the 2nd research, we hypothesized that in case of 

metabolite ratios we found to be stable in the first 4 days of life, dynamic changes do 

appear in the later time periods, potentially modifying their predictive power previously 

observed between 5-96 hours of life. Our results suggest that whereas prognostic accuracy 

of these metabolite ratios slightly varies with age in the extended postnatal age windows, 

both NAA/Cr and mI/NAA keep their predictive power throughout the first 14 days of 

life, making them optimal for prediction. 

This is a crucial finding, especially since current HIE guidelines recommend the 

performance of more than one MR examination (44), as sensitivity in prognostic 

prediction of various MR modalities change rapidly with the postnatal age of the 

newborns, as described in chapter 1.2.2.1. According to our study, it seems that certain 

metabolite ratios measured with H-MRS examination keep their outstanding predictive 

power throughout the first 14 days of life in newborns with HIE. Therefore, performing 

an additional H-MRS sequence whenever a brain MRI examination is done provides 

valuable additional diagnostic and prognostic information to the clinician. 
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The physiological and gestational age related variability of metabolite levels in healthy 

fetuses has been previously described (65). Consequently, gestational age might 

significantly affect absolute metabolite values and metabolite ratios in case of HIE as 

well, and thus modify these metabolite ratios’ actual prognostic accuracy. 

The results of our mixed-effect model of our 3rd study clearly show that when outcome is 

taken into consideration as a covariate, neither gestational age, nor postnatal age have a 

significant effect on NAA/Cr and mI/NAA metabolite ratios. This suggests that contrary 

to mild and moderate hypoxia, the severe hypoxic-ischemic injury has such a definitive 

impact on brain metabolism (and consequently, metabolite levels and ratios), that the 

influence of other modifying factors like gestational age or postnatal age disappear. 

However, when these associations were analyzed in the good outcome group alone, it was 

revealed that these ratios are greatly influenced by gestational age, represented by a rise 

in NAA/Cr ratio and a decrease in mI/NAA ratio, as gestational age increases. 

Additionally, postnatal age turned out to be a significant covariate, but only for mI/NAA, 

represented by a decrease in mI/NAA with increasing postnatal age. This might imply 

that in case of newborns facing good outcome, the physiological, gestational age 

dependent variability of metabolite levels can still be observed, despite the HIE 

(presumably due to having undergone milder neuronal injury). Moreover, in case of 

mI/NAA, signs of postnatal age dependent metabolic variability also emerged. 

Based on our observation, in the poor outcome group though, the effect of gestational age 

on metabolite ratios disappeared, suggesting that a more intense hypoxic-ischemic insult 

disrupts the physiological function of metabolites, and thus gestation and maturity 

dependent metabolite ratios. Interestingly, NAA/Cr ratio did show significant, although 

slight association with postnatal age, represented by decreasing NAA/Cr as postnatal age 

increased. 

The combined results of our H-MRS studies suggest that brain H-MRS is an appropriate 

tool to predict neurodevelopmental outcome in newborns with HIE, at early as the first 

96 postnatal hours, and consistently throughout the first 2 weeks of life, using metabolite 

ratios NAA/Cr and mI/NAA. Both metabolite ratios are insignificantly affected overall 

by both gestational age and postnatal age, which effect is greatly outweighed by these 

ratios’ association with outcome. This emphasizes the value and utility of even 
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conventional H-MRS and creates the background of its widespread use in the general 

clinical practice, for risk stratification of newborns with HIE. 

At first, it might seem surprising that none of the lactate-containing metabolite ratios 

included in our 1st study met the strict significance requirements of Bonferroni-correction, 

despite metabolite ratios such as Lac/NAA, Lac/Cr and Lac/Cho being widely studied for 

prognosis (54,77–79,81–84). One of the explanations for our observations is suggested 

by Sijens et al, proposing that Lac and Lac-containing metabolite ratios cease to be 

accurate H-MRS predictors, when analyzed in newborns treated with HT (70). This might 

indicate one of the working mechanisms of HT, reducing cerebral metabolic rate, 

glycolysis and consequential lactate production (71). Another reason for our finding 

might be the low quality of spectral data for Lac, when using conventional methods. In 

the measurements of our 1st study, SNRs of Lac peaks were extremely low, with a median 

[IQR] SNR of 1.0 [0.7; 1.6] without selection, and 1.6 [1.1; 2.5] after selection based on 

SNR = 1 criterion. However, low spectral data quality only affected peaks of Lac, since 

all other metabolites showed significantly more favorable signal-noise characteristics, 

with a median [IQR] SNR of 10.8 [8.0; 12.8] for NAA, 11.9 [8.8; 14.5] for Cho, 11.4 

[7.3; 13.9] for Cr and 5.7 [4.8; 7.5] for mI, reflecting significantly better data quality. 

Based on these findings, we proposed that spectral peak of Lac cannot be accurately 

assessed and interpreted in the general clinical setting and in the absence of post-

processing techniques, despite its widespread use in previous studies. Conclusively, even 

though we aimed our 2nd study to assess predictive value of the most frequently analyzed 

metabolite ratios, acquired with conventional H-MRS throughout the first 2 weeks of life, 

we had to exclude Lac-containing metabolites from our candidates. 

Based on the above listed studies, peak area was considered to be of higher prognostic 

accuracy, than peak height, supported also by a meta-analysis (86). However, as detailed 

in chapter 1.3.3, both the assessment of peak height and peak area have their advantages 

and disadvantages, according to Bottomley’s methodological review (89). Based on our 

findings, it seems that without the use of post-processing, peak height may have an 

appropriate predictive value and might be useful in the common clinical setting, where 

the use of specialized imaging and post-processing techniques is limited. 
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In the era of HT, the effect of cooling on brain metabolite levels is an important issue. 

Studies performed on rat asphyxia models suggest that HT increases the clearance of Lac 

upon cerebral reperfusion (113) and increases overall Lac and mI levels in the cortex, 

while increasing the level of taurine and decreasing the level of Cho in the thalamus (114). 

Moreover, Alderliesten et al observed that the calculated cut-off values of Lac/NAA ratio 

suitable for differentiation between good and poor outcome show a five-fold increase 

when determined under hypothermic conditions, compared to normothermia (84). 

Nevertheless, these findings do not conclude that thalamic mI/NAA values are also 

affected by cooling. Further studies would be needed to describe the hypothermia-induced 

changes in metabolites detected by H-MRS. However, the design of these studies raises 

serious methodological and ethical questions, as withdrawal of HT for moderate-to-

severe HIE babies in order to establish the control group would be unethical. 

5.1.1 Limitations 

Despite our careful preparation of our study methodologies, there are limitations that 

should be taken into consideration. 

First, all our H-MRS studies are retrospective in nature, therefore we could not control 

for factors possibly affecting the findings such as the imaging process and the clinical 

parameters. On the one hand, this is a limitation compared to a prospective study with 

fine-tuned imaging and clinical parameters for research purposes; on the other hand, this 

could be viewed as a strength from a clinical point of view, having relied on data 

obtainable from any MR facility dealing with neonatal HIE, thus being more 

generalizable. 

Second, the difference between the sizes of the outcome groups in all three H-MRS 

studies is a limitation, as it underpowers our analysis. Moreover, some may criticize our 

approach, and may state that all neonates should be examined at the exact same age, which 

would enable prognostic results to be as accurate as possible. However, considering that 

infants cannot be assessed before reaching certain clinical stability, this would not be a 

realistic expectation in the overall clinical practice. 

Furthermore, the general limitation of our 2nd study is the lack of healthy, gestational age 

specific reference data from the first two weeks of the neonatal period. However, this 
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would be an unrealistic anticipation – from both ethical and methodological reasons –, 

and theoretically, the missing referential data is not vital for prognosis. 

Additionally, the establishment of postnatal age categories by itself, for analysis of 

prognostic performance of HMRS in our 2nd study, can be considered a limitation, since 

it inevitably creates artificial conditions. While assessment of postnatal age at scan in 

considerably smaller age categories (i.e. 6 or 12 hour periods), or as a continuous variable 

would be less artificial and more accurate approach to determine predictive value during 

the examined postnatal period, that would require such a large sample size that might only 

be feasible in a future multicenter study. 

Finally, due to resource availability, two different 3 Tesla MRI scanners were used to 

examine our patient population. While this might bias the acquired spectral data, the 

identical magnetic field strength of the scanners, as well as our assessment of metabolite 

ratios instead of absolute metabolite levels counteracts this technical issue. 

Clearly, our observations strongly support the value of a such future study in a larger 

population and on other vendors’ MR scanner, in order to refine and optimize the 

prognostic power of H-MRS. 

5.2 Prevalence and clinical presentation of CP at Semmelweis University 

To our knowledge, our analysis is the first to assess the prevalence, etiological and clinical 

classification of CP in the Central Hungary region. Previously, similar published study 

was conducted in Borsod-Abaúj-Zemplén county, analyzing frequencies in children with 

CP born between 1994-2006 (98). Moreover, another research from Southwest Hungary 

(counties Baranya, Somogy and Tolna) analyzed the usefulness of an MRI classification 

system in determining the etiology of CP, in a cohort of children with CP born between 

1990-2015 (115). 

Comparison of these three studies conclude that prevalence of both prematurity (55% vs 

31% vs 36%), both PA (31% vs 19% vs 10%) was higher in the Semmelweis cohort, than 

in the cohorts from Borsod-Abaúj-Zemplén county and Southwestern Hungary, 

respectively. The explanation could be that while the later studies analyzed representative 

regional data, our research investigated center data, including more severe neonates, 
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considering our university’s role as a center for extremely preterm infants and for HIE. 

However, SGA was registered less frequently in our analysis compared with data from 

Borsod-Abaúj-Zemplén county (18% vs 30%), presumably due to lower incidence of 

SGA births in Central Hungary compared with Borsod-Abaúj-Zemplén county (4.5% vs 

12%, based on the data of Hungarian Central Statistical Office for year 2005). 

Nevertheless, the differences in prevalence could be related to the different methodology 

and examined period (2005-2015 vs 1994-2006). Clinical classification based on 

physiology (muscle tone abnormality) cannot be compared due to data unavailability 

concerning CP cases in Borsod-Abaúj-Zemplén and Southwestern Hungary. On the other 

hand, topological classification was similar in our cohort than in Borsod-Abaúj-Zemplén 

county in terms of unilateral palsy (20% vs 19%), but differed in terms of bilateral palsy 

(68% vs 60%), probably due to the highly increased incidence of HIE at our university. 

Compared with international registry data, the prevalence of both prematurity (55% vs 

35%), both HIE (31% vs 2-10%) was revealed in more children with CP in our study. 

Intracranial hemorrhage and neonatal stroke accounted for 17% of CP cases according to 

a Swedish study, greatly exceeded by our respective data of 30% (7). These findings could 

also be explained with the high progressivity level of our university’s NICUs, as well as 

intensive follow-up of affected children. As for infectious etiology, intrauterine infections 

were described in 5% of CP international cases, comparable to our data of 3% (100). 

Neonatal central nervous system infections are seen in 3% of cases based on the above 

mentioned Swedish research, whereas we registered them in 12% of cases (7). Congenital 

malformations are registered in 11-32% of cases based on international studies – similar 

to our observation of 12% –, whereas malformations of the central nervous system appear 

in 12% of CP cases based on international registries, compared to 5% registered by our 

study (116). Clinical classification based on physiology shows that internationally, spastic 

subtype is determined in 72-91% of cases (102), dyskinetic CP in 15% (103), and ataxic 

subtype in 4-5% (104), whereas we registered these subtypes in 90.5%, 1.2% and 0.5% 

of cases, respectively. As for topological classification, international registries recorded 

hemiplegia in 21-36%, diplegia in 13-45%, tetraplegia in 9-44% of all CP cases, 

compared to our relevant incidences being 23% for hemiplegia, 24% for diplegia and 46% 

for tetraplegia. This shows similar frequencies of CP subtypes, except a slightly increased 

incidence of spastic tetraplegia, presumably due to the exceptionally high prevalence of 
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prematurity and HIE in our patient population, as discussed previously. These differences 

might also be related to the methodological dissimilarities between registries, 

underscoring the need for data collection guidelines and the establishment of a national 

CP registry, conform international recommendations (102). 

While it is well-established that the principle CP manifestation for children with previous 

HIE is bilateral spastic CP (especially tetraplegia) and dyskinetic CP – reported having a 

combined frequency of 94% (117) –, however , the precise incidence of the different CP 

subtypes is not often detailed in outcome studies. One small study reported CP subtype 

incidences being 85% spastic CP – that could be divided to 70% spastic tetraplegia and 

15% hemiplegia – as well as 15% dyskinetic CP (92). Another analysis detected that 67% 

of children with HIE had spastic CP – 56% tetraplegia and 11% hemiplegia – additional 

to 33% having dyskinetic CP (118). Surprisingly, our observations only partly comply 

with these concordant results, reporting spastic CP in 82% of cases – divided as 55% 

tetraplegia, 14% diplegia and 11% hemiplegia –; as well as no cases of dyskinetic CP. 

We believe that the increased incidence of diplegia could be a methodological issue, 

considering that diplegia and tetraplegia only differ in the upper limb involvement (which 

show only fine motor impairment in diplegia, but more severe palsy in tetraplegia). In our 

study, we observed surprisingly low incidence of dyskinetic CP compared with 

international data (0% vs 15-33% following HIE, and 1% vs 15% overall). This 

phenomenon needs further analysis. Conversely, the historical subtype of hypotonic CP 

was recorded in 17% of cases with HIE, despite it having been excluded from the CP 

categorization system by SCPE (102). This again emphasized the need for standardization 

of patient documentation in the national CP management, crucial for a future CP registry 

with uniform eligibility criteria. 

5.2.1 Limitations 

The most important methodological issue of our study is the query based on ICD codes. 

This can be highly distorted by the financial aspect of their uses, presumably sometimes 

coding commonly used ICD codes, as opposed to the ones accurately describing the CP 

subtype. However, since our analysis was an audit focused study to assess feasibility, our 

results imply the need for quality management concerning patient documentation, to 

acquire more precise incidence data in the future. 
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In terms of comparison with other studies describing CP prevalence, the difference in 

patient selection and examined time period could be a significant confounding factor, 

since the prevalence of the different subtypes as well as severity depends on the incidence 

of different risk factors in the examined region/hospital, and also of the standard 

management of children with CP in the area of interest. 

Due to the examined time period in our study (2005-2015), the historical subtype of 

hypotonic CP was registered in a considerable number of cases – who would otherwise 

increase the size of another subtype cohort – possibly distorting our incidence data. 

Nevertheless, overall, CP prevalence do comply with international data, and the observed 

differences are an important feedback. Thus, the conclusions of our study considering 

documentation and standardization prerequisites constitute an important founding stone 

for a future Hungarian CP registry. 
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6 Conclusion 

1. Conventional brain proton MR spectroscopy is a useful tool in predicting neurological 

outcome as early as the first 96 postnatal hours in newborns with hypoxic-ischemic 

encephalopathy, analyzing metabolite ratio myo-inositol/N-acetyl-aspartate, with 84.6% 

sensitivity, 95.2% specificity and no correlation with postnatal age. 

2. Conventional brain proton MR spectroscopy and namely, metabolite ratios N-acetyl-

aspartate/creatine and myo-inositol/N-acetyl-aspartate have an outstanding predictive 

value throughout the first 14 days of life in asphyxiated newborns, with the highest 

predictive accuracy after postnatal day 6. 

3. Metabolite ratios N-acetyl-aspartate/creatine and myo-inositol/N-acetyl-aspartate are 

associated with gestational age during the first 2 weeks of life in asphyxiated newborns 

facing good outcome, suggesting that physiological maturation determined variations of 

brain metabolism are not abolished in these cases; however, these variations disappear in 

newborns facing poor outcome, suggesting that such severe insult disrupts physiological 

cerebral processes. 

4. N-acetyl-aspartate/creatine ratio was affected by postnatal age in the first 2 weeks of 

life of asphyxiated newborns potentially having good outcome, whilst myo-inositol/N-

acetyl-aspartate was associated with postnatal age in infants facing poor outcome. 

5. Insult severity and consequential outcome in neonatal hypoxic-ischemic 

encephalopathy has such a high impact on metabolite levels measured by conventional 

brain proton MR spectroscopy that it outweighs the effect of gestational age and postnatal 

age on metabolite ratios, making brain proton MR spectroscopy a reliable prognostic tool 

in moderate-to-severe neonatal hypoxic-ischemic encephalopathy. 

6. In a large pediatric cohort of Central Hungary born between 2005-2015, the incidence 

of perinatal asphyxia/hypoxic-ischemic encephalopathy in the history of children 

diagnosed with cerebral palsy is 31% (35% in term infants), divided based on physiology 

to 82% spastic subtype, divided based on topology to 55% spastic tetraplegia, 14% spastic 

diplegia and 11% spastic hemiplegia, as well as 1% ataxic subtype and 0% dyskinetic 

subtype (with the historical category of hypotonic form seen in 17%). 
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7 Summary 

Early and accurate prediction of neurodevelopmental outcome in newborns with 

moderate-to-severe hypoxic-ischemic encephalopathy (HIE) has increasing importance, 

in order to select newborns who would benefit the most from future compound 

neuroprotective strategies. Thus, we aimed to optimize outcome prediction with 

conventional brain proton MR spectroscopy (H-MRS), on newborns treated with HIE at 

the Neonatal Intensive Care Unit, of the 1st Department of Pediatrics, Semmelweis 

University. Moreover, as cerebral palsy (CP) constitutes the most severe adverse outcome 

in survivors, we assessed the prevalence of HIE as a risk factor among children diagnosed 

with CP at the clinics of Semmelweis University, as well as the observed clinical 

presentation and severity. 

First, we established that conventionally acquired proton MR spectroscopy H-MRS 

is suitable for outcome prediction, as early as the first 4 postnatal days HIE neonates, with 

highest predictive value for myo-inositol (mI)/N-acetyl-aspartate (NAA), showing 

sensitivity of 84.6% and specificity of 95.2%, and moreover, presenting weak correlation 

with postnatal age at scan in this time period. Second, we recognized that conventional 

H-MRS keeps its predictive value throughout postnatal days 0-14, for metabolite ratios 

NAA/creatine (Cr) and mI/NAA, with the highest predictive accuracy between postnatal 

days 7-14. Third, we discovered that neither gestational age, nor postnatal age 

significantly affected these metabolite ratios in the first 2 weeks of life, and they showed 

strongest association with outcome. Additionally, we observed that gestational age 

dependent variations of these metabolite ratios do appear in newborns facing good 

outcome, however, this association disappears in the poor outcome group. This is 

presumably due to disrupted physiological maturation associated metabolic processes in 

case of adverse outcome. Finally, we described that the incidence of perinatal asphyxia 

(PA) as a risk factor was 31% among children diagnosed with CP in a representative 

Hungarian cohort between 2005-2015. The most frequently observed CP subtype based 

on muscle tone was spastic subtype, seen in 82% of former PA cases suffering from CP, 

divided as 55% tetraplegia, 14% diplegia and 11% hemiplegia in these children. 

We conclude that H-MRS is a valuable, generalizable and gestational age 

independent tool for risk stratification of newborns with HIE, as early as the first 4 days, 

and throughout the first 2 postnatal weeks, irrespective of postnatal age at scan. 
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8 Összefoglalás 

A középsúlyos-súlyos hypoxiás-ischemiás encephalopathiával (HIE) érintett 

újszülöttek fejlődésneurológiai kimenetelének korai és pontos előrejelzése kiemelkedő 

fontosságú a jövőbeli neuroprotektív stratégiák bevezetésével leginkább profitáló 

csecsemők kiválasztására. Célkitűzésünk éppen ezért a konvencionális agyi proton MR 

spektroszkópia (H-MRS) prediktív értékének optimalizációja volt, a Semmelweis 

Egyetem 1. sz. Gyermekgyógyászati Klinika Perinatális Intenzív Centrumán HIE-vel 

kezelt újszülöttek körében. Mivel a túlélők legsúlyosabb szövődménye a cerebrális 

parézis (CP), felmértük a HIE rizikófaktor előfordulását a Semmelweis Egyetem 

klinikáin CP-vel kezelt gyerekek körében, valamint a klinikai formát és súlyosságot. 

Megállapítottuk elsőként, hogy a konvencionális H-MRS már a HIE-vel érintett 

újszülöttek első 4 életnapja során alkalmas a kimenetel előrejelzésére, a legmagasabb 

prediktív értéket pedig a mio-inozitol (mI)/N-acetil-aszpartát arány mutatta, 84,6% 

szenzitivitással és 95,2% specificitással, emellett ez a metabolit arány gyenge korrelációt 

mutatott az életkorral a vizsgált időablakban. Ezt követően igazoltuk, hogy a 

konvencionális H-MRS megtartja prediktív értékét a 0-14. életnapokon keresztül, az 

NAA/kreatin (Cr) és a mI/NAA arányok esetén. A legpontosabb előrejelzést a 7-14. 

életnapok közt mértük. Harmadik vizsgálatunkban leírtuk, hogy sem a gesztációs kor, 

sem pedig az életkor nem befolyásolja szignifikánsan ezen metabolit arányokat az első 2 

élethét során, melyek csupán a kimenetellel mutatnak erős összefüggést. Megfigyeltük 

továbbá, hogy bár a gesztációs korral összefüggő metabolit változások megjelennek a jó 

kimenetelű újszülöttekben, ezek az összefüggések eltűnnek a rossz kimenetelű 

csoportban. Feltételezzük, hogy ez a súlyos kimenetel esetén megszakadó, fiziológiás 

éréssel összefüggő anyagcserefolyamatokkal magyarázható. Végül leírtuk, hogy a 

perinatalis asphyxia (PA) rizikófaktor előfordulása 31% a CP-s gyerekek körében, egy 

reprezentatív magyarországi minta alapján 2005-2015 között. A leggyakoribb CP altípus 

a spasztikus forma, melyet a PA-t követően kialakult CP 82%-ában írtak le, míg topológia 

szerint tetraplégia 55%-ban, diplégia 14%-ban, hemiplégia pedig 11%-ban került leírásra. 

Következtetésünk alapján a H-MRS értékes, általánosan használható, és gesztációs 

kortól független eszköz a HIE-vel érintett újszülöttek kimenetelének előrejelzésére, már 

az első 4 életnap során és folyamatosan az első 2 élethéten át, függetlenül a vizsgálat 

időpontjától. 
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