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ADC: apparent diffusion coefficient

ADP: adenosine-diphosphate

aEEG: amplitude-integrated electroencephalogram
AR/IVF: assisted reproduction/in vitro fertilisation
ATP: adenosine-triphosphate

AUC: area-under-the-ROC-curve

BD: base deficit

BGT: basal ganglia/thalamus

BS: burst suppression

CFCS: Communication Function Classification System
Cho: choline

Cl: confidence interval

CNV: continuous normal voltage

CP: cerebral palsy

Cr: creatine

Cr2: secondary creatine peak

DNV: discontinuous normal voltage

DTI: diffusion tensor imaging

DWI: diffusion-weighed imaging

EDACS: Eating and Drinking Ability Classification System
Epo: erythropoietin

FT: flat trace

GlIx: glutamate/glutamine

GMFCS: Gross Motor Function Classification System
HIE: hypoxic-ischemic encephalopathy

H-MRS: proton magnetic resonance spectroscopy
HT: hypothermia treatment

ICD: International Classification of Diseases

IUGR: intrauterine growth restriction

IQR: interquartile range



DOI:10.14753/SE.2021.2537

Lac: lactate

Lip: lipid

LV: low voltage

MACS: Manual Ability Classification System

MDI: mental developmental index

ml: myo-inositol

MR: magnetic resonance

MRI: magnetic resonance imaging

MRS: magnetic resonance spectroscopy

n: sample size

NAA: N-acetyl-aspartate

NICU: neonatal intensive care unit

NOS: nitric oxide synthase

PA: perinatal asphyxia

PCr: phosphocreatine

PDI: psychomotor developmental index

PLIC: posterior limb of internal capsule

P-MRS: phosphorous magnetic resonance spectroscopy
post-PA CP: cerebral palsy after perinatal asphyxia/hypoxic-ischemic encephalopathy
ppm: parts per million

PRESS: Point RE-Solved Spectroscopy

ROC: Receiver-Operating Curve

SCPE: Surveillance of Cerebral Palsy in Europe collaboration
SD: standard deviation

SGA: birthweight small for gestational age

SNR: signal-to-noise ratio

SUPC: sudden unexpected postnatal collapse

TE: echo time

TOBY: Total Body Hypothermia for Neonatal Encephalopathy clinical trial
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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%o in developed countries to as high as 26%o. 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).
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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*, Ca**and water accumulation occurs, resulting in cytotoxic
edema and membrane depolarization, causing excessive release of glutamate, which in
turn results in further intracellular Ca?* 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.

\\\ Neuronal cytoplasm
Membrane depolarisation /

Hypoxic-ischemic insult

Extracellular space l I
ATlP l Glutamate 1
///——/ Failure of the ATP-dependent Na'/K*-pump
Na' influx
l Ca?"1
Cl- and H,0 influx Neuronal cytoplasm l
l NOS, lipases,

Cell swelling, cell lysis proteases, nucleases
Early cell death Late cell death
(necrosis) (apoptosis and necrosis)

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).

11
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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

Autonomic function

sympathetic

parasympathetic

Stretch reflexes Overactive Overactive Decreased or absent
Segmental myoclonus Present Present Absent
Complex reflexes
Suck Weak Weak or absent Absent
R b
Oculovestibular Normal Overactive Weak or absent
Tonic neck Slight Strong Absent

Generalized Generalized

Both systems depressed

Variable; often

spike-and-wave

Pupils Mydriasis Miosis unequal; poor light
reflex
Heart rate Tachycardia Bradycardia Variable
Bronc.hlal and salivary Sparse Profuse Variable
secretions
ﬁisthric;;ntestl nal gle%rrr:;; e?jr Increased; diarrhea Variable
. Common: focal or Uncommon (excluding
Seizures None : .
multifocal decerebration)
Early: low-voltage
continuous delta and Early: periodic pattern
theta. with isopotential
EEG findings Normal (awake) Later: periodic pattern phases.
(awake). Later: totally
Seizures: focal 1-to 1'4-Hz 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

12




DOI:10.14753/SE.2021.2537

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.).

13
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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.

e Apgar score <5 at 10 min after birth OR

e continued need for resuscitation (including endotracheal or mask

A criteria ventilation) at 10 min after birth OR

e acidosis (pH < 7.0) OR BD > 16 mmol/L within 60 min after birth
(occurring in any umbilical, arterial or capillary blood sample)

o altered level of consciousness (lethargy, stupor or coma) AND at least
one of the following:
e hypotonia OR

B criteria e abnormal reflexes (including oculomotor and pupil reflexes) OR
e absent or weak suck OR
e clinical seizures
o e abnormal brain background activity or seizures registered on at least
C criterion

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

14
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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).

15
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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).

16
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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. MR, 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

17
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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 (HY),
phosphorous (3*P), fluorine (*°F), carbon (*3C) and sodium (*®Na). 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 cm?, 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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mins

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 (ml 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 ml could be the breakdown product of abnormal cerebral inositol-
polyphosphate metabolism and the cell membrane component myelin (69), implementing
that increased ml levels signal cell death. In the neonatal period, ml is one of the highest
peak, and rapidly decreases with age, reaching its final value around 1 year of age (65).
The peak of ml 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 GIx peaks resonating within the
spectrum (multiplet peak), as well as their overlapping with other metabolite peaks does

not allow GIx 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 (GIx) or glutamate-
containing metabolite ratios (GIx/Cr) (81), and/or ml (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 |1 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%o by various countries (97); however,
the national incidence in Hungary is unknown, only regional data are available, stating
CP prevalence in Borsod-Abatj-Zemplén county to be 2.1%o (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:
e 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).
o 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).

- walk at home, school, outdoors and in the community,
GMFCS | - can climb stairs without the use of a railing,
Level | - perform gross motor skills such as running and jumping,

- speed, balance and coordination are limited.

- 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,
GMFCS

Level 11 - may walk with physical assistance, a handheld mobility device or
eve

wheeled mobility over long distances,
- have only minimal ability to perform gross motor skills such as

running and jumping.

- walk using a hand-held mobility device in most indoor settings,
GMFCS | - may climb stairs holding onto a railing with supervision or assistance,
Level Il | - use wheeled mobility when traveling long distances, and may self-

propel for shorter distances.

- use methods of mobility that require physical assistance or powered
mobility in most settings,

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

Level IV 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.

- are transported in a manual wheelchair in all settings,
GMFCS

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

postures and control leg and arm movements.
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2 Objectives

In the research projects constituting the basis for my doctoral dissertation, |1 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, |
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. lIs 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?

31



DOI:10.14753/SE.2021.2537

3 Methods
3.1 Patient selection

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

In our 1%, 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 1% 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 96™ 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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Admission because of
suspicion for HIE
n =283

Diagnosis of moderate to severe clinical diagnosis for
HIE according to TOBY criteria —@—) HIE not confirmed:

%I—/) n=2>55

(A) diagnosis confirmed:

n=228 no brain H-MRS scan:
n=>58
Timing of brain H-MRS scan 7 n
\_/ 7l  brain H-MRS scan
@ after 96t hour of life
n=061
(B) brain H-MRS scan before
96" hour of life:
n=109
Neurodevelopmental follow-up no follow-up results:
between 18-26 months of age (= )—> _
@ n=17
(C) follow-up results:
n= 92 (d) additional underlying cause
for encephalopathy (i.e. stroke,
Further exclusion criteria intracranial hemorrhage,

congenital malformation,
metabolic disease):
n=22

(e) no therapeutic hypothermia:
n=11

V.

O,

(f) gestational age less than 36
weeks:
n==6

(e) low quality H-MRS scan
n=2

Y

After exclusion
n=>51

Figure 4. Algorithm for patient selection in our 1% 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 2" 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):

e early H-MRS (DOL 1-3), indicating the common time period for the gold standard
HT (27),

e midtime H-MRS (DOL 4-6) and

e 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 3 analysis was identical to the one examined
in our 2" 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.

34



DOI:10.14753/SE.2021.2537

HIE according

Diagnosis of moderate to severe

n=

to TOBY criteria
484

Brain H-MRS examination during
the first 14 days of life

no brain H-MRS scan

Y

()
Rt

7

(A) Brain H-MRS scan:
n =

334

Neurodevelopmental follow-up
between 18-26 months of age

9

(B) follow-up results

n=150

no follow-up results:
n=128

n =206
(c) gestational age less than 36
weeks:
n=12
(d) additional underlying cause
Hiighor asehision eritaria ( ) | for encephalopathy (i.e. stroke,
intracranial hemorrhage,
congenital malformation,
metabolic disease):
n=25
%
After exclusion
n=169
newborns

T

H-MRS spectra?
(n=169)
with age at scan categorization

(ROC analysis)

Analysis of prognostic performance

Analysis

All H-MRS spectra®

(mixed-effect model)

(n=216)
uncategorized

|

of metabolite dynamics

Figure 5. Algorithm for patient selection in our 2" and 3" study, analyzing optimal
postnatal age at scan and metabolite dynamics for H-MRS, in newborns with HIE.

2 Age at scan categorization was done based on the initial (1%) performed H-MRS, where
more than one H-MRS scan was performed

b nitial (1%) and repeated (2" and 3™) H-MRS results were also included, without age at

scan categorization
ROC: Receiver-Operating Characte

ristics.
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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 4™ 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: 1% Department
and 2" 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:

e (8000: Spastic cerebral palsy,

e (8010: Spastic bilateral palsy,

e (G8030: Dyskinetic cerebral palsy,

e (8040: Ataxic cerebral palsy,

e (8090: Infantile cerebral palsy, not otherwise specified,
e (8110: Unilateral spastic palsy,

e (58190: Unilateral palsy, not otherwise specified,

e (58240: Spastic tetraplegia,

e (58250: Tetraplegia, not otherwise specified,

e MG6240: 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 pg/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 1% 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 VOl was a 1 x 1 x
1 cm (1 cm?®) voxel from the left thalamus of the infants, localized based on gradient echo
survey images acquired with TE =5 ms, TR = 75 ms and 30° 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, ml 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 1% 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, ml: myo-inositol, Lac: lactate, TE:
echo time. Metabolite spectra were determined at TEs 35 ms, 144 ms and 288 ms.

TE=35ms TE =144 ms TE =288 ms
e NAA/Cho height NAA/Cho height NAA/Cho height
e NAA/Cho area NAA/Cho area NAA/Cho area
e NAA/Cr height NAA/Cr height NAA/Cr height
e NAA/Cr area NAA/Cr area NAA/Cr area
e Cho/Cr height Cho/Cr height Cho/Cr height
e Cho/Cr area Cho/Cr area Cho/Cr area
e mI/NAA height mI/NAA height Lac/NAA height
e mI/NAA area mI/NAA area Lac/NAA area
e ml/Cho height ml/Cho height Lac/Cho height

e ml/Cho area ml/Cho area Lac/Cho area
e ml/Cr height ml/Cr height Lac/Cr height
e ml/Cr area ml/Cr area Lac/Cr area
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3.3.4 Optimal postnatal age at H-MRS for outcome prediction in HIE

For our 2" 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 2" analysis are:

e NAA/Cho height
e NAA/Cho area

e NAA/Cr height
e NAA/Cr area

e mI/NAA height
e mI/NAA area

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

In our 3 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 2" analysis.
3.4 Neurodevelopmental outcome

Neurodevelopmental follow-up is routinely measured between 18-26 months of age,
using the Bayley Scales of Infant Development Il tool-kit (95), by trained personnel
(either a trained pediatrician or child psychologist), blinded to the H-MRS results. Details
on the Bayley Il 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 (X?), 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 1% 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 1% study.
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3.5.2 Optimal postnatal age at H-MRS for outcome prediction in neonatal HIE

In the 2" study, we extended our research concept described previously, and tested
predictive accuracy of H-MRS in postnatal age windows beyond the 4" 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 3" 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 4™ 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 X? test.
3.6 Ethical considerations

Ethical permission for the 1%, 2"@ and 3" 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 4" 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 6%
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 psycho