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Abstract

Neonatal encephalopathy following hypoxiaischaemiaoccursin 1-3 per 1000
term births in the UKDespite therapeutic hypothermianly around30% survive
with normal neurodevelopmental functiorNovel, safe,and effective therapies

to optimiseneuroprotectionfollowing neonatal braininjury are needed

The aim othe studies undertaken by the author is to improve the understanding
of the role of brain intracellular pH (pHi) in the pathophysiologprain injury in
neonatal encephalopathy to further develop neuroproteet therapies. The first
study Chapter 3) amalyses localised deep grey matter (DGM) pHi using
phosphorus31 spectroscopy, obtained within the first two weeks of life4®
newborn infints with neonatal encephalopathy who underwent cooling. We
observed th& brain alkalosis is associated with otherggmnostic factors, such as
severity of brain injury on magnetic resonance imaging (MRI), amplitude
electroencephalography (aEEG) backgroyadtern, seizure burden measured
from raw EEG, and peakea ratio Lacte+Threonine to N-acetyl aspartate
(Lad/NAA) cdculated from thalamic proton magnetic resonance spectroscopy
(MRS current biomarker of outcome. We observed an association between a
alkaline DGM pHi on day15 and seizure burden. Previous research modert
model showed that both seizure burdeand outcome improved when this
rebound alkalosis was avoidee.q., graded restoration of normocapnia or
blocking the N&H* exchangers)in a substudy Chapter4), we also observed
trend of increased DGM grfusion (measured using pseudwmntinuous aterial

spin labelling (p)CASL)) and DGM alkaline pHi between da 4n 23 infants.
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neuronal damage. A third studZlapter5), in a pre-clinical model of neonatal
encephalopatly, showed an association between the lowest level of brain tissue
acidosis during hypoxischaemia, the duration of acidosis under a certain
threshold and its rate of recovery over the first hour after the insul energ

metabolite ratios at 1h aftertte insult.
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Impact Statement

Neonatal encephalopathy (NE) represents a significant global buides the
second leading cause ofieonatal mortality. Despite the introduction of
therapeutic hypothermia, almost half of infants still develop adverse negicd
sequelae.

The primary aim of this thesis is to improve the understanding of the role of
brain intracellular pH (pHi) in the pathophysiologybeédin injury inNEto further
develop neuroproteave therapies Brain pHican be used as a predictaf
outcome in NE but no studies haveanalysed thissince the introductionof
cooling Furthermore it is the firsttime that the relationship betweerbrain pHi
and seizuress addessed innfants with NE This associatiorcan lead tonew
neuroprotective therapies alongside hypothermia like the administration of
sodiumproton exchangers inhibitors

Recently,there has beenprogress in quantifying cerebral blood tbw using
Arterial Spin Labelling (ASh)infants with neonatal encephalopathy secondary
to hypoxiaischaemiaRegionakerebral blood floncan be used aan additional
biomarker of outcome The aim of the second sukstudy is to investigatethe
assocition between brain pHi and cerebral blood flameasuredin the first two
weeksof life in neonaal encephalopathy This has®2 i 6 S Sy prévisusly 2 NGB R
and would contribute to a better understanding of the pathophysiologNE
Lastly, his thesisexplores the impact of acidosists severity,duration, and
recovery rate, in oxidative brain metabadm The third study uses a wh-

establishedtranslational piglet model ofneonatal encephalopathyo deliver a
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reproducible, standardised HI injuryhe availability of MR scanning throughout
the hypoxieischaemic insuland for one-hour postinsult, alows rovel insighs

into the pathophysiologyof acidosis andecondary energy failure.
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Chaper 1: General introduction

Part 1: Motivation andThesisoverview

Neonatal encephalopathy (NE) is the rabd manifesation of an abnormal
neurologicalconditionin a newborn infantassociated with significant mortality
and morbidity. Encephalopathyfollowing hypoxiaischaemia occurs in -B per
1000 term births in the UKDespit therapeutic hypothermiaonly around 30%
survive with normal neurodevelopmental funatio(1, 2). Novel, safe, and
effective therapies to optnise neuroprotection following neonatal brain injury
areneeded
Themotivation of this PhD is tamprove the understanding of the role of brain
intracellular pH (pHi) imhe therapeutic hpothermia era This could bring new
neuroprotective therapy targets To acheve this, the following steps were
undertaken
1. Systemaic literature review Chapter }, especially on brain pHi and
sodiun-proton exchangers
2. Setting up the Baby Brain Study amelveloping thesequence to be used
with a new birdcageneonatal Phospbrus coll, that allowed to measure
localised deep gresnatter pHi(Chapter 2.
3. Investigation ofthe relationship between localised deep grey matter
(DGM) pHi measured within the first 2veeks of fie in infants with

neonatl ercephalopathy who underwentherapeutic hypothermiaand
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outcome (and otherpredictors of outcome) and betweenDGM pHi and
seizure burder{Chapter3).

4. Investigation ofthe relationship betweercerebral blood flowwithin the
first 2 weeks of lifein infants with neonatal encephalopathywho
underwent therapeutic hypothermia and DGpHi (Chapter 4).

5. Understandng, in a preclinical model operinatal hypaxiaischaemiathe
association betweenhe severity duration and rate of recoverpf brain
acidosisover the first hour after the insuland brain energy metabolie

ratiosat 1h afte the insult (Chapter 5.

The keytake-awaysfrom the literature reviewin Chapter lwere that ebound
brain alkalosisvasdescribedin infants witha poor prognosis followmp hypoxia
ischaemia (3), but no studies have beerperformed in infants since the
introduction of therapeutic hgothermig that sodum-proton exchangers (NHE)
have a key role in this rebound alkalosis and research both in vivo and in vitro
support their potential as neuoprotectors (paper published with thiditerature
review (4)); and thata relationship between brain pHi and saireshas been
describedin a rodent modelof asphyxia(5), hence,the potential role for NH
inhibitors. This relationship beween seizures and brain pHias® been
describedbefore in neonates Hence, ny hypothesisfor the study in43 neonates

in Chapter 3 waghat a more alkalotic DGM pHi was associated with a more
sewere outcome in infants with NE who unaeent therapeutic hypthermia;

andthat thosewith amore alkalotic pHi had a higheeigure burden.
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| alo reviewed the literature onbrain perfusionfollowing perinatal hypoxia
ischaemia and how brain peision canbe measured usig aterial spin labelling
(A) in neonaes (6). Although some studies havileeen done using ASLin

newborn infantsfollowing hypoxia ischaemi&/, 8), it was unknown whether
brain alkalosisis associad with a higher brain perfusion tcertain area.

Understanding this was the aim of thalsstudy of 23 infantswithin Baby Brain
Sudy presented m Chapter 4. My hypothesis was thatixury perfusonQwvould

be associated with a more alkalofi&GMpHi.

In Chapter 2, | discuss th@reparations | had to undertak® set up theclinical

researchstudy. writing up the study protocolapplication and obtainind:thics
approval and NHS approval, having reonatal purpose-made bidcage
Phosphorus31 coil ordered, and then developingthe seqgwence taether with a
Physicist from thePhysicsDepartment at UCH. The challengesl encountered

during data analysisre also discussemhd how | addresedthose.

Part 2: Aaute hypoxicischaemic perinatal brain injury in the

term infant

Neomnatal ercephalopathy (NE) is the micd manifestation of an abnormal
neurological condition in a newborn infant. It cesists of an abnormal mental
status (subnormal level of consciousngsgnormal tone lfypo- or hypertonia),

abnormal reflexes respirabry difficulties and often seizure$9). There are
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different causes of NE with similar clinical signs at presentatioypoxia
ischeemia, neonatal s@sis,congenital infections, metablconditions, neuroral
migration disorders, corenital myotonic disorders, lung or airwagisorders,
extracranial trauma causing sifcant blood loss and/or pressure, genetic
disorders associated viitthrombotic or thrombophilic abnormalitieq10). If the
aetiology of encephalopathy igerinatal asphyxia, this is known as hypexic
ischaemic encephalopathy (HIE).

Hypoxieischaemic encephalopathy agas in 23 per 1,000term births in the UK.
It remainsone of the most dewastathg neurologic processethroughout the
world, causing morbidityand mortality, with great impact inlives andfamilies
and entailing huge financial burdens fwciety(11).

Thedecreag of oxygen supply ime blood(hypoxia) andthe decreasal amount
of blood perfusion to the brain (ischaemia) are the eausf brain injury. The
latter plays a more important rolén neuronal injury,sinceit not only caues
oxygen eprivation but it also results in deprivatioof glucose essential in
cerebral metabolism (12). Hypoxiaischaemia is comonly associted with
maternal factors (hypotension or severe hypoxia), cord factprelgpsedor
occluson), dacental factors (insufficiency and abruption) and uterii@etors
(rupture), WK A OK | NB 02YY2yfé& (y26y | drammaSydaAay.
injury (13). Events occurring in the postnatal period swshshock, respiratory or
cardiac arrest (posttal collapse) can also lead to hyposigchaanic injury.
BEvidenceof intrapartum asphyxia can be found in up to 3@¥the casesof HIE

in deweloped countries(14, 15). Therehave be@ efforts since 1996 to address
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the diagnosis of imgpartum asphyxa. The American College of Obstetrics and
Gynaecology2003)publishedthe followingmarkersof intrapartum asphxia
1 Metabolic acidosis (pH < 7.0 and basfict >12 mnol/L)
1 Moderate orsevere encephalopathy
1 Cerebral palsy of spastigiadiplega or dysknetic type
1 Exclusion of other pathologies of cerebral palsy
{ Sentinelevent
1 Abrupt change ifioetal heart rate
1 Apgar score < 3 beyond 5 minutes
1 Multisystemicfailure within 72 houss of bith
1 Imaging evidence.
Thecurrent criteria we usen clinical practice to diagnose HIE are the treatment
criteria developed by the Tob{fOtal Body hYpothermiakoding trial (16, 17),
which include:
A. Infants x 0 ¢ O 2 YuelksS geStdtion admitted to the neonatal unit
with at least one of the follwing:
f ' LJAFNI a02NBE 2F Xp G mn YAydziSa | F4GSNJ
1 Continuedneed for resuscitdion at 10 minutes after birth including
endotracheal or mask ventilation
1 Acdosis wthin 60 minutes of birth (defined as any occurrence of
umbilical cord, arterial or capiltg pH<7.00)
T .14aS 5STAOAG x wmc Y Yyebloed[sanfleylatediel;0 A f A O €
venous,or capillary) within 60ninutes of birth
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B. Seizures or moderatetsewere encephalopathy, consisting of:

1 Altered state of consciousness (reduced response tenuséition or
absent response to stimulation) and

1 Abnormal tone focal or gaeral hypotonia, or flaccid) and

1 Abnormal pnnitive reflexes (weak or absent suck ooid regponse)

C. At least 30 minutes duration of amplitude integrated
electroencephalogram (aEEG) ecording that shows moderately
abnormal or suppressed badkgnd aEEG aotity or seizures
(classifications of aEEGIMaie defined furthebelowin Part 3).

Serious consequences follow moderate to severe.NHerapeutic hypothermia
is now the standard Imical care for moderate to severe NE in the UK and
developedcountries, based m 2 decades oevidence fromlaboratory gudies
(18-26), clinical trials(1, 27-31) and the endorsemet from regulatory bodies
(16). Thefirst repats of hypothermia being used byimicians in the treatment of
neonatal asphys datesback tothe 1960s and early 197082-35), but was
delegated to medcal history for three decadedue to reprts of adverse effects
(e.g. subcutaneous fatecrosiq36)) ard the findings of increased mortality rates
in preterm infantswhen hypothermi (37-40). In the 90s there was an increake
interest in therapies aiming to premt neuronal injury in newborn infants with
signs of HIE. Wagnet d (41) present an elegant review of thegertinent animd
studies that specifically address the effoyaof hypothermia in improving the

outcome of perinatal asphyxi&ubsequentlymeta-analyss (1, 2) of three krge
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pragmatic trialsin newborn infants(27-29) show that therapeutic hypothermia
reducesthe combhned rate ofdeath and severedisability at 18 month®f age
with a risk ratio of 0.81 (95% CI 0-@883) and a number needed to treat of 9.
The outcomes at 1824 months of age from these najor therapeutic
hypothermia studiesre listed intable 1-0-1.

Followup data at school-age (68 years old) confirred that the improved
outcome of cooled babies seen at 18 months of ages consisteryy seenin
childhood(see table 1-0-2) (42-44). The Toby tial (43) showed thatwhole baly
moderate hypothermia after perinatal asphyxia resulted in improved
neurocognitive outcomes in middle childbd (52% of childrenin the
hypothermia groupsurvived with an 1Q>8%t 6-7 years of agezompared to 39%

of children in the standard care group=0.04) and more children surved
without neurologicabnormaities. They had reduced risk of cerebral palsydaf
moderatesevere disabilit, as well as dving significant better motoifunction
scores.The NIEID (44) showed that whole bodyhypothermiareduced te rate

of the combined end point of death d@Q scoe of less than 70 at 67 yearsof
age compared b the childrenundergoing usual careut no cooling(47% vs 62%,
respectively) but the differences were not significant. However, hypothermia
resulted in lover death rates(28% vs 44%gnd did not increae rates of severe

disability among survivor@5% vs 38%)
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Coolcp (27) | Toby(29) NICHD45) ICK30) Neo-nEURO
(N=116) (N=163) (N=102) (N=110) network (31)
Moderate Severe (N=53)
HIE HIE
Died or severe 55% 45% 42% 51% 51%
disability at 18 (59/108) (74/163) (43/102) (55/107) (27/53)
months 32% 62%
(6/19) | (21/34)
Died 33% (8/108) 26% 24% 25% 38%
(42/163) (24/100) (2/108) (20/53)
13% 47%
(9/69) (15/32)
Severe 19% 27% 24% 35%
neuromotor (24/72) (32/120) (29/78) (28/80)
disability
Bayley MDI<70 30% 24% 25% 26%
(21/70) (28/115) (19/75) (29/73)
21% 41%
(12/57) (7/17)
Bayley PDI<70 30% 24% 27% 23% 21%
(21/69) (27/114) (20/74) a7/73) (7133)
Cerebral palsy 32% 28% 1% 27% 13%
(23/72) (33/120) (15/79) (29/73) (4/32)
14% 41%
(8/57) (7117)
Bilateral cortical 10% % % 1% 3%
visual (7172) (8/119) (5/75) (1/78) (2/32)
impairment 5% 13%
(3/60) (2/15)
Bilateral sensor 8% 4% 4% 3% 0%
neurd hearing (5/64) (4/114) (3/75) (2179) (0/30)
loss 2% 12%
(1/50) (2/17)
Epilepsy 15% 10% 17% 8% n/a
(11/72) (12/116) (13/77) (6/79)
15% 24%
(9/60) (4/17)
Suwival without n/a 44% 32% 40% n/a
neurologic (71/163) (32/100) (42/97)
abnormality 39% 16%
(26/67) (5/31)

Table 1-0-1: Outcome at 1&4 months of ag in trial populations from major therapeutic
hypothermia studes This table shows the outcome for those babies who received
hypothermia in the following trials:Coolcap(234 term infants with moderate to severe neonatal
encephalopathy and an abnormaEEs were asggned b either head cooling for 72Wwithin 6h of
birth with rectal temperature maintained at 335°C (n=116) or carentional care (N=118gand
primary outcome was dath or sewere disability at 18m) Toby trial (325 infants of at least 36
weeks gestational age with perinatalasphyxid enceplalopathy were randomised to either
intensive care plus cooling withish of birth to 325°C for 72h (n=163) or inteive care alone
(n=162; andprimaryoutcome was dath orse\ere disability at 18m) NICHD (208 infantswith HI
encephalopathyandomised towhole body hypothernd (n=102) or control (n=10&nd primary
outcome was dath ordisability at 18-22m), ICE(221infants of atleast 35 weeks gestational age
with peripartum HI and moderate to severe climicencephdopathy randomised to either
hypothermiato 32.3Cwithin 6h for 72h(n=110) or standard care (n=11&)d primary outcome
was dath or major sensorineual disability at 2 years of agge Neo-nEURO.network(129 term
infants with clinich and EEG wdence of HI encephalopathyrandomised to ether whole body
hypothermia to32.5°C within 6h for 72h(n=53) or control (n=37); and primary outcome was
death orsewere disability at 18-21mof ag8.
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Toby(43) NICHI44)
(N=163) (N=102)
Diedor sevee 48% 41%
disability at 67 years (68/143) (38/93)
Died 32% 28%
(47/145) (27197)
Moderate-severe 21% 35%
disability (21/96) (24/69)
IQ score <70 n/a 27%
(19/70)
1Q score <85 23% n/a
(23/98)
Attention and n/a 4%
executive function (2/48)
smre <70
Visuospatial score n/a 4%
<70 (2/53)
Cerebrapalsy 21% 17%
(21/98) (12/69)
Blindness 1% 1%
(1/98) (1/67)
Hearingimpairment 4% 5%
(4/98) (3/63)
Epilepsy n/a 10%
(7167)
Survival without 68% 41%
disability (65/96) (28/69)

Table1-0-2: Outcome at 67 years of age inrial populations from two of the major therapeutic
hypothermia studies This table shows the outcome for those babies who received
hypothermia in the following trials Toby trial (325 infants of at least 36 weekgestationalage
with perinatal asphixial encephapathy were randomised to either intensive @& plus cooling
within 6h of birth to 325°C for 72h (n=163) or intensive care alone (n3l&hd primary
outcome wassurvival with an 1Q>85 at-B years of agg NICHD (208 infants with Hl
encephalopathyrandamised to whole body hypothernai (n=102) or catnol (n=106) and primary
outcome was dath ordisability at 18-22m),

Part 3: Pathophysiology of hypoxiaschaemia

From research performed in animal models of hypesieghaemia, we kow that
within 10 min thee is a decease in pQ values, increase in pGaand pH falls
from 7.3 to 6.8(46, 47). Physidogically the fetuswill try to preserve ceebral

oxygenation asnuch & possible and minimize energy consumption during an
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acute event of hypoxischaemiaThe distribution ofblood flow to the different
foetal organsduring hypoxia has been dedwed ina sheep model(48). Blood
flow tends to maintain a constant supply of oxygen to the central nervous
system,heart, and adrenal glanddespite hypoxia initiallyWhen hypoxic levels
become more severe, aabrupt deaease of blood flowto somevisera €.g,
kidneys and digestive tracdind to the skeletal muscleccurs If hypoxia is
maintained, lactate levels increase elio anaerobic glycolysis in the muscles.
The final stage ofoktal hypoxia involve a decrease of oxygen supply to la

organs, includingthe brain and heart.

1.3.1 Mechanismsof brain injury

| have reviewed both preclinical and clinical research studies thee Ihed to a
better understanding of the pathophysiology and metabolic pathways following
an acue hypoxicischaemicperinatal evert, causng @ll death and brain injyr
(49). Once the different mechanisms of brainuny following hypoxidschaemia
are better understood new targets for neuroprotection canebinvestigatedat

the different stages and pdiways ofneuronal injury.

Following a decrease in adral blood flow (CBF), various processes related to
cerebral haneostasis gradually fia50). There are reportedBRhresholdlevels

¢ varying between diffeent anima model used, the lengthand type of
ischa&mia, medications used andthers ¢ below which the brain beconse
ischaemic, with the cessation of electrical functiotissue acidosis and

accumulation of lactte (51).
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Hve main mechaisms of injuryare described energy faiire and brain pH
changes, release of excitatory aminoacids, calcium influx, reactive oxmen
nitrogen species, anmhflammation (10, 12).

Energy failureand brain pH chages are two of the mechanisms | will focus on
further in the next setions as lhey are at the core of these studies.

Magnetic Resonance Spectroscopy (MRS) hedem significant contribtion to
the understanding of the evolution of energyfailure andpHi changes following
hypoxiaischaema (52).

In infants with adverse outcome, despitelequate oxygenabn and ciculation,
there is a decline irnergy metabolites as manifested by Igshosphocreatine
(PC) and nucleotide triphospate (NTP, mainly ATiIR newborn infant$, and an
incresse in Pi, in the first days of lifg53-56). An acidotic shift in brain
intracellula pH (pHi) as measured bthe chemical shift b Pi (see furthe
explanations in rext section)has been related with neuronal death. Wever,
following the initial aidotic period,phosphorus31 €'P) MRS has evidenced an
interesting alkaline shift indainpHA Ay 0 | 6 A Siddergn Kh2rapulicR y Q (i
hypothermia(57). it was described that newbarinfants presenting witla more
severeinjury pattern on brain magnetic resonance imaging (MY a nore
alkaline brain pHi oA'P MRJ3). Postasphyxia brain alkalosis is likely to play an
important role in cdldeath in amore delayel phase.

Duringthe acute insult, idative phosphorylation metaldism is converted into
anaerobic glycolysij leadng to depletion of energy moleculessuch as ATP and

phosphocreatine (PCKQ together with lactic acid accumulatioff the duration
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and severity of ischaenia is short enoughggenerally described as less than 10
min of complete ischaemiaalthough it varies depending on maturation,
substrate awilability, body temperature, concomitant inflammation/infection,
etc.), mostof the metabolic alterations are reverible (58), with restoraion of
metabolic levels and funtion. However, if the reperfusion occurs following a
longer period of ischaemia, there may la@ intial restoration of metabolite
level, only to be followed byan additional cytotoxic cascade, the so called
Wewmndaty enegy faif dzN3R)over the sulsecuent 24-48 hours (59). This
secondry enenpy failureprocess leads tareversiblechanges and neurnal loss,
infarction, and gliosis, characterized MRS with low MNacetyl apartate (NAA)
levels.Theneurotoxiccascade of events include bredwn of cellular function
cell swelling/lysigseconday to a failure of the ATlependent N& K" pump and
hene Na', A" and HOIinflux), passive influx of calam (secondary to increasl
glutamate release ando a failure of the ATHlependent C& pump to extrude
calcium) release of excitatory nerotransmiters such as glutamate and
aspartate fom isthaemic cel, and activation of free fatty acids arfdee
radicals, leading to acidosiand @llular necrosis occurringypically at 2448
hours (10). Followingcell deathoccuring during the secondary phas#jere is
often a chronic or tertiary phase of furtheprogressive celldeath, repair,
astrogliosis,and remodelling (60, 61) during weeks or monthgollowing the
initial aaute brain injury.

See in figure 1-0-1 the representation of ion transporters hat regulate

cytoplasmatic pH, calcium influxn@ the ATP production in aerabiand
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anaerobic condition(49). The mechanismsfccel death may be more delayed
(apoptosis) or necrosis.

The Na'/H* exchangerdNHE) area family of ion membranetransport proteins
involved in maintaining a normal intracellular pH (pHida®Il volume in many
mammalianscell types, by extruding proteanfrom, and taking up sodium ions
into cells in an electroneutral manner. Excessiggvation of NHE idikely tolead
to alkaline shiftsn pHi and increased cell death via‘daerload whichpromotes
intracellular C&" entry. A whole section reviewinghte ole of NHE in hypoxia
ischaemiaand the evidence in neuroprote@n in animal modelshas been
included, andthe important observationn a preclinical modedf the association
between alkahe bran pHi and seizures is discussed.

Anaerobic glycolysigduring hypoxiaischaemia will occur generating lactic
acidosis(figure 1-0-1). Initially, this accumulation of lad¢ate and protons (B
woy Q ( detdirfental, as ATP will beproduced from PCr andCBF wi increase
because ofthe acidosis effect on the smdotmuscle. However, if acidosis
progresses it is known to contribute to braimjury by dired tisue
necrosis/neuronal injury, by a furthre decrease in ATP (secondary to

phosphofructoknase irnibition) and by loss adutoregulation(10, 12).
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FHgure 1-0-1: lon transporters thatregulate cytoplasmatic pHi

There is a tendency tocdification of the gtoplasm due to the activity of the anembic
metabolism prodicing hctate from glucose and aerabmetabolism (oxidative phosphorylation
in mitochondria that produce G The main @nspaters regulaing cytosolic pH are the plasma
membrane N& H" exchangers (NHEs) (1) and the NaHCQ co-transporters (NBCsR). The
plasma membrane GHCQ or anion exchangers (AE) (3) counterbalance these mechanisms by
acidifying the cell; anglasnma membrane C&-ATPases (4) also acidify thgasol by exchanging
cytosolic C# for extracellular B when intracellular C# is elevaed. Importantly in the brain
after hypoxiaischaemia, the monocarboxylatd" co-transporters (MCTs) will alkalinizkbe cel
(5). The Na'/K*-ATPase pumps (6) establian inward electrocmical N& gradient CA¢
Carbonic anfdrase, LDH; lactate dehydiogenase, pHi: intracellular ocytosolic pH; pHo:
extracellular or outside pHLaken fom (49).

The nechansms ly whichintracelular calcium contributes to cell deatre: i)
proteasesstimulation (contributing to cell membrane brakdown and to the
production of proinflammatory molecules such gsostaglandins)eukotrienes
and oxygen adical free),ii) lipasesstimulation (caspasecascadeactivation
leading tocellular amptosis),iii) activation ofcalciumdependent isoforms of
NGS (nitric oxidesyrthetase),iv) activation of ATRdependent C#& transporters

systems andv) calcium meliated uncoupling ®oxidative phosplorylation (10).
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Duringhypoxiaischaema and reperfusion, ractive oxygen ard nitrogen species
(ROS, RO free radicals, RNS, NO) are prod62edctivation of new radial free
cancauseirreversible injury €é.g.,by means of fatty acids peroxidation) and cell
necresis.

Many inflammatory pahways are ativated following hypoxiaschaemia and
recent studies postulated that bloodflammatory markers, such as-6Land IE
16, cauld be used asmarkers of injury severity used in combination with other
clinical predictorg63). It hasalsobeen well describedin animal modelg64, 65)
that an ongoing inflammation/infection setting may aggravate brajarin
Whether cell death is apoptotic oregraic may depend on theseverity of
the insult (and its duation) (66). Necross generally occwsin the acute phase due
to an abnormality of membnge integrity and peameabiity, and apptosis is
more frequent in the delayed phaseof brain injury. However, astudy in a
rodent modd of hypoxiaischaema explaes the idea tha there are na
completely diffeent pathwaysof cell deathbut there may be adcontinuumne
phenotype of @ll death (67).

In part 5, | will review the loss ofautoregulationoccurring folloving hypoxia

ischaemiawith increased cerebrdilood flow.
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Part 4. Neuromonitoring and prognostic tools in hypoxia

ischaemia

Understanding the fundamental mechams underlying bmin injury in the
newborn brain at term has apidly advanced in recent yeanstoviding better
biomarkers of outcome.Some of the following tetiniques to assessbrain
damage have been used for decades and they still have a very releVai.mn
neurologcal clinical examirteon, aanial US scans, electroencephalography
(EEG))However, in the last three decadesadvancesn magnetic resonance
imagirg ard spectoscopy have made a significant contribution in finding more
accurate early bimarkers and helpng in the understanaig of nmechanisms of

injury.

1.4.1 Neurological examination

dinical signs of eonatal encephalopathyypicdly evolvewith time. Sarn&a and

Sarna (68) described a scoringsysem of the neurobgical abnormalies

presented by infats following hypoxiaschaemia.The evolution of the score

during the first sven days of life would be a prognostic tod&seveal

modifications have been published, being the Thompson s¢®glargely used

in the UK as part of the Tghkcriteria for therapeutic hypothermia triaand br

daily clnical assessments during the first 4 days of #fedaton isa limitation fa

these scoringystems.Cooling is sindard of carecurrently, bringngi KS Ay Tl y i Q&

core temperatureg as soon apossible within the first 6 hours of life to 33
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34°C with a servocontrol device (rectal temperature being monitored
continuously) for 7zhours. Then slowradual rewarming (@5-0.5°C every hour)
until temperature is brought back within the normal phgkgical range (rectal
temperature between37-37.5°C) (16). Thoresen et al(70) reported that mild
hypothermia for 24 h was not protective aftéypoxiaischaemiain unsedated
piglets although here is controvesy with other animalstudies (71). It is a
common practicein neonatal units tesedate (plus muscle relaxant medication at
times)duringtherapeutic hypothermia

Once thesedative medication is sbpped it is crucial to determine the degree of
neurological impairmentwith a full neurological examation assessingtone,
posture, reflexes respiratory thrive and feeding abilities.Dubowitz et al (72)
published acomprehensiveyuide forneurological exanmation.

There are god clnicd predictors of outcome, such akaung attained full

oralfeedingby 1 week after hypotarmia (73)).

1.4.2 Cranial Ultrasound scan

This technique has been use br around ffty yearsand is still vluable as a bed
side tool torule othe strudural causes of neonatal encephalopathg.d., brain
abnormalities, cysticchanges,or calcfications in infedion), to detect early
changesin brain echogenicity e(g., oedema / areas of haemorrhage or
infarction) and its evolution. In terms of imagingthe levd of structural detail

reached by MR imaginhas relegatedranial ultrasound to a sead plane(74).
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Pourcelot introduced in 1976 the cereék resistance index (R()/5). A Rl below

the aut-off of 0.55 was fand to predict adverse outcome in over 80% of

newborn infants with hypoxitschaemic encephalopiay in the pre-coding era
(76). However, a low RI is significantlys$e pedictive d poor outcome
during hypothermiathan normothermia(77, 78).

A low RI reflectsvasodilataton or hypovolaenia, due b a loss2 ¥ (G K S
ability to autoregulatecerebral blood thw (CBF)X79, 80). An ncreased CBFsi
found n babies who have suffered a more severe insult. may be that

hypothermia induces cerebral vasoconstriction amehceincreasesRl

1.4.3 Amplitude integraed EEGaEEG)

Following a decrease in cerebral blood flow (CBF), various proxessted to

cerebral romeostass gradually fai(50). Below a certainCBF thresholdevel ¢

variable between differat subjects and anditions ¢ the brain becomes

ischaemic, withcessation of electrical functionaccunulation of lactate and

tissue awosk (51). If the duration and severity foischaemia is shorénough
there may be restoration of th&unction.

Integrated amgitude electroencephalographyalEtEG ¢ a single ortwo-channel
EEG filtered signal céfied, smoothed and amplitudetegrated bebre it is
written out in asemilogarithmicscale at slow speak(6cm/h) ¢ is especially

helpful at assessing the degreéinsult severity and also for progmstication (81-

84). The classificatn of the backgroundactivity can be done based on the
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voltage criteria(85) or the pattern classification(86) (see figure 1-0-2 with
examples of the different pattas)
1 Sewere aEEG:
o0 Voltage classificatianSeverelyabnormal voltage (upper margin
0St 26 wmlowermargihbSR 26 p >0
o Pattern classificatioi Cf 4 (N} OS ol tt | OGAQA
Continuous Low Voltaged(V: upper margin below 10>+ | y R
lower margin below 5 + 0
1 Moderate aEEG:
o Voltage clasification Moderately abnormal voltage (upper
YENBAY | 020S magnec3t 24 R2 NI2%I5ded G2
o Pattern classification Burst SuppressionBE: baseline activity
0St26 wmn >+ gAGK &ALA] SasNiwbd G2 Hp
Voltage DNV:upper magin abovel0 >+ |y R f 28SNJ YI N
Y2aGfe 020S p >+3I gwakdeycing RS o6 yR |
1 Normal aEEG:
o Voltage classificatiomormal@2 f G 3S ¢ dzLJLISNJ YI NHAY
and lowermarginabovep Vp
o Pattern classification Contnuous Normal Voltage (upper margin
abodS mn >+ |YyR f26SN YI HEESWI | 620S

also show variability with sleewake cycling (SWC).
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Figure1l-0-2: aEEG clad#tation based on patterrcriteria. A: Continuous NormaVoltage (TIV)
with sleep wave cycling (SWC).nfants with neonatal encephalopathy generaillys not found
such awell-defined pattern even at the end of cooling, not only because of the abnormal
electrical activity secondaryo hypoxiaischaemia but alsaue to sedative medicationB: CNV
immature or returning. This is more typically seen in infants with neonatal encephalopathy when
they are normalising the EEG activit§. DiscontinuousNormal \6ltage (DNV). D: Burst
Suppres®n (BS). E: Continuous Low dltage (CLV). F: Flat trace or isoelectric EEG.
A, B, C, D and Bre aEEG recording with the Nihé&ohder® system (Japanand E is using
NicoletOn® (Care Fusion, UlBoth allow 12 lead EEG rediorg. On the top are, aEEG basdre
found, which show the giterns classified.The red vertical linen the aEEG shows the time
period for which the machine is showing raw EEG in the bottom of the screen.

Electrical sizures can be detectedven in the &senceof clinical seizures. By
appear as a sudden elevatioof both the lower and the upper margin of the

aEEG or as paroxysmal episode dirain dysfunctionof at least 1620 seconds.
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Examples of neonatal seizures from the patients included in thidystanbe

foundin figure 1-0-3.

Ois

Figure 1-0-3: Examples of neonatal seizurefl.eft) Start of a seizures with stereotypicharp
waves, rythmic, recorded with the Nihdfohden system; and (Right) and omygp seture,
recorded with theNicoletOne system.

For further detdls, there is a paper ¢ontributed inwhere we descrite in detail
outcomes in ifants with neonatal encdmlopathy depending on the
background pattern and on whieér they hadseizures or at (87). Theinterictal
pattern of background aEE data has been shown to correlate well with
outcome (88). It is a dynamic tool contributing to assesghe evolution of
electrical activity at bedsidein reattime, as opposed to othewery specific
techniqguessuch as MR whbh require generally being differed few days
Generally the background activity will be suppressed followiagsignificant
hypoxicischaemic eventThe rate ofimprovement of the backgund EEG is a
useful prognost tod. A fast normalisation of backgund activity and return to
sleepwakecycle at aound 36 hours of age amonsideredo be associated with
a good prognosig12). It is harde to predict with aEE@® the grey/mid-area of
infants with noderate HIE, but it is rare ot find significant adverse

neurodevdopmental disabilitieswhen the backgrond activity is normal. A
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persistently abnormal background activity (BS, CLV or Flat thaceases the
likelihood ofa poor outcome.

With the introduction of therapeutic hypothermia, it has been shown that
infants with neonatal encephalopathy can takenger to normalise background
patterns If a normal background returns before or at 48 heof life, the childs
still likely to have a goodrognoss (84).

Seizures have been associateith longterm effects(89). There is evidence that
seizures are associated with increasadkrof mortality and rarbidity (90),
suggesting that untreated electrica¢izures may either induce neuronal injury or
exacerbate existing brain injurie@l). Therapeutic hypothermia appears to
reduce seizurdurden(92).

When predicting outcome, it is always a matter of gathering thformation
from the different prognostic tools available, such as background EEGreseizu

burden, neuroimagingesults and clinichexaminaion.

1.4.4 Near Infrared Spectrecy (NIRS)

Cerebral NIRE another neuromonitoring toolthat can beused combind with
aEEG/EEGt can continuouslymonitor cerebral bl@d flow (CBF, oxygenation,
and metabolism atcot-side from the early stages after birttor a prolonged
time, with the potential to provide information on the severity of the evolving
injury and outcome.

NIRS usethe near infrared (NIR) region of light (/10000 nm)through the

relatively transparen biological tissug(93), deteded on electrodes(optodes)
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stuck tothe baby@ forehead The thinner skin and skull ofemborn infants
compared to adults or older childrerallows a better brain tissue depth
penetration. Hemoglobin is one of the compounds (chromophores) in the human
body that absorbs light. The absorption spectra of oxygenated and de
oxygenated hemoglobin (HbO2 and HHioge different in the neainfrared
region, allowing changes in condeation to be individually monitored using
NIRS. Total hemoglobin (HbT = HbO2 + HHb) and hemoglobin difference (HbD =
HbO2HHD) are derived parameters and have been used to representgelsain
cerebral blood volume (CBV) and cerebral oxygenation, resgécti Most
commercially available NIRS systems measure cerebral oxygenation or tissue
saturation (StO2, rScO2, TOI, rSO2), which is the percentage ratio of HbO2 to HbT
(HbO2/HbO2 + HH) these gstems are often referred to as brain oximeters,
with different manufactures implementing different NIRS techniques to derive
brain tissue saturationAt UCLH, théroadbandNIRS system developday the
Engineersand Physicists at the BORL (Biomedical Optics Research Laboratory)
allows to monitor changes incytochrane C oxidase (CCO) during and after
neonatalhypoxic ischaemic injuryrhis work is part ahe doctoral thesis works

of DrSubhalpatra Mitra and DrGemna Baleg(94, 95).

In sectil 1.4.6,the changes in cerebranergy metabolis1 following hypoxia
ischaemiaduring the different stages of energy failyrare discussedn detalil

using phosphorus spectroscopy (PMR8at 7 presentsthe changesin brain
perfusion andcerebral blood flow following asignificant hypoxicischaemt

event.
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1.4.5 Patern of brain Injury on conventional MRI

MR imaging provides important information about the localizatiextent, and
severity of bain injury, aswell as aetiology. It has been shown to be dpld
prognostic tool(96).

Patterns of hypoxicischaemic bain injury were previously descriled in
pathology studes With magnetic resonancemaging (MR)I they are now
illustratedin greatdetail and resolution in vivo inewborn infantg(97, 98).

In the 1950s1970sthe two main patterns of injury on MRwere describedin a
primate modei the injury pattern assoated with acute total asphyxi€99) and
with chronic partial aghyxia (46, 100). These twomain patterns are @scribed
below (Fgure 1-0-4).

The pattern ofinjury can predict neurodevelopmental outcomglRIchangespn
conventional imaging (T1 and -Wighted images)are at their most obvious
between 1 and 2 weeks from birth. Very early imagdring the first week may
be useful to make management decisions in ventilated neonatesveverbrain
abnormalities may still be subtleluring the first few days of life using
conventional sequencesn these early dayst is crucialto use theDiffuson-
weighted imaging (DWHKp detect ischaemictissuein the neonatal brainwith
decreased mean difisivity (MD) ratiosn the ischaemi@reaswithin the first 7
days of life(96). In infants who underwent therapeutic hypothermithe return

of MD to normal pseudenormalizatior) occurred after the tenth day as

compared to §8 days in thepre-coolinggroup. Infants with the most severe
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injury demonstrated greater eduction in MD, but no difference in time to

pseudcenormalization (101).

Figurel-0-4: Patterns of brain injury
First row: infant with normal intracranial appearances on dayf age after mild HIE {Besla
Philips® a) Axial Tdveighted (w) MPRAGE image; and b) Ax@ahv 2D 3mm image.

Second row(3-TeslaPhlips®: 2-day-old infart with a predominant BGT pattern of brain injury
(infarctions of basal ganglia, thalami andripalandic cortices) with a) Axial 1 MPRAGE; and b)
Axial T2w 2D 3mm.

Third row (1.5Tesla PhilipPhilips® 4day-old infant with a predominant watershed ifury
pattern following HIE (areas of cerebral cortical infarction affecting the insular esytitontal,
temporal occipital lobes, some of which is in anterior and posteaaiterial watershed territory):
a) Axial Tw; b) AxiaT2-w axial 2D 3mm. ffalamus § relatively preserved.
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Predominantasal gangligthalamus pattern (BGTi¥ the mostfrequent pattern

A yacut® neartotal asphyxi® affecting bilaterally the centlagrey nuclei
(ventrolateral thalami and posterior putama) and peri-rolandic ortex. The
hippocampus and brainstem caalso be involved.As described in the first
section, his pattern of injury is most often seen following an acute sentinel
event, such & uterine rupture, placental abruption or prolapsed cot3). The
high metabolicrate andincreased concentration diMDArecepwrsin the BGT
make these structures versusceptible toacute perinatal HI injury102). Injury
to the BGT will benore likely to lead to motor problems (e.cerebral palsy) and
others(visual and hearing impairment, later seizureshaviouraldifficulties and
cognitive impairment described elegntly by MartinezBiarge et al(103). The
severity of the BGT lesions is the best predictor of motor problefhe signal
intensity of the PLIQoosterior limb of the internal capsul& the best predictor
of the ability to wallkat 2 yearsof age.

Watersted predomiant pattern of injury typically followsWLINR2 € 2 Yy 3SR
| & LIK &TReiatedd dusceptibte injury are \ascular watershed zonesborder
zones between the major cerebral artest anteriorgmiddle cerebral artery and
posterior¢cmiddle cerebralartery; and at the depth of the sulci This will affect
white matter and in more severeasesthe overlying ortex. The lesions can be
uni- or bilateral,anterior and/or posterior. The lossof the corticalribbon can be
detected on conventiond MRI (104, 105). These lesiogimay become cystic
atrophic or developgliosis(106). Hypotension,infection,and hypoglycaemiaan

be associated as aetaical factors (107). Cognitive deficits are associated
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predominantly witha wateashed pattern of injuryg often without functional
motor deficits. Cognitivémpairments include memoty difficulties, visuakmotor

or visuatperceptive dysfunction, or incread hyperactivity(108-112).

Global pattern ofnjury typically followsa very severe nematal encephabpathy,

and the condition tends to be fatal. MRI can show sufbical white matter and

cortex involvement

1.4.6 Cerebral energy metabolisrfollowing perinatal hypoxiaischaemia

Magnetic Resonance SpectroscopdRS has been used tstudy brain energy
metabolisn non-invasively. Phosphorus31 @¢P) and proton ‘H) MRS have
contributed withunique informationover the lasthirty yearson cerebral energy
metabolism during the evolution of brain injury following hypcisahaemia in
the newborn infant (54), neonatal rat(113) and the newborn pigle(52, 114)

(Figurel-0-5 and 1-0-6).

Amplitude ¢)
]
o
m

0
Frequency (apm)
Rel. 6.0623E0

Figure1-0-5: 31P MRS sprra from deep grey matter of aewborn infant following mild HIE
It provides in wo information on tissue bioenergeticsnd pH. The metabolites arée®ME
Phosphomonoesters (PEt: phosphoethanolamine aR€: phosphocholine)Pi inorganic
phosphate(product of ATP breakdown and gendsahsummedpeak ofHPQ and HPQ); PDE
phosphodesters GPC:glycerophosphocholine an@GPE glycerophosphoethanolamine®Cr
phosphocreatinghigh energy buffer compad); NTP. nucleotide triphosphate (maink, h - and
3-ATR central intermediate o&nergy metabolisn
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Figue 1-0-6: 1H MRS Spectra (PRESS, TE 288ms) on the left thalamus of the BGT of a newborn
infant following mild HIE It provides in wo information ontissue metabolism and neuronal
death. The metabdtes are:ml: myo-inositol (glial cell marker and osmolyte hormone receptor
mechanisms)Cho:choline (cell membrane marker)Cr. creatine(energy metabolism)NAA N-

acetyl aspartate (mai neuronal marke), Lac Lactate product of anaeobic glycolysis)The

water suppression technique si used with PRESS pulse sequence addition
(PointREsolvedSpectroScopy,whichrefocuses the spins with 18(° RFpulse like a spin echo

Proton(*H) MRS ha been used in mates since the early 199@4$15, 116). Due

to the greater sensitivity of the'H nuckus, compared to3!P, data can be
obtained fromsmaler regions dthe bran using proton spectrosipy. Usng long
SOK2 GAYS& o mMoc Yaos O kSnsthed dreatiné y 3
and phosphocreatine as a single peak (Cr), choline (Chagetyl aspartate
(NAA) andt when present lactate (lac) and 1,2propandiol (result of
medication such sphenobarbitone) When shorter echo times are useadhyo-
inositol, taurine and the combined glutamatglutaminegGABA peak can be
measured(117). Given the large amountsof water n the neonatal brain, Igh-
quality water suppressions essential for'H MRS.The concentration of the
above metabolites is in the millimolar range. Absolute quantification of

metabolites is difficli, therefore metabolite rdios sud asLac/NAANAA/Cho,
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NAA/Cr orCho/Crare useal instead(118). From!H MRSlata, in infints with NE it
Is of particularinterest cerebral lactate, a marker of anaerobic metaboljsnd
N-acetylaspartate (NAA)an abundant amino acid foundnosty in neuroral
bodiesacting as a markeof neuronal integrity(119-121). Cerebral lactate rises
and NAA falls during trangie hypoxiaischaemia; these maboites return
almost to baseline levels after successful resuscitatanly to befollowed by a
secandary increase in lactate and slower reduction in NAA in the hours that
follow. An example ofH MRS in aormal baby anda baby following severe
hypoxiaischaemia can bedund infigure 1-0-7. Currently, the mosskensitive and
specificbiomarker oflongterm neurodevelopmentaloutcome in infants with
neonatal encephalopathfzas been shown to bthe peak area ratio of Lac/NAA
in the ventrolateral nuclei ofhe left thalamusat TE 288 md)etween day 5 and
14 of life This metaanalysis gthers the data from32 gudies with 860 infants
with neonatal encephalopathy in tota{122). Azopardi et al (123, al®
confirmed in the TOB¥Xenon study thathis biomarker was a good gdictor of
outcome after neuroprotectie therapy. More recently, in a doort of 55 hfants
with neonatal encepalopathy,it was shownthat BGT &c/NAAwithin 14 days
using an optimised netabolite fitting (Tarquin) with threonine andotal NAA
on'H MRS at3T accurately predicts 2year motor, ognitive and language
outcome and may be a miger directing decisions for therapies after cooling
(124). There ha been also studies ealthy controls and preterm bads (125).

3P MRBwas one ofthe first MRStechniques used in neomes more than hree

decades ag@126). It provides complementary information fé1 MRS Generally,
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for 3P MRSin neonates, spectrara collected from large regions of brainwith
this technique, metabolites such as high enepghosphates hosphocreatine
(PCr)and nucleotide triphospate (NTP, mainly ATH infantg) and inorganic
phosplate (Pi), phoshomonoestes (PME) and phosphodiess (PDEran be
detected. As it happens withH MRS, absolute quantifications are difficudt t
achieve and therefore, metabolite ratios are generallailated toanalyse brain
oxidative metabolism change In addition intracelldar pH (pHi) can be
calalated usig the modified Hendersotdasselbkeh equation (127). In
newborn infants shortly after intrapartum hypoxiaischaemia cerebral
energetics often appear normal offP MRS(53). However, in infants with
adverse outcome, despite adequatexygenation and circulationthere is a
declinein energy metabolites as manifesteq low PCr and AT,Rnd an increase
in Pi, in the first dayof life (53-56). Exanples of3!P MRS in a normal baby and a
baby fdlowing severe hypoxigschaemia candfound infigure 1-0-7.

Both *H MRSand 3P MRSchangesoccur in parallel leadingto the energy

disruption (reduction in PCr/EPP and NTP/EPRB)increased in lactate.
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Figurel1-0-7: Representative 31P MRS (left) and 1HRE(right) Specta from a) a normal baby
and b) a baby with severe neonatal encephalopatliywith an increased Pi peak and drop of
energy metabolites on PMRS and an increased Lactate peak; thdse & proparl,2-diol peak,
which is a metabolite ophernobarbitone, appearing in those who received the medicatitn
treat seizures)

Following initial brain acidosis, it has been observed thedirb pHi becomes
alkaline duringthis secondphase of energy decling3, 57). These metabolic
changes werdermed "secondary energy faie" (SEF) on théads that they
followed impaired intrapartum cerebral engy gereration (resulting in
transiently reduced PCr and NTP and increased Pi), which resolved following

resuscitation(52) (Fgure 1-0-8).

Baseline 60 min 48h
P —

energy failure

NTP/EPP

o .
HI  Resuscitation Min. NTP/EPP

Figure 1-0-8: Schematic ¢hgram illustrating thebiphasic pattern of energy failure associated
with a transient hypoxe-ischaemic (HI) insult using 31P MRS in tha_p@let malel.
NTP Nucleotid trignosphate.EPP exchangeable phosphate pool (epp=Pi + PCr + NTP).
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It was assumethat SEF was consequaeaitto a pathological mechanism initex

by intrapartum HI or/and reprfusion/reoxygenation.

1.4.7 Brain pHi changes indbieswith Neonatal Encephalopathy

3P MRSis the only non-invasive way to measure pHi apart from Positron
EmissionTomography, which reqres injection of radioactive ligandand thus
not feasible in babiegl 28).

Using 3P MRS, brain pHs imeasured using the chemicshit difference of Pi
(129, PCr and ATRL30-132). The titration curve of the Pi is in the physiological
pH range; hence its position dependsnothe environmental pH to the Pi
molecuks. pH is calculated from thehemical sht of inorganic phosphat 6 1 0
using a modified Hendersedasselbkch equation. The one used in tle following

studieswasdescribed by Petroff et sghndusedby Hamilton et a(127, 133-135):
pH = 6.77 + Igow 6 B8.29) / (5.68+ 0O 6 Equationl

The pHi value calculated from Pi is thought to reflect the pHi in dead or injured
cells whereas that derived fro other metabolites may reflecother cell
populations Tablel-0-3 that | producedfor the reviewpaper published on brain
pHi in hypoxiaschamia (49) shows studies in normal neonates and infants

documenting braimpHi using?’P MRS.
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Reference n GA at birth Age when studied Mean brain pHi Localisation
(weeks
Hope et d 6 Median 40 Mean 76 h 7.14 + 010 Surface coil
1984 (28-40) (16 hq 97 d)
Hamilton et al 18 Median 32 5 (1-61) days 6.98 + 0.34 (28 wks) Surface coll
1986 (2842) GA + PNA mealn 35wks
(2842)
Boest et al 12 ? GA + PNA median 43wks 7.08 (SD 0.1) Surface coll
1989 (33wks- 6 yrs)
8 were stulied at 40 wks
Azopardi et al 30 Median 33 GA + PNA median 34 wks|  7.1¢ no change with Surface coll
1989 (dat (24-42) (26-42) maturation
a AGA 28 wks 7.14 (+0.28
from 42wks 7.09 (+0.28
23) SGA 28 wks 6.97 (+0.24
42wks 7.19+0.24)
Laptook et al 7 40+/-1 10 exammations within the 7.02 £0.08 Surface coil
1989 first 2 weeks after birth
Van der Knapp | 41 Term Mean 71 months 7.04(95% Cl 6.96 7.12) Volume
et al (1 monthsg 16 yrs) No significant change. localised
1990 (ISI$
Buchli et al 162 Term 2-28 days 7.11 (+0.06) Volume
1994 GA + RA mean 42 wks (39 localised
44) (ISIS)
Martin et al 1 Median 40 Median 4.3 days 7.12 (+0.05) Volume
1996 (36.342.1) localised
(ISIS)
Robertson et al 3 Median 39 GA + PNA median 44 wks 7.02 (£0.03) Volume
Unpublished (38-40) (41-64) localised
data (ISIS)

Table 1-0-3: Studies in norméneonates and infants documenting brain pHi using 31P MRS

(based on [69, 71, 783]) 2 Controk were healthyterm newborn babies who had been
hospitalisedfor non-neurologic reasonsGA: gestational age; PNA: postnatal age

Taken from(49).

Brain pH homeostasis in the cytsand dher cellular compartrents is

maintained by a dynamjdinely tunedbalance between protomextruding and

proton-importing processe€l36). Under physiologic conditions, theteacellular

pH is-7.4, howeve the cytosolic pH is more acid’(2). Other orgnelles possess

their own specific pHFigurel-0-9).
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Extracellular
compartment
7.4

Mitochondria
8

Endoplasmic reticulum
7.2

Figure 1-0-9: pH of the main cellular compartments in a prototypical mmanalian cell (data
collected fom Casey et a(136)). Figure t&en from (49). The mitochondrial pH refers tthe
space contained by the inner tachondrial membrane.Under physiological conditions, the
extracellular pH is slightly alkalineréund7.4). However, even when bathed in large volumes of
this heavily buffered, aldine medium, the cytosolic pls slightly more acididn fact, the cells
must guard against further acidificatiodue to the potential across thenembranes(negative
inside promoting the uptake of protons and thextrusionof negativebases like bicarbmate)
and to the net acid equivalentgenerated by various metabolic aetions (for example, ATP
production in the cytoplasm by glycolysis and in mitochondria by oxidative phosphorylation

Most of theproteinsare pHdependentto maintain heir structureand function;
pH plays an important part in many metabolic functionsdathe charge of
biological surfaes affects many cdlilar reactions There is a tendencjor the
cytosolto accumulate aciddue to the activity of theanaerobic metabolisi
glycolysisin the cytoplasmproducing lactate,and to the aerobic netabolisn
(oxidative phosphorylation in the mitochondria producing C@ Figure 1-0-1
represents ion transporters #t contribute to regulate cytoplasmatic pHi

Protons ae actively extruled from the cytosol by proton pumpg ATPases,
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coupling to othersubstrates through exchangershe main transporter that
protects cells against acification is the N& H" exchange(seesection 4.

In 2002,Robertson et aktudied thepHi changesin whole brainin relation to
outcome inbabies with neonatal encephapathy, in the precooling era(3). In
78 babies with neontal encephalopathy studied serigliduring the first year
after birth (151 studies throughout the year incing 56 gudies of 50 infants
during the first 2 weekafter birth) they demonstraed that: (i) alkaline brain pHi
was associated with severely imped outcome in babies; (ii) theedree of brain
alkalosis related to the severity of brain injury on MRI domin kctate
concentration; (iii) brain alkalosisepsisted for several weeks imabies with a
severely impaired outcome and persistence was aisged with cerebral atrophy
on MR. A brain pHi of 7.15 and above measured in the first 2 weeks after birth

had a sensitivity of 71% and specificity of 92% foegicting adverse outcome.

MRI classification | Mean (SD) pHi
< 2 weeks at <2 weeks

Normal 7.04 (0.05) 10
Moderately 7.12 (0.1) 18
abnormal
Severely 7.24 (0.17) 22
abnormal

Table 1-0-4: Assaiation of the severity of brainnjury in MRI and mean pHi within the first 2
weeks ofagea Sy 0{ 50 02Ndeeks/of dg# ithfants ivith Meonatal engehalopathy

classified accaling to the brain MRI pattern (based on data from Robertson €B)al There are

differences statistically significant between theiphithe group witha normal brain MRI and the
pHi in the groupwith a severely abnormal MRI.

Table 1-0-4 publishedin the above mention paper(49) shows the brain pHi

measured using'P MRS in infants with birth alspxia.

Page64 of 255



In vivo data suggest that the returof pHi to normal or alkaline values mag b
deleterious to cells that have undergonkypoxiaischaemia This rebound
alkalosis has been termed pH paradox and has been described in several cell
types (137-139). Possible mechanisms leading to pH dependenirinjncude
activation of phospholipases and proteases which have an alkaline p&et, af
the mitochondrial permeattity transition pore, leading to uncouplig of
oxidative phosphorylation and aggrai@t of ATP depletion(140) and an
exacerbation of gcitotoxic neuonal injury d to an increased NMDA activation
at alkaline pH{(141, 142). An understanding othe man transporterleading to
brain alkalosis aftethypoxiaischaemia(Na’/H* exchanger:NHE)therefore is
important for future neuroprotection strategies.

Using magnetic resonaacspectroscopy (MB), the timing of the evation of
energy failure and changes brain intracdular pHi have been fundamental in

suggesting new avenues for neuroprotection.
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within 2 wks of age.

7.11 (+0.09) ¢ normal outcome

group

Ref. n GA at Age when studied Mean brain pHi Localisation
birth
(weeks)
Cady etal 7 3340 42 h¢26d 7.2(SD0.3) Surfacecoil
1983 (3 birth One infant studdd on 5 occasions
asplyxia) (on day 26: brain pHi = 7.4)
Hope et al 10 3841 8h¢g27d 717 £0.1 Suface coil
1984 (obtained in 36 at time of lowest PCr/Pi
times in each infant) (meanage 113 h: 16k 9d)
Hamilton 27 Median Median 3d a¢SYRSR (2 09§ Surkce coil
etal Echodensities 40 (8 hg23d) Values fron 19 of the infants were
1986 seenon 8S | (27¢42) above the regression line for normg
(13 birth infants; 6 wee above the 95% CI.
asphyxia)
Laptook « 1 36 15d,8d,15d,9m 7.3¢7.4
al 5 38=+2 Within first 2 wks 7.14 (£ 0.12) Surkce coil
1989 after birth Significantly diffeznt from the
normal infants when othef'P
metabolites showed no difference
Azzopardi 61 (all 27¢42 3d (0-23) 7.14 £ 0.27 (n=61)
et al infants) Surface coil
1989 40 infants 40(31- 3d(1-10) 7.16 £ 0.19 (n=36)
with asphyxia 42)
Martin et 23 Median | Median 3 d 7.21 (x0.16) Volume
al 40 (NNS 1 severe) localised
1996 (36.9 ¢ | Median5.5d 7.09 (+0.04) (1sIs)
41.9) (NNS Z; moderate)
Median3 d 7.10 (+0.08)
(NNS 3; mild)
Robertson 43 Median | 77 examinations: At time of lowest PCr/Pi (ithin first | Volume
et al 39.5 25within 2 wk age 2 wks d age): localised
1999 (36-42) | 16 between 24 wk 7.23 (x0.07)¢ abnormal outcone | (CSI)
25 between 430 wk | group
11 when > 30wk old | 7.08 (0.04) ¢ normal outcome
group
Robertson 78 39.5 (SD| 151  examinations| At time of lowest PCr/Rwithin first | Volume
et al 35(+48 1.6) within the first year | 2 wks of age): localised
2002 presented (36-42) after birth. 7.28 (£0.15), 23 infants with severe| (ISIS)
above) 50 Ay ¥ | sfuiligs(| outcome or died

Table 1.0-5: Studies in infants with birth aghyxia documentingbrain pHi measured by 31P
MRS(based on [47, 48, 669, 71, 80, 89, 90])aken from(49).
a. The pH was taken from a heterogeneous group of infants includinfanits with
congenital mecular dystrophyand with meningitis. The author noted #re was no
evidence of intraellular acidosis in infants with birth asphgpdnd stated that the pHi
was similar in infants with birth asphyxia to those without. On close @xation,
however, infans with birth asplgxia tended to have a more alkaline pHi.
NNSc neonaal score. NNSg& severe NE; NNS¢2moderate NE; NNS@mild NE.
GA: gestational age; PNA: postnatal age; m: month; wk: week; d: day; h: hour.
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Part5: Na+/H+ Exdangers

This section haslready been puisk SR Ay GKS NBENaGs LI LIS NJ
exchangersk YR AY GNF OSf f dzf | NJ LJ (49 fhe NGSHNRA vy I § | €
exchangergNHB are a family of ionintegrate membranetransport proteins

involved in maintaining a normaintracellularpH (pHi)and cell volumen many

mammalan cell types (143 144), by extruding protons from, and taking up

sodium ions into cells in an electreatral manner(1:1 stoichiometry)(Fgure 1-

0-1).

To date at least ten NHE isoforms (NHE1 to NHE10) have been identified in
mammals(145). NHE10 was recently described as an osteosastific member

of NHE family, regulating osteoclasts differentiation andvisiaid (146). NHE15

are expressed on th@lasma membranes in vars types. NHE® reside on
intracellular orgnellar menbranes of the endosomatans Golgi network147,

148). NHE isoforms have similar membrane tlgges, wih an Nterminal

membrane domain consisting of 12 predicted transmembrane segmanisaa

more divergent @erminal cytoplasni domain (136, 148).The NHE 1 isoform has

been studied closely ahis present at the cell surface of mostlls, especially

plasma membrang It isthe most @undant isoform in the catral nervous

system (CNS{[149 150. NHE1 plays a crucial role in protecting céfsm

internal acidificaton ¢ acting together with bicarbonat&ransporting sysems ¢

and restoring cell volume to steadyate levelg151).
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Intracdlular acidosis is the major stimulus that regulates EfHactivity. As the 'H
concentration of he cytosol rises, therés a sharp increase in thetavity of the
transporter. Nearmaximal velocity is achieved approximately one pH unit (Hill
coefficient > 1), theeby minimsing exposure of the cytoplasm texcess
acidification(152, 153).

In addition to respnding to ntracellular acidification, various signaian alter
the NHEL internal pH sensitiyitsuch as hormones, mitogens and physical
stimuli €.g. mechanical stretch and hyperosmolarity), modulating itsestat
phosphorylation(136, 144, 154-158).

The exchangactivity is more active at alkaline pHlwes due toa shift of the set
point by phosphorylationof the residues. It is also regulated ahe
transcriptional level, supporting the controlt anRNA levels and at protein
production level (159, 160). An alkalinecytoplasmic pH pgHQ is thought to
provide a permissive environment for the progression diverse cellular
processes, includinghanges incell shapg161), adhesion(162), migraton (163,

164), chemotaxig165, 166) and proliferation(167-169).

1.5.1 Effect of hypaia-ischaemia on NH

Reductions in bloodflow with isch@&mia and reduction in oxygen supplith
hypoxia decrease the supply okygen requird to maintain tissue ATP levels,
egpecially inexcitable organs such as the heart and brain that have a high
demand for energy. As ATP stores are depletedtate, pyruvate and protons

accumulatedue to anaerobic metabolism of glycogen stores. The accamypey
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cytoplasmic acidification caas hyperativation of plasmamembrane NHE1
leading toaccumulation ofntracdlular N&. The Naoverload reverses thenode

of operation of N&C&* exchange, driving eess C# into the cell. The resulting
elevation inintracellular C& concentration and subsegent activation ofa
neurotoxic cascade with stimulation of proteags, phospholipases, and
formation of oxy@n and nitrogen free radicalprecipitating serie®f deleterious
effects, including altered membranexcitability and contractility, geeration of
toxic free radicals, cellular hypertrophy, apoptosis and necrosievents that
result in cell death(170, 171). Activation of NHE also leads to the rapid
normalization of plHduring reperfusion after HIL36, 145, 172 173).

Removal of external Nar reducing he external pH attenuates the peanoxia
alkalizaton (174). WhenATP levels fall to 35% of continlisolated CA1 neurons
during chemgal anoxia, NHE activity is reduced by#Z&hus, activation of NHE
function appears to be deendent upon ATP energy levels which support

phosphorylation of the protein.

1.5.2 NH Exchangerlbckade and neuroprotection in nemtal models

Although the NHE activain is essential for the restoration ohpgsiological pH,
hyperactivation of NHE1 in neuronis, response to the metabolic acidification
associated with an is@emic/hypoxic insult (137, 175178), disrupgs the
intracellular ion balance;ausing intracellular Nand C&* overload(179) which

eventually leadso cell death There is experimental evidence irtra and in vivo
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that ion transpater inhibitors (especially NHEnhibitors) are neuroprotecive

(Table 1-0-6).

Table 1-0-6: Preclinical studies. Brain pH and NHE blockers in perinatal brain ynfbased am
[51, 94, 95, 91, 9401, 90, D2-107)).

Abbreviations: NHE: NdH* exchanger; NHE: isoform 1 of NHE; NCXNa'/Ca?* exchanger-1;
BBB:blood-brain barrier.

MIA: N-methykisobutylamiloride (inhibitor of NHB; EIPA:N-(N-ethyl-N-isopropyl}amiloride
(highly potent derivative of amiloride for the neselective inhibition of the NHE system
various cell types); SM20220: N-(aminoiminomethy)-1-methyl1H-indole-2-caboxamide
methanesulfonate(a highly skective and specific NHE inhibitor, 50 times morgotent than
EIPA); HOE642: cariporide mesilate or 4-isopropyt3-methylsulfonylbenzoyguanidire
methanesulfonatga selectiveNHEL inhibitor); S1611(a selective NB-3 inhibitor); Harmaline(a
non-amiloride NHES inhibitor).

NTP/PMENucleotide triphospate /phosphomonoestert.ac/NAA:Lactate / NAA ratio.

RTNn: retrotrapezoid nucleusneurons; NT$: nucleus tractus solitarii ngons; LCn: locus
coeruleus neurons.

Talen from(49).
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Paper |

Foecies

Model, study design

NH exchanger blocker

Resllts

In vitro studies

Vornov Exvivo Rodent -Neuronal tssue culture model dschemia(1819 d | -Group 1. ischemic conditions vs| -ProfoundLINE (i S O (i A @ $H: Bufirg T fecovery. @till after prolonge
1996 17-d ratfoetuses culture)from embryonic 17ay ratfoetuses prolongedischemia (dmin) insult (30 min despiteloss protective effects NMDA receptor antagonit-8D1)
(Harlan Sprague| -20 min ischaemia with metabolic inhibition: | -Group 2:Incubation with NHE blockers § =>suggestingrotective effectsdue tointracellular acidosis
Dawley) cyanice + 2DG. normal pH (dimethylamiloride 100 | - 1t demonstration of protective effest of blocking NHE in cerebral ischen
1012 celk. - Injury quantified using LDH liberation. microM & 300 miroM and harmaline 100 | model (block during recovery); wa injury if pH normalises fast.
microM & 300 microM) slowed pH | =>Protective effects acidosis frorsuppressing pksensitive mechanismsof
recovery injury or fromblocking Na entry(NHE).
Matsumoto Exvivo Rodent -Hypercapnia (5% CO2) for 1D4 d, then cortical | -Some givenr'SM-202200.3 to 30 nmol/L | - SM20220: @ glutamateinduced neuronal death over 6h (300umol/ll
2004 1-d old rats neuronscultured on glasbased dishes 20 minpre-glutamae exposue; orMK-801 | inhibited postglutamate exposure (500umol/L): acuteellular swelling,
Culture of cortical| -Staining: asseggutamateinduced neuronal death| (NMDA receptor antagonist) persistent- [C&*i and intracellular acidification.
neurons -Neurons  morphological  change  (contra -All events glutamaténduced were MKBOL-A Y KA 0 A (i SR R S ltyii K
microscope) => Neuroprotection: inhibit persister{C&"]i & acidification in excitotoxicity
-C&*% concentration and pH by fluorescence
imaging
Robertson ExvivoRodent -Progressive energy decline aftéfl insultin rat | -14-d-old rat pups brain slices perfused fq -No gestational age effect on energy declinevoe¢n 7d and 14d model.
2005 14- and 7d models of| brain slice neonatal model;*® H MRS 350m | 8 h: - NI AY &f A0S Y2RSf dzyRSNBSyi asSozy|
rat pups slice i) at37°Cin KHB; ii) a82°Cin KHB; PCr/Piancht | QG iSkb! T 13PR). @ be¢tktadX I
Brain slices -7-d-old rat pups brain slices perfused in KHB: i)| iii) at 37°C in HEPHfsiffer, - Changes were delayed with hypotherm{@2 C)or amiloride (pH acidified and
37°C; i) at 32°C; arldi-d-old slices perfusedor 8 h | iv) ImM amiloride at 37°C in HEPES NTP/PME was presesd, at baseline and ats).
in similar solutions and then NHE blocker
Kersh Exvivo Rodent -Hypercapnia (15% GO -DMSQvehicle -pHi recovery mediated by different pie¢gulating transportersn neurons from
2009 3-15d old Sprague| -NH.Clinduaed acidification in brainstem neuron| -Amiloride 22 mM concentration different chemosensitive regions (NHEn RTNn; NHE and NHE3 in NTSn; Na
Dawley rat both sex from chemosensitive regions of neonatal rg -HOE 642 1 microM concentrah and HC®dependent transporte in LCn), but recovery suppressed
Brain slices. (brainstem slices from RTANNTSn and LCn), pi -S1611 5 microM concentration. hypercapnia in all neurorgnaintained acidic pH)
senstive fluorescentdye+ fluorescence microscopy -EIPA 10600 microM concentration
Liu Exvivo Ro@nt - Isolation of mixed primary glial cultures | -Group 1: untreated. -HOE 64abdished phregulation inmicroglia basal conditions.
2010 1-3-d neonatal mice neonatal mice. -Group 2: HOE 642 -Activation of microgliaaccelerated pHregulation (= pH, = Nai and C&%, and

Glial cultures - Activation of microglia after lipopolysacaiide or productionof superoxide anion (SOA) and cytokines (CK)).
oxygen and glucose deprivation and reoxygenatio -HOE 642 abolished pRBE 3 dzf | G A2y X @ LINRAGSdzOGA2Y
-Hypothesis NHE1 to maintain microglial pH homeostasis allowing fo
sustained NADPH oxidase function and "respiratory" burst.
In vivo studes
Ferimer Rodent Cardiac arrest (KCI) in ratdiéaved by resuscitation] MIA -MIA delays normalization of brain pHi after cardiac arrest in rats.
1995 13 Wistar rats 7 mins later iruntreated vs MIA. Controls (untreated). -MIA:@ O NRin rat€podtdrrest +15min reperfusion
-MIAR 2 S &haapé pkrom norrischemic alue.
Phillis Rodent -Ischaemia: 20 min occlusion carotid arteri{ -Group 1(n=9) aCSF (vehicle= control) -Inhibition of NHEprevented activaton of phospholipases (suppress some
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2000 21 Spragudawley | (group3 30 min), with EEG (flat). Then 40n -Group 2 (n=6): EIPA 25 microM topiq¢ FFAthat usually occurs duringeperfusion posterebral ischemia.

rats reperfusion. (cortex) 35 min pre & during ischaemia | -EIPA: Lactatelevels = more rapidly during reperfusion than control
-Cortial superfusate(bilateraly every 10min)free | -Group 3(n=6) 30 min ischaemia. significantly lowerby end of experiment.
fatty acids (FFA), lactate & glucose levels.

Pilitsis Rodent -Cerebral ischaemia (20 min carotid arterif -Group 1: SM20220 20 microM topical| -@ significantly ischemi@voked efflux of FFAs: importance NHEsliciting FFA

2001 24 Spragudavley | occlusion). (cortex) pre & duringschaemia(n=13) efflux
rats -Measurement of phospholipase activation by effli - Group 2: ©ntrol (ischaemia) (n=11) -Inhibition may be essential faneuroprotectionin ischemiareperfusion injury

of FFA in the ischemic/reperfused rataortex.

Kendall Rodent - HI: 2h éft carotid artery occlusion followed afte| -Group 1: MIA 2.5 mg/k{jn acetic acid and -MIA neuroprotective when commenced before HI (no weight difference).

2006 47 mice 7d [adult | by moderate (30 min) or severe (1 h) hypoxia ({ saline)intraperitoneal -Severe insultsignificanineuroprotective (-forebrain tissuesurvival)

C57/Bl6 female and O). -Group 2: 0.9% Saline equivalent volume| -Moderate insut: @ damagehippocampus ihjury score & TUNEtve cells)
males bred inhouse] | -Outcome at 48 h: viable tissue in injurd Given8 hrly starting 30 min before HI. -MIA@ y S dzii N2 lalidhénce®raidzsfiéling after HI

hemisphere (severe HI) or injury score & TUN

stain (moderate)

Rocha Rodent -Metabolic stress and dopaminergic damage in m| -Group 1: HOB42 0.3, 1 & 3 mmol/min -HOE642 pretreatment: @ malonateinduced DA overflowand @ & U NX |

2008 3-4 ¢m old Mice male| caused bynitochondrial inhibitor méonate. dialized intracerebral (striatum) 20 mir content, without @ Ay i Sy aAiade YSilkoz2ft A0 &aidNF
SwissWebster - Dialysate levels of DA and metabolites for 1h pr| periods, separated by drug wastmi x v damage

drug delivery (baseline) and afterwards, every | -Group 2: EIPA -Absence NHE1 on nigrostriatal DAergic neusdialthough NHE isoforms-2
min. -Growp 3: only Malonate (control). expressed in striatum and midbrain) suggeBt®E642 effects on striatal DA
overflow viaNHE1 on other cell typesr viamultiple NHE isoforms.

Hwang Rodent -HI by 5 min bileeral occlusion common catid | -Group 1: normal $han: same surgica| -Shamgroup:weakly NHE1 immunoreactivity in CAl region.

2008 6 m Mongoliangerbils | arteries. procedue but NO ischaemia) -=aNHEprotein levelin CAlregion from 2d postHI; activation NHE1 i€A1 glial
(Meriones -Staining for delayed neuronal death ar| -Group 2: vehicle (saline given). cells from2 -3d post-HI; in CA1 pyramidal neurons & glial cells(astrocytes)
unguiculatus) immunohistochemistry for NHE1 (at 30 min, 3h, 1] -Group 3:EIPA 5 mg/kg and 10 mg/k@D | from4d

and %,2-,3-, 4- and 5daysfollowing surgery). for 3-9 d after ischaemisurgery starting | -EIPA potently protected CA1 pyramidal neurons from ischemic injury,@ar

-Locomotor activity was monitored for 10 days poy 30 minpostischaemicsurgery. activation of astrocyds and microglia in ischemCAL1 region.

insult. 9Lt! aAIYAFAOlIyGte @ ft202Y202N) K&l
-EIPAblocked NCX1 reactivity in CA1 region after transient forebrain ischemi
-Hypothesis: role of NHEL1 in delayed death.
NHEinhibitors protect neurons from ischemic damage.

Shi Rodent -Transient focal cerebral ischaemia and reperfus| -Group 1: vehicle control (equvalent | -Immediate= microglial activationipsilateral to ischemiain NHE1sf abrainsat 1

2011 136 mice (I/R) by 60 min occlusion of left MCA. volume of saline intraperitoneal) h I/ 1h R (graduall@ during 624 h). Then sharp microglial activation peri
-NHEL'/- heterozygous| -Activated microglial cells were identified by thg -Group 2: HOE 642 0.5 mg/K infarctarea and~ proinflammatoryCKat 3 dafter I/R.
mouse colony| expression of two microglial marker proteir| intraperitoneal at 30 min prior to the| -HOE 642or NHEL s & mice: less microglia activation less NADPH oxidas
SV129/BlackSwiss (CD11b and Ibal) and by their transformation frq onset of reperfusion, and then daily up § | O A @ | plionfayifiatofg responseat 3-7 dpost I/R.

-Wild type SV129/Black a "ramified" to an "amoeboid" morphology. 1-7 d during reperfusion. BlockingNHE &AJYyATFTFAOFIyidfe @ YAONRIAE AL
Swiss mice --- NHEL1 protein expression in activated microglia and astrocytes.

-NHE1 - & ** litter NHEM AYKAOAGAZ2Y @ YAONRBItALIE LINBAYT
mate males
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Ferrazzano Rodent -Transient focal cerebral ischemia by-80 min | Randomised to: - Significant potection in NHE1/- mice.

2011 44 Wild-type controls | occlusion of left MCA induced in witgpe controls | -Group 1: HOE 642 0.5 mg/kl InDWI (sensitive early marker): lesion from 1h pNsB LIS NJF dza A 2. %
(NHELYY), NHEL | (NHEL */*), NHEL genetic knockdown mice (NHE| intraperitoneally: 30 min pre-reperfusion | In T2 imaging: NHE/- significantly smaller infarct at 72h vs. N##'mice
genetic  knockdown| */-), and NHEL*/* mice treated wih HOE642. or 1hpostreperfusion. Then at 24 and 48 - HOE642 pré&lB LISNF dzaA 2y 2NJ Rdz2NAy 3 S| Nieg
mice (NHEL*/~) -Brain MRI (diffusion DWI and T2 weighted) after reperfusion. (remains protective given during early reperfusion!).

-Group 2: control (Saline as vehicle). =>Therapeutic potential for inhibition NHEn cerebral ischemia.

Cengiz Rodent -30 min unilateral ligation of the left commo| Randomised to: Inhibition of NHEL: neuroprotective in neonatal HI braimjury.

2011 9-daysold carotid artery, plus exposure to pgxia (8% ©for | -Group 1 (n=13): HOE 642 0.5 mg/ - Controld NI A y & -Hlnneukodebdetafion in hippocampustriatum, and
46 C57BL/6J mice 55 min). intraperitoneal: 5min preH|, 24&48hpost | thalamus ipsilateral; loss MAP2 expression. NHffotein upregulated in specifi

-Histology, immunohistochemistry -Group 2 (n=10): control (Saling astrocytes. Motoflearning deficit seen at 4 wks age
(neurodegeneration and microtubwassociated| pre/posttreatment -HOE 642 better preserved morphologic hippocampal structures, less
protein 2 (MAP2)) and motor and spatial learnil -Group 3(n=13) HOE642 posttreatment | neurodegenerationand-MAP2 expression.
assessment at-8 weeks of age after HI. (10min, 24 and 48h posl) Inhibition of NHEL @ y S dzNB R S 3i$ slcStdldtaier 2l yand improveq
-Group 4 (n=10): control (Saling striatum-dependentmotor and spatial learning at 8 wksf age after HI.
posttreatment. =>NHEL-mediated disruption of ionic homeostasis cobtrtes to striatal and
CA1 pyramidal neuronal injury after neonatal HI.

Helmy Rodent -60 min of asphyxia by hypoxia 9%, or hypercap Some in each groupMIA 2.5 mg/kg| -Recovenyfrom asphyxia followed by largeeizure burderand=- brain pH

2011 6-d old 20%, or both combined. Then normal restoration| intraperitoneally 30 minpre-asphyxia -Graded restoration of normocapnia after asphyxia strongly suppresses alk
159 Male Wistar ratl room air or graded restablishnent of | -Group 1(60min hypoxia 9%hen 21%) shift in brain pH and seizure burden.
pups normocapnia®CQ levels 20% to 10% 30 min, thg -Group 2(60minhypercapnia20% -MIA preinsult: virtually blocked seizures.

5% further 30 min, and room air) -Group 3(asphyxia: C&£20% + @9%

-Monitoring with EEG recording and fsensitive | -Group 4 (asphyxia like group 2 and the|

microelectrodes. graded reestablishment of normocapnia)
-Group 5: controls (room air only).

Helmy Rodent -60 min of asphyxia by hypox@%6 and hypercapnig 5 pups in each gup: MIA 2.5 mg/kg| -Neocortical netons in vivo: biphasic pH changes aalkialine response.

2012 6-7-d old 20%. Then normal restoration or graded - r| intraperitoneally 30 min preH| -Graded restoration normocapnia: strongly suppress alkaline overshoot.
Male Wistar rat pups | establishment of normocapni®(CQ levels 20% to| A few: Amiloride 25 mg/kg -Parallel= pHe and pH levels postHI indicatesnet loss acid equivalentsrom

10% 30 min, then 5% further 30 min, and room ail intraperitoneally 30min preasphyxia. brain tissue not attributable to BBB disruption (lack of -Na fluorescein
-Monitoring with EEG recording, ps¢nsitive | -Group 1(asphyxia C£20% + O2 9%, the| extravasation into brain and EEG characteristics of BBB).
microelectrodesand histology. room air -MIA: abolition net efflux acid equivalents from brain across BBB,
-Group 2(asphyxia like group 1 and the| suppression seizure (sz) activity.
graded restoration normocapnia) -Postasphyxia seizures: attributable to enhanced Ni¢gendent né extrusion
acid equivalents across BBB and consequent brain alkalosis.
- BBBmediated pH regulation: new approach prevention & therapy neonatal

Robertson Piglet -Transient global cerebral HI (bilateral occlusii Randomized to: -MIA starting 10 min after severe HI: neuroprotectivelirs perinatal model@

2013 18 whitemale common arotid arteries). -Saline placebo brain Lac/NAA, cell death (in cerebral cortthalamus,and white matter) and
<24 hold -P1& H-MRS before, during and up to 48 h after i -3 mg/kg iv MIA10 minpost-HI & 8 hrly. microglial activation (in pyriform and migmporal cortex).

Tissue injury (histology/immunohistochemistry) |

48 h.
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Amiloride was the first drug described as NHE inhibitor. There are two major
classes of parmacological NHE inhibitors. One class includes amiloride and its
derivatives by double substitution of the nitrogen of thea&ino group: DMA
(dimethylamiloride), EIPA ({N-ethyl-N-isopropyl}amiloride), MIA (Nmethy}
isobutylamiloride) and HMA. Thewre non-selective inhibitors of the NHE
system in various cell types, and EIPA is highly potent. Another class of inhibitors
includes the derivatives of the beylguanidines such as HOE 694, HOE 642
(cariporide  mesilate  or 4-isopropyt3-methylsulfonylbenzgl-guanidine
methanesulfonate)eniporide and BIHB13 which selectively inhibited NHE1. The
replacement of the pyrazine ring of amiloride by a pyridine ring or by a phenyl
increased the potency and the NHE selectivity. In the last two decades several
bicyclic guanidines were prepared: zoniporide, M$038, SM20220, SM20550,
SMR300, KBR9032, BVZEB4640, 162559, T¥12533, §3226 or SI1591227
(143). Of these, HOE 642 is extremely potent, beif§ times more specific for
NHE vs. NHEBL69); and zoniporide is very potent too and 150 fold selective for
NHE1 vs. the other isoforms.S1611 andS3226 are twosdective NHE3
inhibitors. Harmaline is a noramiloride NHES inhibitor.

During in vitro cerebral ischaemia, NHE inhibitors (DMA; harm#li8@, SM
20220 (179, amiloride (180) and HOE642 (176, 178, 181)) had a protective
effect, in terms of delayed pHi normalization both in nenal cells and in
astrocytes (137, 180-183), inhibition of microglia(181) and less intracellular
calcium accumulation(178 179). This anoxianduced alkalization was also

amelioratedin NHE-/- CA1 neurons. In parallel, cell deattasreduced in wild
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type neurons treated with HOE 642 or NHEY- neurons in cultured mouse
cortical neurons undergoing 3 h oxygglucose depwation (OGD) and 21 h
reoxygenation (from ~70% to 460%)(178).

Vornov et al(137), described tha pHi decreased by 0.2 pH units, but then
recovers when inhibiton was removeth rat cortical neuronal cultures
undergoing metabolic inhibition for 20 mitNHE1 inhibitors, dimethylamiloride

or harmaline, significantly redudethe postinhibition pHi rec@ery, showing less
brain injury in these compared to those with a fast pHi normalization.

As mentioned above, NHE1 activity also affects celluldri®Nels. A small but
significant (~2 fold) increase in neuronal intracellul@mncentration of N&
([Nai) results after 2 h OGD, reaching to ~7 fold increase during 1 h
reoxygenation HOE 642 attenuated the rise in [Nafollowing OGD. NHE®
neurons dd not exhibit significant increase in [Na This suppod that NHE1
activty is elevated upomeoxygendion (174, 177). Three hours oOGD and 21
reoxygenatioriead to cell dathin ~ 70% of the NHE1+/+ um®@ns. However, cell
death is significantly reduced in wild type neurons treated with HOE 642 or in
NHEZY - neurons(178).

In vivo studies mainly in rodents have found that NHE1 inhibitors reduce brain
injury in HI modelg184) and decrease ifarct size in a focal ischaemia model
(178). In NHE1 heterozygous midkey found ¢simiar to those NHE+/+ mice
treated with HOE 642 significant decrease in infarct size afound 30%
compared with normal NHE+/+ midellowing middé cerebral arteryocclusion

(MCAO)(178). It implies that the disruption b Na+ and Ca2+ homeostasis
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contributes to ischaemic neuronal damagaese studies firmly demonstrate the
dominant role of NHE1 among other NHE isoforms in cerebral ischemic brain
damage.

Other gudies show neuromtection in ischemic models. SERD220 (N
(aminoiminomethyl}1-methyl1H-indole-2-carboxamide methanesulfonate), a
highly selective NHE1 inhibitor, given intravenously 1 h after MCAO significantly
reduces the extent of cerebral edema aNd+ content after 2 ischemia and 4 h
reperfusion and infaiicvolume after 22 h reperfusiof185). SM20220 decreases
infarct size in both transient and pmanent MCAO modeldmportantly, the
reduction of infarct sie improves wherthe treatment is delayed for 5, 30, or 60
min after the onset of ischemi§l85). SM20220 leadsd ~50% decrease Iin
infarct size at 72 heperfusion.Several studies showed same results of reducing
infarct volume and brain oedema using other NHE blocKaétieyama et a(186)
with FR183998; Tourd et al (187) with sabiporide given pre and/opost
ischaemig(188).

Some NHE blockers (SBD220(189) and MIA(184)) havebeen found toreduce

the number of netrophils in the ischemic hemispher8uzuki et a189) studied

the effect of SM20220administeredintravenouslyas a bolusmmediately after
occlusionof the middle cereral artery (MCA)n a rat model, followed by a
continuous infusion over 2.%ours. The infarct area was measured using
hematoxylirgeosinstainingat 72 h after occlusionand neutrophils in the brain
were immunostained with antimyeloperoxidase SM20220 statistically

significantly attenuated cerebral infarct volume, water content, and the

Page76 of 255


https://www.sciencedirect.com/topics/neuroscience/staining-technique

neutrophil accumulation at 72 hft@r the MCA occlusion andameliorated
neurological deficits.Several invetigators (190, 191) have repoted that
activated neutrophilsare involved in the development of cerebral damage
induced by ischaem, being amajor source of oxygen radicals during
reperfusionfollowing focal cerebral iscemia It is known that mtracellular pH
regulates he activaton of neutiophils and NHE inhibitors attenuate neutrophil
activation. SM-20220 (NHE inhibitoy prevented cerebral ischemic damagand
oedemafrom progressingn ratspostMCA occlusionA possible mechanisimay
be due to the inhibition of neutrophil accuration. Moreover, Hbrikawa et al
showed that SM20220 attenuates leukocyte adhesion and migration in the
mesenteric artery(192) and improves endothelial dysfiction (193). Leukocytes
areimportantin the acute inflammatory reaction, and theactivation is beéved

to cortribute to ischaemianduced brain injury(190, 194). These findings
support that NHE inhibitors not only can prevent ischagermperfusion injury by
their ion kineticseffect (avoiding the increase in intracellulda” and the cascade
that follows), but also by the attenuation of leukocytesendothelium cell
interactions (adhesion and migration) induced by ishaemiareperfusion
Adherent leukocytes arthoughtto cause injury by blocking capillarid®5) and
through vasoconstrictiorf190), and migrated leukocytes induce tissue injury by
releasing biobemical mediators, such agactiveoxygen species, as mentioned
above(191).

Moreover, NHE1 blocker EIPA and HOE 64R)75 181, 196, 197) reducel

microglid activation postHI and hence the microglial phagytosis and
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astrocytosisn CA1l regionCengiz et #197) found that HOE 642 given either pre
hypoxiaischaemia or starting 10 min after the insu#tducesneurodegeneration

in the acute stagein hippocampus, striatum andpsilateral thalamus, and
improved the striaturadependent motor and spatiatarning skls at 8weeks

NHE1 inhibitors are neuroprotectivie astrocytesin a similarway to neurons
The intracdllar Na+ overload is substantially mated through activation of the
ERK 1/2athways(183). In a more severe model of in vitro ischemia, cultured
astrocytes vere superfused with a solution whichimics the ionic composition

of the isclemic extracellular space (a hypoxic, acidic, ion shifteders (HAIR)
solutions at 3PC) (198 199). Exposure to HAIR caused a rapid decline in
astrocyte pHiThis is consistemwith the finding that NHE1 activity is inhibited by
low extracellular pH (pHe) (200). When exposed to normal buffer again,
astrocytes rapidly lkalised and a significant rebound of pHi over the baseline
took place (199. Bandarenko et al (199 have reported tha HAIR and
reoxygeration leads to ~ 40% cell death in astrocytes, which is significant
reducel in the presence of NHElockers such as EIPA or HOE 694 during HAIR
andreoxygenatbn, or duringreoxygenatioralone.

NHE inhibitors also preserve neurologittaictions. Ina model of ischaemia and
hypothermia inpiglets, Castella et a{201) observe a rapl neurological recovery

in the ones receiving HOE 642 justtlae onset of coahg. Several studied 75,
202) demonstrate that EIPA not only protects gerbil hippocampeurons from
ischemic injury but also reduces the magnitude of the ischemdfuced

locomotor hyperactivity at both 24 and 6 days reperfusion. Ischemic injury to
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the gerbil foebrain producesn increase in locomotor activity which is related to
the degree of pyramidaheuronal damage in the CA1 region of the hippocampus
(175, 203). In another Mongolian erbil model, the casciousness recovery time
improved significantly (lower neurological scores at 2 h reperfusion) foltpevi
30 min transient global cerebral ischemia in thoseated with SM20220),
compared to the vehicle grouf204). This improvement in neurological defici
persists until 24 h reperfusion.

In summary, NHE blockeor geneticallymodified NHEZL/- are neuroprotective

in animal models. The reduce the alkalhisation of the cell (inhibition of
phospholipases and kinas€202 205 and delayedsecondary energyaflure
(180)), and decreasehe calcium and sodium intracellulaverload, redaing cell
oedema and cell damage. Theytenuate inflammatoy state and suppress
microglial activation, especlglin hippocampal regions (pyramidal neurons of
the CALl area in rodent$) 75 andin striatum and ipsilatericthalamus in a focal

ischaemia mode(197). Improved functionabutcome alsofollows NHE blockade

(197).

1.5.3 NH exchangeblockade in the piglet model gberinatal asphyxia

In the piglet model3P MRS can be used as a biomark®bertson et al206)
used MIA started from 10 miafter severe perinatal asphyxia, and 8 hourly
thereafter. Out of 18 male piglets < 24 h old which undertvéransient global
cerebral ischaemia by occluding botommon caroticarteries and hgoxia, haf

were randomized to MIA and the other half to a sak placebo.
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Immunohistochemistry was undertaken hovestigate the cerebral effectsf the
NHE inhibitor.'H MRS demonstrated that MiAlecreased thalamid.a¢NAA
compared withplacebo, orrelating on 3P MRSwith improved cerebral energy
metabolism. In the MIA group, brain injury histology scores and microglial
activation (in pyriform and miemporal cortex) were reduced.Treatment with
MIA starting 10 min after ypoxiaischaem& was neuroprotective in his
perinatal asphyxia modelThe use of clinicallyefevant MRS biomarkers and
reduced cell death in a large animal model of perinatal asphyxia is an important
step towards the clinical translation of NHE inhibgoit is imporant to assess
whether NHEblockade would augment hypothermic neuroprotection timis
devastating diseas@.here is no evidence whether hypothermia would affect this

mechanism

Part6: Brain pHi and seizures

This section has been publishedttwthe above mationed paper(49) and plays
a key rolein the interpretation of the results from the study presented in
Chapter 3 assessing the relationship between brain pHi and seiburden in

newborn infants with a diagnosig neonaal encephalopathy.

1.6.1 Relation between brain pHi and seizures

Neonatal sezures are the most common manifestation of neurological disorders
in the newborn period angieonatalencephalopathy is the mostdquent cause

of seizures at termAs describedn Part3, in the aEEG s@on, some studies
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show that the duration of electrgraphic seizures in newborn babies is
associated with worse MRI appearand@97) and poor neurodevelopmetal
outcome (208). Newborn babies witiNEas a cause of seizures tend to have a
higher sezure burden than those with a strok@08). Increased morbidity and
mortality, brain injury and poor neurodevelopmental outcome have been
associated with a igher seizure burden(87, 208-214). Therefore addressing
neonatal seizures is a priority, but curtedrugs are largely ineffective and are
not free of serious side effeston the neonatal brai(215217).

Therapeutic hypothermia not only improves outcomes hatbies with NE by
reducing the rate of deatland disability at 18 monthof age, but it also appears
to reduce seizure burde(92). Cooling appears either to act dotéy to reduce
seizure burden or to augmerhe action of conventionahnticonvulsants. Xenon
seems to enhance this effedf reducing seizw burden when given together
(218). The data is consistent with tee from preclinical model®2).

There ishowever still an unresolved controversy whether seizures worsen
outcome by themseles or whether they are associated to dke with a more
severe degee of encepalopathy, hence the higher mortality amdorbidity (90,
219). The moleclar and cellular mechanissnunderlyingbirth-asphyxia seizures
are unknown butunderstanding the seizurgiggering mechanisms plays a key
role in the design of novel therapeutic strategies.

A profound acidosis (bloodHy7.00 or lower) at the time of birtlis an essential
criteriain the diaggnosis of perinatal asphyx{@20, 221). However, posasphyxia

seizues do not coincide with thenaximal bood acidosis but are typically first
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obseved during the recovery period after a deJdlgat usually ranges in human
babies from 2 to 16 H222). A wide range of observationsate shown that
changes in exé- and intracellular pH exert a strong modulatoryesft on brain
excitability under normal and pathophysiological conditions, whereby an
alkalosis enhances excitability while an acidosis draspposite effect(5, 223
229). The immature brain appears to be particularly sensitive to changesiin pH
Reent experiments have shown that chaeg of 0.05 pH units on neatal
hippocampal slicehave a profound effect on @wgenous network activity
(229

Helmy etal (5) showed in a rat pup model of neonatal birth asphyxia that post
asphyxic seizures were directly caused by cortical pH recovery and subsequent
alkaloss. They studied four gnaps of rats exposed for 60 min to: a) hypaxi9%

O,) followed by return to normocapnia and normoxia (room air); b) hypercapnia
(20% Cg) and then back to room air; ¢) asphyxic condition (simultaneous
hypoxia 9% and hypercapnia 20%)lowed by room air @d restoration of
normocapnia); and d) aspkic conditon as in previous group, followed by a
Yl RSR NBad2NI AP fran20 tg 20802 30 Imindginkl théd to
5% for a further 30 min and finally virtually zero or roain). Some pups
receivad the NHE inhibitor, MIA, intraperitoneal80 min befoe asphyxia. Brain
pH and oxygen were measured using intracortical microelectrodes, and blood
pH, lactate, C& O and ionized calcium were monitored too. Seizures were
diagnosel clinically ad using ntracranial electroencephalography. The biase

EEG dwity in the group of pups exposed to hypercapnia or asphyxic conditions
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was strongly suppressed, whereas all the pups with abrupt restoration of
normocapnia after asphyxia delped pronounced EEGiagre activity. These
data are consistent with the evidence that acidosis suppresses neuronal
excitability and alkalosis does the oppos{g25, 230-232), and that (H plays a

key role in modulating neuronal survival after trauma (where acidosis is generally
protective) (223, 233 234). There was a robust correlation between brain
alkalosis and seizure burdeturing the recovery from the aspkiainduced
acidosis. e subsequent alkaline overshoot reached ued well alove the
normal brain pH level (+0.40 pH units), similar finding to previous studies in rats
(184), piglet (52, 206) and human newborn3, 57). However no studies have
been performed mce the ntroduction of therapeutic hypothermiaRestoration

of normocapnia in a graded way showed a dramatic decrease (85%) in the
cumulative postasphyxia seue burden when compared with abrupt
restoration of normocapnia group. The conclusion thazaees weretriggered

by brain alkalosis was supported by (1) the much higher seizure burden seen on
abrupt restoration of normocapnia, when brain pH was muchbrenalkaline,
veraus graded restoration sategy; (2) the rapid termination of seizures
observedwhen applyng 5% CO2 as such; and (3) the dramatic reduction in
seizures by MIAn addition,Schuchmanet al (235 demonstrated in a model of
febrile seizuresthat a rise in brain pHrespiratory #&alosis from hyperthermia)
was accompared by seizure activity Seizures werabolishedby suppressg
alkalosis with5% ambient C® Theinjection of sodiumbicarbonateat higher

doses (5 mmol/kg)in neonatal rat pupsclosely mimicked the effects of
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hyperthermiaand increasedehaviouralseizureactivity, although these were
also blocked by 5% ambie€@Q.! gr&édled restoration ohormocapnidXstrategy

in the resuscitdion of newborn babies with perinatal asphyxia is highly
recommended in view of these results cdaimay redwe seizures and hence
improve outcome

In line with this, recent guideline@36) encourageminimising the exposure to
hypocapnia or hyperoai in the respiratory manageemt of infants with NE
treated with therapeutic hypothermia, anavoidingthe use of alkaline buffers
Furthermore, egarding the dleterious effect of hypocapnia in NE following
hypoxiaischaemia several studies suppoiih recentyearsits associationwith
neurological impairmen(237-240). Pappas et af237) showed in the secodary
analysis of the NICHRandomsed trial of therapeutichypothermia for moderate
to severeNE that the risk of death and adverse neurodevelopmental outcome
increased wen infants had lower pCGOvalues anébr higher cumulative
exposure topCQ below 4.7kPa within the first 12h offk. Similarly,Lingappan
et al (238) found, in a posthoc analysis of CoolCapal, that an unfavourable
outcomewas more likey with lower pCQ levels, in a doseependentmanner.
Szakmar et al239 showed that in infants wih moderatesevere NE who
underwent therapeutic hypothermiathe time spenthypocapne (pCQ<4.7 kPa)
was an independent predictor of brain injuon MRI. However, in the group of
infants with mild encephalopathythe time in hypocapnidad no effecton the
risk of brain injury. Hypcapniacan exacerbate brain injy due to cerebral

vasoconstriction andeduced cerebral blood flow, decrease irygen sipply,
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and increasingxygen demand236, 241). Recently, the HENRI®@asibility and
safety trial (Hypoxielschaemic Encephalopathy HRerapy Optimisation in
Neonates for Better Buroprotection with Inhalatve CQ) (242) has shown that
adminigering a gas mixture 05% ©» and 95% airfor 12h,throughthe patient
circuitsto infants ventilated during coolingf the temperature-corrected pC®@
was below 33 kPawas feasible andage, and helped in peventing hypocarbiaA
larger randonsed trial investigating the efficacy of controlled normocapnia
through 5% O inhalation on long term neurodevelopmental outaoes are

required.

1.6.2 NHE blockade and seizure reduction

In an effort toexpore the mechanisms of posasphyxia brain alkalosislelmy et

al (243) used the ratpup exposed to one hour of asphyxia (simultaneous hypoxia
and hypercapnia)ln one group pups breathed air after asphyxia and in the
secand normocapniavas achieved in a graded manner as described befsre
Some of the pups receivadethyl isobutylamiloride MIA) intraperitoneally 30
min before asphyxia. BrapHwas measured in vivosing a twephoton imaging

of intracelular pH in neocortical neurons and both body and brain pH using
proton-sensiive microelectrodes. Bloctirain barrier (BBB) permeability was
assessedisingintraperitoneal sodium fluoresceinSekure burden was assessed
both behaviourally and using EEG. &hfound intraneuronal alkalosis after
asphyxia, with a time course and sdivity to graded restoration of

normocapnia that were similar to whatas described before for extracellular
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alkdoss (5). The postasphyxia brairalkalosis is generated in the absence of a
rise of pH in blood. Thus, the increase in both extracellular and intracefitdar
recorded in the bran implies an enharexd net loss of acid equivalents from brain
tissue across thelbodcbrain barrier. It was demonstrated not to be attributable
to a disuption of the BBB by the lack of increased sodium fluorescein
extravasation inb the brain, and by elgrophysiologtal claracteristics of the
BBB. This proves a stricompartmentalgation of brain extracellular pH by the
BBB under normal conditions and response to asphyxia in this model. The
electrode recordings of pH in the braand trunk showed aat efflux of acid
equivalents from the brain across the BBB, which was abolishedhb NHE
inhibitor MIA, suppressing the possphyxia reboundalkalosisof the brain
extracellular pH without having any significant effect on thegheiof the pups.
Remarlably, MIA also abadihed postasphyxia seizures (reduced seizure burden
by 88%) Wwen applied pransult in rat pupg5, 243) andameliorated brain injury
when applied before hypoxischemic contions in neonatal mic€184). These
findings support the conclusion that activation of NHE in the BABsIto brain
alkalosis and consequent seizures.

Therapeutic hypothermia isaw standard care for infants in the develogevorld
with moderate to severe neonatal encephalopatf2d4). It is unknownwhether
NHE inhibition combined with #rapeutic hypothermia might augment
hypothemic neuroprotection after perinatal asphyxiar not. Some in vitro
studies suggest that moderate hypothermia (reducing temperature fi®mo

20°C) itelf increases NHE activity245 246) whilst others suggest that
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hypothermia produces a paal inhibition of NHE activity(247). If hypothermia
inhibits partially NHE or even more if ricreases NHE activity, the combined
effects of an NHE inhibitowith hypotherma could significantly augment
hypothermic neuroprotection egrilly as they act on separate pathways.
Importantly, studies suggest that the potency of NHE blockade under
hypothermic conditions is not influenced by a change in temperat(#47) and
NHE blockade wdaseneficial in a perfused heart model even after hypothermic
ischaemia(248). Preclinicallarge animal studies of the potential augmentation
of mild therapeutic hypothermiaambined with NHE bldade are high priority.
NHE inhibitors have been used in humaifise most used has beenamiloride,
which has an oral formulationindicated as an adjunct therapypotassium
sparingdiuretic) to thiazide or loop diureticor oedema in leart failure, and
hepatic disease (where potassium conservation is desirgd#s). While studies
have not documentedpbaediatricspecific problems, the safety and efficacy of
amiloride have not been established in childrdinereis neonatal doage for it
(100200 mcg/kg twice dailypn the BNFC (British Nahal Formulary For
Childrenfrom the National Instiite for Health and Care Excellencge NICE)
although it is not licensed for use ahnildren Thereare also localprotocols for
infant and childrenlike the me at Great Ormond Street Hospit@lnset of action

is around 2hpostadministration, diuretic peakeffect occursat 6-10h, and
persists for around 24RAmiloride & not ototoxi¢ being the main adverse effects
hyperkalaemia, hyponatraemia, gastrointestinal disturbancemetabolic

acidosis,and transientderanged renafunction. Rimeporide,an NHEL inhibitor
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which hasshown a good safety and tolerability profile so far in ady280), was
on a phaselb trial in childrenbetween 6 and 11 years oldith cardiomyopatly
in Duchenne Muscular Dystrophy251). The NHE inhibitors cariporide and
eniporide have also beenused safely in adults with evolving myocardial
infarction and those at mk of it (252). NHE inhibitos are a potenal
neuroprotective therapy for infants with neonatal erg®alopathy, but further
preclinical trial of their effects combined withcooling, and safety trials in

newborn infants are still required.

Part 7. Brain perfusion following perinatal hypxia-ischaemia

As described in the pathophysiology section,ibrisa dzS Q dity d@pehdson

the delivery of glucose and oxygen, and clearance of the proddictgt@abolism;
thus, brain perfusion is crucial. Cerebral blood flow (CBF) represents theftate
blood delivery to a tissue volumeligh metabolisnrequirementsin the bran are

due to its main role: the generation of the electrical activity, which is regifor
neuronal signalling. Since there is no reserve storexyigenand glucose, the
continuous blood flow is crucial to guarantee the continuity of brainfunction.
Geigerand colleagues demonstrateth a rodent modelthat over 80% of the
energy in brair regions such as the hippocampal axons is expended by
postsynaptic potentialg253, 254). Grey matter¢ consisting predominantly of

neuronal cell bodieg has a higher metabolic need, thereé cerebral blood
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flow requirements, compared to white mattey congsting manly of myelinated
axons ¢ with a much lower metabolic demand, and cerebral blood flow
consequently. This explains a much greater susceptibility of the grey matter
regions (basabanglia and thalami especially) to a sudden hyp®dbaemic
insult (102). Cerebral blood flow is partly determined by vascular resistance,
being affected by dinges in arterial oxygenation and £l@vels, degree of
acidoss, potassium andglucose levels, adenosine, nitric oxide (NO), arachidonic
acid and its derivates, sympthetic and parasympatttic pahways, and drugs
(such as morphine, midazolam, etc.). Sable 1-0-7 for main mechanisms of
autoregulation(based on255)).

Autoregulationof CBF is the ability of the brato maintain relatively constant
blood flow despite changes in perfusion press(286), being particularly well
developed in the brain. Cerebral ischaemia occurs when cerebrdusman
pressure falls below the lower limit @utoregulation(50). A reduction in CBIS

compensated by an increase in oxygen extractromfthe blood(257).
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Agent Function Vasodilatation | Vasoconstriction
m /. C @ /.C
paGy Substrate of oxidative Q@ [O] [0
glucose metabolism (if pPOXx6.7kPa
paCQ Products obxidative m [CQ] Q@ [CQ]
Acidosis (H) glucose metabolism Acidosis (arterial Alkalosis
smooth muscle
action)
K Neuronal sigalling  (relaxes @ (mild
regulation arterioles vasoconstriction)
muscle)
Glucose Substrate of energy Hypoglycaemia 13)
metabolism
Adenosine Energy metholism and ™ n/a
neuronal activity
NO Product of glutamate 3] n/a
receptor activity and
inflammatory cascade
Arachidonic acid Inflammaton / infection PG}, PGE, m PG, TX:
and derivatives | and pain. PGD
Sympathetic Neural pathway Block Activation
pathway
Parasympathetic Activdion Block
pathway

Tablel1.0-7: Summary of some mechanisms involvedadntoregulation of CBF255)

paC: partial pressre arterial of oxygen; paCe® partial pressure arterial of carbon dioxidd;:
proton; K: potassium; NOnitric oxide PQ2: prostaglandinlz; PGz: prostaglandink; P@:
prostaglandinD;; PG prostaglandinfn; TXA2: thromboxaneAe.

Acute hypoxia causes increase in CBF via direct effemtsvasclar cells of
cerebral arteries and arteriolg®pening of KATP channels on smooth muscles
with drop in ATP, causingyperpohbrisationand vasodilationand increasing NO
and adenosine production locally, also promoting vasodilati@myonic hypoxia
increasesCBHy its effect on capillary density.

Carba dioxideserves as one of the fundamental regulators of GBpercapra
causesvasodilationby a direct effect of extracellular *Hon vascular smooth

muscle and in some species also due to glanoids and NO productig255).
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Changes in pldause airectrelaxation (a@osis)or contraction (alkalosis) of the
smooth muscle. Some studies suggesit pCQ acts independently of and/oin
conjunction with altered pH258).

Hyperkalaemiacauses vasodilation due to hyperpolarization of the vascular
smooth muscle(VIM) cells (Na™-K" pump and/or activation of the inwardly
rectifying Kir channelsandendotheliumdependent relaation (259).
Hypoglycaemidriggers increasein CBF tomprove glucose supply tihe brain
This occurs by astrocytes releasing vaditators (prostaglandins and
epoxyeicosatrienoi@cidg in a Ca*-dependent manner leading to dilation of
brain arterioles and icrease CBR60).

Adenosinen the brainis a dilator of pial vessels the dog cat, and rat It is
released when there is a mismatch between supply and demkkelmoderate
hypotension, during profounégchaemiawith sustained hypoxiaandalsoduring
bicucullne-induced seizures(261). If the effects of adenosine are blocked with
receptor antagonists, the vasodilation is also redu(zgp).

Factors thatincreaseintracellular calciunactivate endothelialNOS(responsible
for conversion of darginine toNO and citrulline by the cerebral endotheliun
diffusing to the VSM where it causes vasodilatioprimarily by activation of
soluble guanyl cyclaseThis,in turn, increases the levels of cyclguanine
monophosphate (cGMP), that activatesofein kinase G, causing the relaxation
of VSM(in part opening BKC&* channels and reducinigtracellularcalciun).

In endothelal cells, arachidonic acid(AA) metabolism producesvasoactive

products (less involvement of this pathwayin the brain than in peripheral
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endothelium). AA lipid precursos (substrates for cyclooxygenase (COX),
lipoxygenases, and cytochrome P450 monooxygegaare prodiced by
activation of the calciundependent enzyme phospholipas& (hydrolysing
cellular lipid membrangs Products of the COX pathway can be vasodilating
vasoconstrictingn nature, as shavn in the table above.

Although the contribution bthe autonomic nervous syem to CBF control is
unclear, previous studies have helped to understand their (263).

During a hypoxitsschaemg event, the adrerergic sympathetic activatiorg once
the duration and severity have overrun the mestisms ofautoreguhbtion to
LINB&ASNIBS (KS KSI NI | ofibed id N ikialsactiondoNFF dza A 2 Y
this chapter); causes thera vasoconstriction and hypoperfasito the brain.
Following hypoxiaschaemia severe alteration of brain metabolism nd
physiologyare observed(264), beingassociated with specific abnormalities in
blood flow such as vasoparalys{80). As described in Part 3, in the cranial
ultrasound section, it has been describedhat following neonatal
encephalopathy, there is #ossof autoregulationof cerebral blood flow (CBF),
with a lowresistancandex R) (79, 80). An increased CB&found in babies who
have suffered a more severe insulising cranial ultrasound scdn6, 77), near
infrared spectroscopy (NIR$)9, 265), and MR techniques, such as artesgin
labeling (ASL)(7, 266). ThisseO | f £ SR Wt dzEdzNE LISNF dzAA 2y & &\
is characterizedy increased CBtelative to the metaboti needs of the brain
The term was coined in 1960s in adults with various brain pathologesainly

stroke patents (267). It is likely to be initiated by abnormal metabohq268),
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such & lactic acidosis, and loss efssetQtone (264). This hyperperfusion
restores higkenergyphosphates tht lead to delagd cell death(7, 269) and is
associatedwith poor outcome(79, 80, 270). During hypothermia, ithas been
shown using cranial uhisound scan that R§ less predictive, possibly due to
vasoconstriction secondary to caudj, but this was revesed once hypothermia
was stopped and vasodilatation was seen once the child was rewafrged
Arterial Spin Labkhg is anon-invasiveMR imaging tehnique capable of dth
imaging and quantifying blood perfusion, or CBF, by using waternas a
endogenous, freelydiffusible tracer (271). In A%, arterial blood water is
magnetically labelled thenimaged (figure 1-0-10). A first stage involves
magnetically labdihg arterial blood watefprotons)below the regbn of interest
(ROI) by a applying a rafliequency (RF) inversn pulse As a resujtan
inversion of the net magnetisation of blood water is achieved (aatdslood is
magndically labelled). A secondagie involves taking an image after a period of
time (calledpostiabeling delay when the ldelled blood flowed mto the ROI
andexchangedvith tissue water. The inverted spins within the blood water alter
total tissue magnetsation, reducing MR signal a@nimage intensity. A control
image needs to be p@rmed without labdling. The signal genetad by static
tissueis identical in control and label condition, heneeperfusionweighted
imagecan be produced Y subtractingthe labelled image and the cordl one
Multiple repetitionsare needed to improvéhe signal to noise ratio (SNR), as the
signd difference betwen labelled and control imagds only 0.51.5%in adults

272).

Paged3 of 255



i

Imaging slices Control

Figure1-0-10: Schematic thgram of pCASL acquisitioheftis the acqusition of labelled image
after adelay between thdabeling (inyellowlabdling plane in tle neck at the bifurcation of the
carotid arteries)andthe acquisition of the flow into brain tissue within the R@ieen box)Right
is theacauisition of the catrol image(in red control RF dse and ROI in éhgreen box)Figure
courtesy ofDbr Magdalena Sokolsk#6).

Several labking methods &ist, suchas continuous ASL, pulsed ASL [Aagd
pseudacontinuous ASL (JASL)Y272). The latter pCASI) was introducedin the

last 15 yearq273) using a train of pulses accompad by gradients to inver

fl2R Ay 3  &LpPpssudo-OR y (i Ay dee dzalré the Ystugy yp&riddmedat
University Collegd.ondon Hospital (UCLH) described in chater 4 ¢ pCASL
labeling technique is used, achieving higher SB)RFew studies have studied
cerebral blood flow in neonates following hypoxs&haemia, and
hyperperfusion appe@d in areas vih subsequent injury in conventional M{|
274-276), suggesting that hyperperfusion can be a marker for delayed injury.
Therehavebeen no studiesnvestigating the relationshipdiween brain pHand

cerebral blod flow.
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Part 8: Summary Scopeand Objectives

Peinatal hypoxieischaemic brain injury in term babies is still a significant
problem throughout the world. Thapeutic hypothermia has mproved
outcome, espeially of those with a moderate sult. However,unfortunately,
around half the infants who receive therapeutic hypothermia still have abnormal
outcomes. Experimental data suggest that the addition of anothgent to
cooling may enhare overall protection either additively or synergistids.
Experimentl data have demonstrateda keyrole of brain intracellular pHpHi)¢
both during and postnsult ¢ and neonatal seizures in the pathophysiology of
brain injury. The Na'/H" exchangersare audal in maintainng pHi and ion
homeostasis and imrmicroglial adwation in some areas of the brain. NHE
inhibitors are a promising neuroprotective tool in animal models, reducing cell
death, seizureburden and brain injuryvith improvement of functimal outcome.
However,no studies have been performed inewborn infans with neonatal
encephalopathy since the introduction of therapeutic hypothermia to prove that
rebound alkalosis is occurring, and if so, that it is still eglato outcome.
Furthermore no studies have show the relationship between seizerburden
and rebound bran alkalosis following hypoxiachaemia.The aim of the first
study Chapter 3) is to address the relationship betwdeoalsed brain pHi and
seizue burden, andbetween brain pHi ad prognosis(both with other

prognostic toolsand with long tem outcome)
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Additionally, the loss o&utoregulationfollowing a hypoxigschaemic insult has
been described but littles known aboutits pathophysiology We aim to asess
the relationship letween brain ptHchangesn brain perfusionwith a substudy
of these infaats with neonatal encephalopathy who underwent hypothermia,
using arterial spin labelling (AOhapter 4)

Lastly, little is known about the physiology of abake equilibriunin the brain
intra-insult. The aimof the third study (Chapter 5) s to investigate the
relationship between the seviy, duration, and rate ofrecovery fromacidosis
during hypoxiaischaemia, and energy metabolite ratios at 1h postsult

measure irthe bran of a preclinical model of perinatal asphyxia
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Chapter2: Gereral Material and Methodsfor 3P MRS in

newborn infants

Part 1: Clinical research preparation

Baby Brain Studys a researchproject focusingon newborn infantsat risk d
brain injury. The aim was tdetter understand the role of brain pHenergy
metabolism and cerebral blood floww brain inury. Thepopulationof interest for
this thesis ianfants with neonatal encephalopathy following hyposgchaemia
who undergo therapeutic hypothermi The standard ofneurocritical careat
UCLHncludes daily examination, continuous EEG from admission, dailyial
ultrasound scas, MRI and proton MRS postrewarming and
neurodevelopmental followup until 2years of ageThe Baby Brain Studydded
extra further neuromonitoring (NIRS) and neuroimagimg investigations
(phosphorus MR&nd Arterial SpinLabelling) while they were having their
clinical scanto better understand the pathophysiology duritige ¥econdry
energy failur€phase inneonates inthe postcooling era There were three
substudieswithin the Baby Brain StudyThe first aimed to answer whether
intracellular brain pH (pHW\vas still agood predictor of outcomedespite the
introduction of coolirg; the role that brain pHi had in neonatal seizurpest
hypoxa-ischaemiaand the relatimship between braipHi and other markes of
outcome. The second substudgimedto understand the relationship between

brain pHiand cerebral blood flow studieavith ASLThe third substudy aimed to
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understand whether brain metabolismmeasured witha new bedside NIRS

system (cytochrome oxidase) was a good predior of outcome, and #
relationship withother markers of outcomeThisthesis incldes the first two
substudiesThe third study, based on NI® was partof the doctoral thesis of Dr

S. Mtra.

Bhical permission was grantetty the NRES Committee ldon (National
Researchihics Service} Bloomsbury (REC referends3/LO/0225)following

IRAS applicatioand further presentation of Baby Brain Study protocollF NBy (i & Q
information leaflet version 4.1(Appendix ) and Consent form version 4.1
(Appendix?), dl prepared by theauthor. Thelatter attended the committee on

March 2013, and approval was granted further few min@mendments.
University Cdége London Hospital R&D approval (R&D reference 13/0043)
alsogranted in April 2013

Extended scanng time was arrangedexra 30 min to the 60 min clirzal
scanning appointmentsy A 0 K | & NB &SI NOK {TACGBnditted LILIKE A OF
for the casesvhere we can perform botphosphorus(®P) MRS andarterial spin

labelling (ASL.to assess brain perfusi).

Part 2: 3P MRS segence optimisation

A purpose made birdcagemultinuclearphosphorus31 coil specifiedto be used

within the Lammers® incubatavas manufacturedby RapidBiomedica® and
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delivered to University Qege London Hospital (UCLHfigure 2-0-1) in

December 20180 perform these studies

Figure2-0-1: 31-Phosphous coil made by Rapid Bisedical®

In collaloration with David Price (Medical PhysatdJCLH the calibation of the
coil, safetychecks andsequence develoment were performed to be used in

newborn infants within an MR ealitional incubator in the 3T MBcanner.

3.3.1 Safety checks

The safetyrequirementsdetermined byRapidBiomedicab for thephosphorus

coil wererecommended for it tobe used wih humidity above30%and FiQ
below 25%.These limits are designed to exclude the possibility of an electrical
discharge.

After measurements with amxygen probe during thphantomexperimens and
checkirg the conditions at the end of clinicalcans in bhies with different
suwpplementary oxygen requirements, | produced the guideline faiRapid

Biomedica® coil use whin the Lammers® incubatéfAppendix 3.
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3.3.2 Phantan work

The following phantorswere usd for coil performane vaidation and sequence
optimisation:
1. Phantom1l: PhiipsHealthcar®Sphere B10cm diameter)
80 nl Methylphosphonic acid: 313 mM P(QaJCH)
2. Phantom 2:Adenosine triphosphateATH Phantom(500 ml flask), using
the following:
ATP10mM + Ophogphoryethanolanme (PEA)10 mM + NaCl solign
150mM, plus a bufér (6.3 gr kPG and 1.913 gr K#PQ). The AP and
PEA concentrations are simil@f a little higher) to those expected in
neonatal brain wilst the inclusion of PE provides samilar rangeof
chemical hifts (PEA tob-ATP) that wi be of interest in he neonatal
brain. Thereforgthis phantom ca be used for sequence optimisation
3. Phantom 3:Coil calibration pantom replicating the one @sl by Rapid
BiomedicaR) using the ftlowing compornts: HsPQ (phogphoric acid
80% Sigma Bche®), NiSQ@ (nickel suphate, Sigma Rocl® and NacCl
(sodium chlorile or saline)Two bottleswere prepared
- 3.75g NiSQ x 60O + 5g NaClin 1000 ml HO (plasic bottle), for
mimicking the coil lading of a neoate
- 80% plosphoric acid in 15 miglass val, for signal

We usal them as oneplacing the vial on top of #hloading bottle.
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Figure2-0-2: Phantom workwith the Ra{pid Biomedical® 3fihosphaus coil in the 3T Philips®
scanrer

3.3.3 Calibration

Using the calibration phanton, we performed a series of pulsequire
experments to check the factory chliation of the coil. The power supplied to
the coil is controllel by scaling factorkeld in a calibation file installed on the
scanrer computer. The sdang factors should cotrol the power applied to the
coil in such a wathat the scanners nominal 18@RFpulse is equal to the true
180 RF pulseiglding zero sigal and maximum sighas obtained form flip angle

of 90 .

3.3.4 Sequenceptimization

Offset frequency:

The offset fregency chosn was -270 Hzto set the centre of the spectrum
betweenthe e- | y RATP peaks. THRF pulse bandwidth was adequate (e.g not

losing signal at theedges of the range).

Pagel01of 255



LocalisedP MRS

One of the aims of this study is to obtain localiggdi data.There were two
options for spéally locali®d 3'P spectroscopy:

1) Image seleted in vivo (ISIS):

ISIS is used as a localisation sequeéaacquire metablite information in single
voxelor double voxel. Double voxel ISIS is appealing becausglt allow the
acquisition of pH infemation in two distinct regions othe brain forthe same
scan time however there are certain constraintsiting double vorl use in the
neonatal brainon the HRilips Healthcare® scanngfigure 2-0-3), as the two
voxds need to beof the same dimensionand aligned.For anatomical reasanit
would be dificult to obtain a voxel big enough to achieve an adequaNR but
small enowgh to fit both, separately, on the lsal ganglia and thalami (BGT) and

the white mater (WM)

Figure2-0-3: Double acqusition ISIS using the TP phantor? voxels of the same siZ85 x25 x
25mm) and aligned on the ATP phantom.

The ISIS method generatdsee 180° pulses prior to a 90° peJsafter which the
free induction decay (FID) is reded. Speffic sliceselective BO° pulses are

combined and the FID's added or subtractedyererate a spectrun{277).
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An advantageof the ISISmethod & that the magnetisation before the final 90°
pulse is held predomamtly along tre longitudinal axis and so T2 relaxation
effects are relativelysmall. This explains the value of théghnique for3'P data

acquisition becausesome plosphorus metabolites such as ATP have short T2

values.Seetable 2-0-1 for T: and & valuesfor each méabalite.

Roth (1989) 20T | 1420 4.0 1450 20 1320 115 | 3140 49 650 850 800 25

Luyten (1989) 157 2740 1470 26 1640 3290 43 1360 35 970 5.7 1020 3.0
Merboldt (1990) 201 4000 70 2500 80 1.0 2000 20 3000 150 5.0 700 30 33 700 30 4.0 1000 20 33
Bottomley (1992) 151 32 14 124 46 28
Jung (1993) 13 89 84 62

Lara (1993) 201 1700 33 30 1400 81 0.7 1300 11 109 2700 390 27 600 17 1000 28 700 15 29
Matson (1993) 201 23 12 7.0 31 23
Buchli (1994) GM 2.35T 31 1.0 101 31 29

WM 2357 43 13 14.2 29 2.9

Table2-0-1: Absolute metabolite concentration, T1 and T2 in the brain obtained by 31P MRS
andTzin ms. Adaptd from (278).

The disadvantagef I1SISs that eight acquisitions are required to accomiplise

full spatial localisation; thesfore, the sequenceis vulnerable to patient
movementoccuring between these data collectiong~or arepetition time (TR)

of 2-3 seconds thé8 acquisitions would be completed in 16 to 24 seconds. This
defined as a sgle measuement. Sufficient measementscan then be aguired

to give adequate spectralgnd to noise when summed.

The advarage here is that while nothing can be done abmgtion within the 8
ISIS acquisitions it is possible to deal with the effemt motion between
measurements. n the ase of severenotion, a measurement can be discked.

In the case of less severe motidhe phase and frequency errors can be

corrected.
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We decided to collect the maximum number of measurements by minimising the
TR. Although the longer the TR thenore sgnal, due topotential motion
artefacts in newba infants it would be beneficial to v a greater number of
shorter repetitions.Thismeant that the spectra were not fully relaxed (apart
from the first measuremat) but there were more repetitionsavailade for
averagng. Moreover, considering the shoiP T: value (around 1.4s at 2T), a

shorter TR is adequate.

i) Chemical shift imagin§CSl):

CSl is an extension of MR spectroscopy, allowing a matrix of vaxdie t
collected each providing a sgtrum. Potentially this provides a much more
detailed bcdisation than ISIS where we are lted to a single voxel. For 2D CSI
a slice selamn step is then followed by phase encoding and a spectrum is
recorded at eah phase acoding step. The phasncodingprocess iselatively
time consuming. For a T4 seconds and a matrix of 10 x i the scan time
is around 6 minutes 40 seconds. SICis very vulnerable to motienelated
artefacts at any time during the actpition. As andll or nothingtechnique
there is noscope for the partial rejection ofocrupted data(277).

Figure2-0-4 shows in tle bottom the spectra from Vox&4with a high SNRON
the left a vey large Pi pakis predominantbut when Pi is filtered at from the

spectra, we can see good phenylethanolaenand ATP peaks.
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Figure 2-0-4: 3P MRS Spectra using Cf8m one of the voxet in the middle of the ATP
phantom. (FOV 120 220, 10 x 10 voxelsoxelsize 12 X12 x20 mm; TR 400ms, NSA Z)op:
with a high Pi and relatively small Pet and ATP peaks ipaason.Bottom: focusing on the ATP
peaks. High SNR.

Increasing SNRproton decoupling and Nuclear Overhauser Enhancement

(NOE)

In 3P MR specoscopynearby potons @muple with phosphorus nuclei giving rise
to peak splitting. By irradiating on the praotochannel during FID collection
decoupling can be achied causing these mujtlets to collapse back into
narrower higher aplitude singlets(279). Snce invivo protonphosphoris
coupling is weakthe benefits are not dramatic and most noticeable for
phosphodiesters.Futhermore, pH measurements involve the chemai shift
between 2 singlets (PCr and Pi) not ghgadffected by poton- phosphorows
coupling.

Energy transfer betweemprotons and the3'P nuclei can be used to give an
additional signal boost called Nuclear @veuser Enhancement (NO&)9). By
irradiating protonswith the proton channek before the FD is collected; the

energy pumped into the protongan create an increased population difference
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in the observed nucleuand therefore an increased signal intensity. The amount
of NOE ehancement is T1 dependent gahe pathology alters T1 the amouot
NOE may changélhismay make comparison of metalite ratios difficult.

The Rapid Biomedica® phosphorus coil has nobeen designedwith the
necessary filterdo be used in conjunctionwith proton decoupling usigp the
scannef proton RF channel. Hemygroton decouping generates artefacts in
the phosghorus spectra.

We did several experimentssingbroadbandNOE both gandardised Waltz 8
and Waltz 16 pulses.There was a slight amplite increasewvhen using NOEta
mix times of 3500msBl max had to éincreased to 2)achieving the best SNR
but reaching borderline SAR &g of 80%.

Similar experiment was performed witNOE using 2D CSI with aogbhr TR
(morelike in vivo rangepn the ATPphantom,with a slightincrease signal.
Although NOEmproved the signalwith an optimal value at around 2500 ms,
there is anincrease SAR and duration of the scan. Moreovermastioned
above, signal erdncementis Ttdependent.Therefore,if the pathologychanges
T1 of themetabolite it mightalso changette amount of NOEgausing changes in
metabolite ratios difficult to interpet. The decision at this point was not to use

NOEor this study.
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3.3.5 BabyBrain Study*'P MRSnoisedetection and squerce type

The first two babies were recruited intothe study inMarch 2014 In oth cases
2D CSI and IS¥gere performed before deciding which one we would continue
obtaining for the rest othe study.

The sigal to noise from these infahd Q & LJSv€ryipdr. Wihadn &analysing
back he ATP phantom spectravhen 3P MRS was performedvithin the
Lammer®incubator, it was possible to see a deterioration of the SNR although
less obviousbecauseof the very high signal ®hin the phantom Following a
series ofexperiments it was demonstted that both the Lammers® inchator
battery and the Lammers® incubator monitoring (pulse oximeter and
temperature) caused significant noise on the Spectra.rdeced a new MR
conditiond monitoring (Nonin 7500FO® PediatFiter Optic MR conditional
Puke oximeter, Nonin Meidal, Inc, Minnesota, USAWhiOK RARY Qi ONXBI (¢
interference with the3P MRS. Fronthis point, | added to the guideline that
during the 3P MRS sequence, tharhmers® incubator ought to be corapgly
turned off (both the trolleyQ & o I G S NB mongbihg stderd, withdhie
monitoring being performed exclusively by the Nonin 750@FMR conditional.
The ventilator and the Faradayage for the Braun® pumpsiddnot cause
interference

In May D14, the first successful®!P MRSusing the Rapid Biomedica®
phosphaus coil was performed, both with a 2DCSI and aingle voxel ISIS over
the BGT. Data with a good SNR was obtained from bethniques figure 20-5

and 20-6). The maximum time availablfor 3'P MRS sequenceas 10- 15 min.
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As mentioned abovehe strategy followedwith ISIS was to use ¢hmnimum TR

possibleto maximise thenumber of meastements. Although it is expectatiat

partial T1 recoverwill occurdepending on the T1 of the fierent metabolites

signalwill be detectedby summingseveralmeasurements

PME

PCr . ATP ' a-ATP

PDE

B-ATP

ISIS, Adiabatic pulses

FOV =150 x 150 mm

Acq voxel 18.75 x18.75x25 mm
Rec. voxel 15 x 15 x 25 mm
TR= 2300 ms

NSA =8

No decoupling

Scan time 15:24

Figure2-0-5: Localised brairf*P MRS Spectra obtained with 2D CSI

ISIS

40 x 40 x 25 mm
TR=2475ms
NSA=8x 45
Adiabatic pulses
No decoupling
Scan time 14:51

Figure2-0-6: Locdised 3P MRS Spectra obfaed with ISIS from the basal gangland thalami
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Initially, fllowing these results we deted to continue performing CSI
sequences fo all babies inview that the SNR was vergood, and more
information was obtained (mtivoxel), providing a more locesled brain pHi
calculation.The consecutive two infants who hd&P MRS CSI performed had a
very poor signallikely due to some motion.

In view of theseaesuls, we decided that I£ was thébest localising phosphorus
spedrosapy method to usewith the aurrent conditions Although CSI provides a
better localisation (multivoxel), providing a morecéhlised brairpHi; ISS allows
us to locake to the basbgandia and thalami (areaxpected to be more affected
following an acute hypoxicischaemic event), ithin a reasonable acquisition
time and with the benefit of being significantly more robust nmotion. The
certral position of the voxel ad the way thed | 0 lge&dds immobilised within

a plastic coishape device of theamediameter than both the pradn and the
phosphorus coilkg means that any movement occurring will effectively cause
small rottions of the oxd ref I G A @S {2 rainKr&herohamlgg@ad o
translational shifs.

Since September 2@]1 we have pdormed only ISIS orall the babies, wh a
voxel covering boh basal ganglisand thalami. The acquisition time for this
sequencds 14:51min. Scaning time was reducedor clinical easms in 7babies

by reducing the number of repetitions from 8 x 45 tx &5 or 25. Parameters

used can bedund in the guidelineAppendix3):
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Geometry:
Nudeus P31
Offsetfrequency-270 Hz
Coil selectionMC-RapidBM-MN
Dual coil: no
Preparation oil: QBody
VOI orientation: transuese
VOlsize AP (mm): 40

RL (nm): 40

FH (mm): 25
Samples: 2048
Spectral BW: 3000

Contrast:
Scan type: spectroscopy
Scan mod: SV
TechniqueFID
VOlselection: volume
Method: ISIS
Eches 1
TE: shortest
RF pulse geadiabatic
TR: 2475 ms
Shim: PBauto
PBorder: second
B1 mode: dedult
Gradient mode: max
PNS mode: low

SAR: <5%

Motion:
NSA: 8

Phase cycles: 8

Dyn/angio:
Dynamic study: inigidual
Dyn scans: 45
Dyn scas time: shorest

ASL: no

Postprocessing

Receiver attenuation: 8
Reference tisue: WM

Shiftedmetabolite none.

3.3.6 Data analysis

Phosphorus(®P) spectroscopy data is processed using the jMRUI soft{2&é).
It contains a suite opre-procesang functions such as apodisation, zditing,
truncation, and phasing.It also offers anumber of fitting algrithms such as

AMARESaflvanced method fo accurate, robust, and effient spectral fiting)
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(281). AMARESIs a nonlinearleastsquares (NLLS) quantitation algorithm. It is
time-domain based fittingdamped exponential functianto the free induction
decay FID.

Then zereand firstorder phase correctiongere appliedmanuallyon al spectra
and setthe O ppm referenceto coincide withphosphocreatingPCr) peaksee
figure 20-7).

The fit can be constrained by applying prior knowledge, sastdlowed ranges
for peak frequencies and linavidths, and specific constints on jcoupling

constants,phases, and relative amplitudes between peaks within a multiplet

. PCr
- PME V-ATP
5 ‘ a-ATP
.,::: l Pi PDE |‘ W‘. B'ATP
| | q
Wbk b
oy ! H\‘ W ekttt g . o
;mmrldl'“ﬂ'r‘]wlil M}‘_IH‘\,Wﬂ'ﬂlﬂﬂ'{lfw\k‘!‘""ﬂ;I)M*llﬁi W |V H" l”ﬁ’ Ml 'i w M‘H"t\r‘l\r hi'm'\ll’lﬂ‘» '\I'W?\”ﬂ w;"““\; Jru'wlllljmluhw ;’Wﬂu\{rwlw IW'

1o
Frequency (ppm)
Ref: 6.0292E0

Figure2-0-7: 3P Spectra aftempodization to 5 Hz and zerorder phase correction. PCr is set as
0 ppm reference.

| have used te AMARESiItting algorithm, with prior knowledge within the
JMRUI software to then fit thespectroscopy datal have analys&l each of the
babie<?'P MRSndividually. Theamplitude of each netabolite wasobtained In
our time-domainfree inductiondecay(FID)datafitting template, we modeéd

PCr (phosphacreatine) Pi (inorganic phosphate) PME (phosphomonoesters,
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primarily phosphocholine angphospheethanolamine), GPE (glycerophospho
ethanolamine),GPC (glycerophospkcholine), and-, i -, and -ATP (adenosne
triphogphate). TheAMARES algorithm generates an estietaspectrum based
on the individual corponents. This stimated spectrum is thesubtractedfrom
the original to yield a resige. The omjinal, estimate, individual compents and

residue are disjayedin 4 windows,showed infigure 2-0-8.

residue

AR o gt

nclridnal corponents

1

el bk

egtitnate

A

original

T T ElI -iEI _I _I
Freguency {pprm)

Figure2-0-8: 3'P Spectra with (from top to bottom): residue, individual components, estimated
and origiral spectra, without apodizatio.
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Brain pHi can be calcukd using the chemical shifbf pHsensitive metabolites
on 3P MRSThe HendrsonHasselbalch equationedcribes thederivation of pH

as a measure of acidity in biological and chemical systems:

pH =pKa+ logo[6 ¢1%))/ (% 0 6 Equation1
where pKa =log Ka and Kais the proton dissociation equilibrium constant for
the phosphoryimoiety, 1 * and+° are the3P chemicakhifts of the phosphoryl

moiety in the respective protonated and unprotonateforms, aml ! Aa (KS

chemical shift of the metabolites afterest (282).

Thus pHi measurementis derived from peak postins, usingthe modified
HendersorHasselbkh equaton described byPetroff et al (127). | have used the
following, s K S NB eichavicalshitt & Pi relative to PCr (Pi frequency in ppm
¢ PCr frequency in ppm):
pHi (Hamilton)=6.77 + logw & B8.29) / (5.68 1 (185  Equation2
pHi (Robertson¥ 6.5 + logow a;8.27) / (5.9 ¢4 U3 Equation3
To increasdhe confidence inthe findings, | also determined brain pH usirtge
chemical shift of Pi relative to-ATP, where A &orrdcke® A NBf F G A BS (z
ATP at10.05ppm (Pi frequency in ppm -40Q.05¢ w b 2]2)):
pHi (Raghunanji= 6.85+ logow ¢;0.58) / (3.141 U182 Equation4

At physiological pH, Pi exiggamarily in the forms of PPQ- and HPG*® JATWP b
is set at-10.05 ppm, then the fast exchange 8P nuclei between these two
forms results in a single resonance being observed betveg8 ppm and 3.14
ppm, with the exact location of the resonance being determined by the relative

amount of tre two forms. Furthermore, the relative amount of these two forms
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is determined by pH132). It has keen shown that the Piignal originates
primarily from theintracellular space itumours(283).
Energy metabolite ratiosvere calculated from the ROI (regionioferest):
- Pi/PCr (as a marker of neuronal death when Pi is high, heémeceatio is
increased
- ATP/Pi+PCr+ATPtot@s a marker of brain oxidative metabolismith a
decrease in energy levels in infants with a more severe insult and who

underwent secondary energy failure).

One of the difficultiesof measuring brain pHi witB'P MRSs to ensure a good
fit, especiallyof Piand PCipeaks used in the HedersonHassébalch equation
This becomeshallengingn infantswith a less severe picture of Hidie to a low
SNR forPi peak We have considered different options to increase S&R
discussedpreviously We have alsoworked on improvingthe fit, mainly
optimising the prior knowledgeused Initially, prior knowledgebased onl14

peakswasused with a single Pi pedkables 20-2, 2-0-3 and 2-0-4).
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Peak name Frequency

(ppm)
1 PME 6.79 10.0
2 Pi 4.99 15.0
3 GPE 3.54 10.0
4 GPC 2.84 10.0
5 PCr 0.0 10.0
6 ATPgammal -2.29 10.0
7 ATPgamma?2 -2.53 10.0
8 ATPalphal -7.36 10.0
9 ATPalpha2 -7.66 10.0
10 ATPbetal -16.02 10.0
11 ATPbeta2 -15.83 10.0
12 ATPbeta3 -15.75 10.0
13 PEP 2.1 10.0
14 NADH -8.29 10.0

Table2-0-2: Prior knowkdge for AMARES within jMRUI, based on 14 pedsirting values
PME(phosphomonoesters, primarily phosphocholine gottbsphorethanolamine),Pi(inorganic
phosphate) GPE (glycerophospkethanolamine), GPC (glycerophospttwline),PCr(phosphor
creating, ‘-, h- and i -ATP (adenosie triphosphate) PEP (phosphoenol pyruv) and NADH
(reduced nicotinande adaine dinuctotide).
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- AmpIItUde Frequencv {ppm) e (Hz, m
phase

Estimated

2 Pi Estimated

3 GPE Estimated

4 GPC Estimated

5 PCr Estimated

6 ATPgammal Estimated

7 ATPgamma2 Fixed-ratio—
ATPgammal*1.0

8 ATPalphal Estimated

9 ATPalpha2 Fixed-ratio—
ATPalphal*1.0

10 ATPbetal Fixed-ratio —
ATPbeta2*0.5

11 ATPbeta2 Estimated

12 ATPbeta3 Fixed-ratio—
ATPbeta2*0.5

13 PEP Estimated

14 NADH Estimated

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Estimated

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Fixed ratio —
GPC*1.0

Soft constraints —
6.7-7.1

Soft constraints —
45-53

Soft constraints —
3.5-3.7

Soft constraints —
29-31

Soft constraints —
-0.1-0.1

Soft constraints —
-2.4--22

Fixed shift—
ATPgammal+ -16.0

Soft constraints —
-7.45--7.25

Fixed shift—
ATPalphal+-16.0

Fixed shift —
ATPbeta2+ 16.0

Estimated

Fixed shift —
ATPbeta2+ -16.0

Soft constraints —
1.8-2.2

Soft constraints — --
-8.2-0.0

Soft constraints — Fixed-
0.0-20.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian
Fixed-ratio— Fixed-
ATPgammal*1.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian
Fixed-ratio— Fixed-
ATPalphal*1.0 Lorentzian
Fixed-ratio — Fixed-
ATPbeta2*1 Lorentzian
Estimated Fixed-
Lorentzian
Fixed-ratio — Fixed-
ATPbeta2*1 Lorentzian
Soft constraints—  Fixed-
0.0-20.0 Lorentzian
Soft constraints — Fixed-
0.0-20.0 Lorentzian

Table2-0-3: Prior knowledge for AMARES within jMRUI: Prior knowledge

|:| Phases and details in amares

B —
o' @ X

DataBase

[ Starting Values
Phases

| Overall Phases

ot

Prior Knowledge

Zero Order Phase (deg)

Min: 200 Start.Value: ‘51 7 Max: (800
Begin Time (ms) - ]

Min: |00 Start.Value: \0 367 Max: |p5 |

—— |_pelete_|
Weighting:
Truncated Points: |5
Default
Points in Amares (max 4096): (2043 |
" —_—

‘ Default Quantitation ‘ ‘ Quantify J Cancel

Table2-0-4: Prior knowledgefor AMARES within jMRUI: Overall Phases
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There wasa group of infants for which their Pi fit wa@@ccuratevisually Prior
knowledge considering #i peakswas deemed to bemore approprate, as it
would be more likely to detct the Pipeaks from the different copartments,

each shifting slightly depending on pH in each compartniseétables 20-5, 2

0-6 and 20-7).
Peak name Frequency
(ppm)
1 ATPgammal -2.59 25.0
2 ATPgammaZ2 -2.69 25.0
3 ATPalphal -7.59 25.0
4 ATPalpha2 -7.69 25.0
5 ATPbetal -16.35 25.0
6 ATPbeta2 -16.15 25.0
7 ATPbeta3 -16.54 25.0
8 NAD -8.06 25.0
9 PCr 0.0 25.0
10 GPC 2.89 25.0
11 GPE 3.48 25.0
12 Pi 5.16 25.0
13 Pi2 4.88 25.0
14 PME 6.74 25.0
15 PCh 6.43 25.0
16 UDP -9.61 25.0
17 Pi3 4.59 25.0
18 PME2 5.99 25.0
19 Pi4 4.29 25.0

Table 2-0-5: New Pria knowledge for AMARES within jMRUI, baseah d9 peaks: Starting
values
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Peak name Amplitude Relative Frequency (ppm)
phase

1 ATPgammal Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 -3.5--1.6 1.0-100.0 Lorentzian

2 ATPgammaz2 Fixed-ratio — Fixed ratio — Fixed shift — Fixed-ratio — Fixed-
ATPgammal*1.0 PCr*1.0 ATPgammal+ -17.0 ATPgammal*1.0 Lorentzian

3 ATPalphal Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 -7.75 - -6.85 1.0-100.0 Lorentzian

4 ATPalpha2 Fixed-ratio — Fixed ratio — Fixed shift — Fixed-ratio — Fixed-
ATPalphal*1.0 PCr*1.0 ATPalphal+ -17.0 ATPalphal*1.0 Lorentzian

5 ATPbetal Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 -17.49 - -14.49 1.0-100.0 Lorentzian

[3 ATPbeta2 Fixed-ratio — Fixed ratio — Fixed shift — Fixed-ratio— Fixed-
ATPbetal*0.5 PCr*1.0 ATPbetal+ 17.0 ATPbetal*1 Lorentzian

7 ATPbeta3 Fixed-ratio — Fixed ratio — Fixed shift — Fixed-ratio — Fixed-
ATPbetal*0.5 PCr*1.0 ATPbetal+-17.0 ATPbetal*1 Lorentzian

8 NAD Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 -8.49 -7.75 1.0-60.0 Lorentzian

9 PCr Estimated Estimated Soft constraints — Soft constraints — Fixed-
-0.5-0.5 1.0-60.0 Lorentzian

10 GPC Estimated Fixed ratio — Soft constraints—2.8  Soft constraints — Fixed-
PCr*1.0 -3.0 1.0-60.0 Lorentzian

11 GPE Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 slEl=2i5 1.0-60.0 Lorentzian

12 Pi Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 4.0-4.5 1.0-60.0 Lorentzian

13 Pi2 Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 4.0-5.3 1.0-60.0 Lorentzian

14 PME Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 6.0-7.0 1.0-60.0 Lorentzian

15 PCh Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 5.8-6.5 1.0-60.0 Lorentzian

16 uppP Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 -9.99- -8.99 1.0-100.0 Lorentzian

17 Pi3 Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 4.0-4.9 1.0-60.0 Lorentzian

18 PME2 Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 5.65-6.2 1.0-60.0 Lorentzian

19 Pi4 Estimated Fixed ratio — Soft constraints — Soft constraints — Fixed-
PCr*1.0 3.1-4.6 1.0-60.0 Lorentzian

Table 2-0-6: New Prior knowledge for AMARES within jMRUI, based on 19 peaks: Prior
knowledge.
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[7] Phases and details in amares o @ X
DataBase
'_ Starting Values Prior Knowledge Overall Phases
Phases
Zero Order Phase (deg) Estimated 7]
: [180.0 Start.Value: 0.0 Max: [180.0
Begin Time (ms) [Estimated | v ]
: 005 Start.Value: 1 Max: 01
Details Peists
Weighting: off ‘ v
Truncated Points: |3
Default
Points in Amares (max 4096): 2040
Default Quantitation Quantify Cancel

Table2-0-7: New Prior knowledge for AMARES within j]MRUI: @&k Phases

The fit improved especially in #fants with a lowPi peak This was assessed
subjectively bygetting abetter fit around thefrequeng of Pi(4.5¢ 5.3ppm) and
by gettingless resiue. Figue 2-0-9 shows an example 6fP MRSSpectrafrom
an infant wth low SNR for Riln the closeup look at the fitthg around 5ppm
(where Pi peak is expectedjhe Pi fitting, using the secondset of prior
knowledge peaksl2,13, 17 and @ within the circledareain the bottom right),
looked more similarto the original spectracompared to thePifitting, usingthe
previousse of prior knowledge(peak 2 within the citled area in thebottom

left).
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Pi frequencyused tomeasurechemical siit, wascalculated using @ amplitude

weightedaverage of the 4 Pi peaksfrequendes (weighted Pi frequency = ([Pil

freq. * Pil ampl] + ([PR2 freq. * Pi2 ampl] + ([PB freq. * Pi3 ampl.] + ([P# freq. *

P& ampl]) / (Pil ampl+ P2 ampl + PB ampl + P4 ampl)).

PCr
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Figure2-0-9: Spectra from a newborn infant with a lowWi peak (Top) Spectrawith reference0
ppm set on the PCr peak(Badtom Left) Closeup to thefitting around where we expect the Pi
peak(between 4 and 5.3pm),using theinitial prior knowledgewith one Pi peakfjeak number
2). (Bottom right) Closeup to the fittingaround where we expect the Pi peak tlveen 4 and 5.3
ppm), using thesecondprior knowledge with4 Pi peals (peaks number 12, 13, 17 and 19 The
pHi calculation wag.22 with the fi on the left and 7.08 with the fit on the right.
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For 'H MRS the dynamic spectra were summed iffe after phase and
frequency correction ath rejedion of motioncorrupted data. MRS arhgsis was
performed using Tarquii284). The following me#abolites werefitted: Choline
(Cho),(reatine (Cr), Lactate (Lad)hreonine (Tr)(285), N-acetyl aspartate (NAA)
and N-acetylaspatyl-glutamate (NAAG)lipids and macromolecles were not
included On long echo time (TEthe proximity of the methyl resonances of
Ladate and Theonine, at 1.31ppm and 1.32ppm respectivalyean hat with
conwentional MRS they are not independently resolvable wvivo spectra By
including Thr, in addition to lactate, in the spectrahalysis the goal was to
improvethe spectralfit in the region around 1.3 ppm in cases where lactate is
raised (124, 286). Hence, the peak area ratios for Lad/tNAA (Lactee plus
Threonine to total NAANAANAAGQG) wascalailated, and a cutoff point of 0.39
was considered as predictor of outcome,mlished byMitra et d. (124) Hgure
2-0-10 shows and example 8H MRS analysedlith Tarquin forone infant with a

good prognosis andne with aunfavourable prognosis.

Cho
NAA

Cr

Lac+Th

Lac+Th

0 18 16 14 12 10 08 06 04 02
Chemical Shift (ppm)

Figure2-0-10: 1H MRS Spectra (PRESS, TE 288m#)e left thalarmus of the BGT of a newborn
infant analysed with Taguin. Cha choline (cell membrane marker)Cr: ceatine (energy
metabolism) NAA: Nacetylaspartate (main neuronal marker) Lac: Lactate(produd of
anaerobic glycolysig'h threonine(similar frequencyto Lag. On the left(a), Spectra of a infant
following mild HIE high NAA peak and low Lac peak. On the righk Spectra of a infant
following severe HIElow NAA peak and high Lac peak.

Pagel21of 255



Part 3: Study recruitment

Since end of May 204, | approachedr8 familieswith an infant admitted to the
neonatalunit at UniversityCollege London Hospital (UCLH) at risk of brain injury
The flowchart shows recruitment and exdion numbers into the Baby Brain
Study for*'P MRS Of the 71 who consented3 were excluded from the studies
due ta i) poor quality ofthe data/different PMRS sequenda=5); ii) withdrawal

of consent §=4); iii) unable to usethe 3T scannedue to softvare issues or
amplifier out of servce (1=12); iv) running out of sanning timefor research
sequences (n392Useful phosplorus spectroscpy datahas been acquiredrom

48 infants of them(seeflowchart in figure2-0-11). Forthe purpose of thisstudy,
only infants with neonatal encephalopathy secondaoyhypoxiaischaemiaand
who underwent trerapeutic hypothemia were ircluded (n=43) The other five
were excluded due tdifferent baséine diagnosis I with final diagrosis of
stroke,1 preterm 33+5 weeks who was not cooled, 2 with neonatal seizures who
were not cooled and 1 epreterm baby with acardiacarrest around terrime

corrected, wio was not cooled).
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*7 not consented

78 parents approached (1/7 not even for MRI,
. 1/7 consented but mother didn’t arrive before MRI was
(May 2014 AugUSt 2016) performed for written consent)
4 excluded

2 with low SNR (new equipment) in May 2014

2 with CSI (low SNR due to motion) in June-July 2014

71 consented 4 withdrew consent in December 2014

12 consented but 3T scanner not working or amplifier not working (7 in December 15-January 16)
or software not working (4 in February-March 2016)

2 consented but no time for 31P MRS (motion)

1 with low SNR: preterm (34+2 wks with NE but non-cooled)

5 excluded from analysis for:

48 infants with «1 final diagnosis of stroke

1 preterm (33=5 wks, with NE, cooled)

3 not cooled (2 with neonatal seizures of other aetiology, and 1 ex-
preterm with cardiac arrest at term, non-cooled)

good SNR

43 infants with
NE who

underwent
cooling*

Figure 2-0-11: Flowchart of consenting process and numbers recruited into the Baby Brain

Study
*One infant born in good condition but haapostnatal collapse at 1h of age and filéfdl all the

rest o criteria for cooling therefore, included in the analysis.
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Chapter3: Brain pHiand seizure burdenn newborn infants

with neonatal encephalopathy

Introduction

Perinatal hypoxigschaemicbrain injury in term babies is still a sigo#rnt
problem throughout the world. Unfortunately, despite the introduction of
therapeutic hypothermiaaround half the infants still have abnormal @aimes
(1, 30). Experimental data suggest that the addition of arestlagent to cooling
may enhance overall protéion either additively or synergistically.

The fNB 0  aéA YLIKYZ2 3ADEP)Ndkgnetic resonanceadin spectrum was
obtained at Wiversity Collegéordon (UCD) in 1983 in a preterm infant following
perinatal asphyxig126). Thisand laer studiesin babies(53, 54) and piglets(52)
were significant landmarks in our understanding of thphasc nature of energy
failure during and aftehypoxe-ischaemiaThe decline in brain energyeasued
in the days and hours after frth strongly corelated with neurodevelopmental
outcome and head growtlG4); however, since the 1980s there have been few
studies usig *'P MRS as outcome biomkar in babies follaving asphyia, as his
is not routinely availablen clinica scanners.

3P MRS caalsoprovide measuement of brain intracellular pH (pHiyhich may
be vital to our understanding of the response to hypeiszhaemia and lead to

possille new avenues of naroprotection; there is no other norinvasive wayo
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measurepHi apart from Positron Emission Tomogdngpwhich requires injection
of radioactive lignds (i.e. Carbonll-labeled dimethyloxazolidinedione
([11C]DMO)) (128) and, hence,not feasible in babies. Brain pHi canrbeasured
using the chemical hsft difference d inorganic phosphae (P) (129),
phosphocreatine RC) and adencsine triphospha¢ (ATH (287). The pHi alue
calculaed from Pi(the chemical shift between Rind PCr)s thougtt to reflect
the pHi in deadr injured cells whereas that derived from other metabeditmay
reflect different cell popul&ons.

Ove a decadeago, animportant shift in brain pHi ws observed ugsg whole
brain 3P MRS78 babies with nenatal encephalopidny (NE)in the precooling
era were studied serially during the first year after bi(8). The fndings werefi)
brain alkabsis magnitude related to brain injuryseveity on MRI andbrain
lactate concentration; (ii) brai alkalosis persisted for sexrweeks in bhies
with a severéy impaired outcome.

More recently, animportant reation between gizues and brain alkalosisak
been observed by the Helsingroup (5, 243). In their rodent modé, recovery
from asphyxa was followed by large seizure burden that was tightly paeddid
by arise in rain pHi.Graded restoration ohormocapnia(by adding 10% or 5%
CQ) or the application of Nmethyl-isobutyl amilorideq Na/H* exchange(NHE)
inhibitor ¢ suppresed the alkaline shift in braipHi andstrongly suppressed
seizuresNHE inhiltors are a promising naoprotective tool in animal models,
reducing cell dedh, seizureburden and brain injurywith improvement of

functional outcome(5, 49, 175, 178, 179, 184, 186, 196, 197, 201, 204-206, 243,
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288, 289), as described in our literature rewi (49). More recently they showed
in their rat mode of asphyxiathat carbanic anhydrase inhibitorsvhich induce
systemic acidosigisoblocked post-asphyxia seizusg290).

Brain pHi ighus likely to bean important biomarker,but no studies have been

performedin babies since the work denin 2002(3).

The aim of this chaper is to study babieswho underwent therapeutic
hypothermia anddetermine if (i) locdised deep grey matter pHpredicts
outcome basedon the following llomarker:thalamicpeak area rdb Latate +
Threamine to total N-acetyl aspartate (La¢tNAA)obtained by proton (H) MRS
(122); (ii) alkaline brain pHi corelates with seizure burden oBEG iii) locaised
deep grey matter pHcan predicts clinical outconmeand {v) the relationship

betweenbrainpHiand dher markers of outome.

Patients and Methods

Bhical permission was granted by th& RES ©mmittee Londn (Nationd
Research Ethics &g&ce) - Bloomshlury (13/LQ0225) and UCLHosptal (UCLH)
R&D approval13/0013. Parental written informed consent W8aobtained prior

to everyexamination(Appendix land 2).

3.2.1 Patientsand gudy design

To calculate the samplsize neededor this study datafrom the 2002 pHi study

(3) was usedc¢ where infants were divided intotwo groups (nild and
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moderatd severg based onclinicalfindings(MR)) ¢. A diffeence of 0.1 pH units
between groups wouldbe of interest aml in prevous studes a standard
deviation (SD)of around 0.1 pH nits was seenin these groups. With an 80%
power and 5% significancéhe numbe of infants requred in eat brain VR
group is21, to determine differences betweethese graips andfind athreshold

pHi that kest predicts outcomeThus,we need atotal of 42 subjects.

7 not consented

78 parents approached (1/7 not even for MR,

(May 2014 — AUgUSt 2016) 1/7 consented but mother didn’t arrive before MRI was
performed for written consent)

*4 excluded
2 with low SNR (new equipment) in May 2014
2 with CSI (low SNR due to motion) in June-July 2014

71 consented +4 withdrew consent in December 2014

+12 consented but 3T scanner not working or amplifier not working (7 in December 15-January 16)
or software not working (4 in February-March 2016)

2 consented but no time for 31P MRS (motion)

+1 with low SNR: preterm (34+2 wks with NE but non-cooled)

5 excluded from analysis for:
48 infants with «1final diagnosis of stroke
1 preterm (33=5 wks, with NE, cooled)
gOOd SNR *3 not cooled (2 with neonatal seizures of other aetiology, and 1 ex-
preterm with cardiac arrest at term, non-cooled)

43 infants with
NE who

underwent
cooling*

Figure3-0-1: Flowchat of consering process and nuiiners recruitedinto the Baby Brain Study
*One infant born in good condition bidufferedpostatal collgse at 1hof age fulfilling all the
rest ofcooling criteria, therefore, included in the analysis.

Of the 48 infants withgood qualityphosphorus MR8ata who corsented into
the study, 5 were excluded due to having a differdieggnosis than NBr didn®
undergo cooling1 with final diagrosis ofstroke,1 preterm 33+5 weeks who was
not cooled, 2 with neonatal seizures who were not cooled and-fireterm baby
with a cardiacarrest around terrtime correctedgestational agenot cooled).
Forty-three newborn infants with NEpresumedsecordary to pernatal hypoxia
ischaemia wh fulfilled current criteria for therapeut hypohermia (17) were
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enrolledprospectivelyat UCLK London, Unted Kingdon betweenMay 2014 and
August 206 (see recruitment flowchartigure 3-0-1). Mean gesational ag (;
range) was 398 weeks ED1.7; range35.341.9)and mea birth weight ¢ 33689
(SD 597; range 22504910) Neonates with cogenital ammalies, gnetic
syndomes, orthosewith aetiology ofNEdifferent from hypoxiaischaemia were
excluded fom the present analys. Theyall received theapeutic hyothermia.

Table 3-0-1 showsdescriptive characteristics of the cohort.

N Mean * SD  Median Range
GA (weeks) 43 39.8+1.7 40 35.3-41.9
Birth weight (gr) 43 3368 + 597 3334 2250-4910
Gender (M:F) 23:20
Inpatient/outpatient 17126
Apgar score (5 min) 41 40+27 < 0-10"
Apgar score (10 min) 35 48+27 4 0-10"
Blood pH within 1st 41 6.94 £ 0.14 6.95 6.60 —7.25
hour (including cord)
Blood BE within 15t 35 -18.0+54 -16.9 -31.8--5.3
hour (including cord)
Lactate within 15t hour 27 134+ 34 13 7.2-20
(including cord)
Intubated during 39/43
resuscitation
Cardiac massage 12/43
Drugs during 7/43
resuscitation
Age at target 37 3323 3 0.5-10.5
temperature
Duration cooling 43 70.8+11.8 72 22 - 962
Death 2/43

Table3-0-1: Descriptive characteristics of the cohort of newborn infants with NE

'0One orn in good condition anduffered apostnatal collapsgfulfilling cooling criteria
2Therapetic hypotherma stopped earliein one baby kecause of very mildliaical picture.One
baby recooledfor extra24h due b seizues during rewarnmg.

Clinical @ta was collected: perital markersof asphyxia, sentine¢vents(e.g.,
placental abruption,uterine rupture, cord prolapse other cord acident or

shoulder dgtocia), and multorganic failur€ symptoms(tables3-0-2 and 3-0-3).
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Some data waanavailable regardinfpetal CTG an@dresence bsentinel events,
mainly in infants transferred ewutero to UCLH. 18/43 infants presented with
sentinel evat and 31/38 with signs of foetal distresRegarding multiorgan
failure, over two thirds of the infants presented with at least om¢her organ
affected the most frequentwas renal impairment/olygurip Those with more
severe NE presented with more than one otloegan affectedIn this cohort,no
children had genic or metabolicabnormalities spected (exclusion criteria)
Thoe who presented wih low blood sugar were investigated with a
hypoglycaemia scregwith no abnormalities foundh any d them and the cause
being the low glucose intake due to fluid restrictidhost babies were ventilated
(41/43) during therapeutic hypothermia due the use of sedation, in line with
the publication that showed no protective effect in an animal model of asphyxia
when subjects were undesateduring cooling(70). Only 16/43 had increased

ventilationor oxygenrequirements.

‘ Frequency

Fetal distress 31/38 (80%) Multiorganic failure Frequency
Unspecific decelerations on CTG 23/29 Hypotension 23/40
(79.3%) -

Thrombocytopenia 14/43
Flat HR on CTG 1/38

Coagulopathy 19/43
Fetal tachycardia on CTG 1/38

Oliguria 30/43
Fetal bradycardia on CTG 19/35

Pulmonary impairment 16/43
Sentinel events

Others
Uterine rupture 1/43

- Sepsis (markers elevation and 13/43

Placental abruption 4143 treated at least 5 days antibiotics)
Cord prolapse 1/43 Hypoglycaemia 5/43
Cord accident 5/40 Prognosis (breastfeeding/oral 31/43
Shoulder dystocia 8/40 feeding at 8-10 days of life)

Table 3-0-3: Clinical cemorbidities and

Table3-0-2: Summary of antenatabigns of _ _ AT
prognostic factors Hypotension requiring

foetal distress and/or sentinel eventsCord

accident includes cord prolapse ortight
cord around tle neck.18/43 infants had
one sentinel evengexplaining the hypoxia
ischaemia.

inotropes. Coagulopathy requirindglood
products. Oliguria (less tharlml/kg/h).
Hypoglycaemig<2mmol/dL).
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3.2.2 Imaging

MR imaging and spectrospy (MRI/MRS)were performed at ameanage of 5
days(SD1.4; range 3-8) using a 3T MR stem (Philips Medical Systen® Best,
TheNetherlandg. Infants weretransported in an MR conditioal incubator with
integrated monitoring (pulsioximetry) and a ventilatorequired by most of
them: a Lammes® incubtor. MRI and proton ‘H) MRSwere obtained using a
doubletuned neonatalbirdcage coil specific tobe usedwithin a Lanmers®
incubator; these are part of the outine careimagingof infants with neonatal
encephdopathy who wundergo theraputic hymthermia The following

sequencesvere usedin the protocol:

High-resolution Tiweighted 3D aatomical scafMP-RAGE)

-  T2weightedTSEmaging anatomial scan(3mm slce thicknes)

- Multi-direction (32 directionsDiffusiontensor-like imaging (DTI)

- Single voxel pran spectroscopywater suppressedPRESSepetition
time/echo time TRTE) = 2288/8B8ms, voxel &ze 15x15x15m, dynamic
series of 16 spectravere acqured each with 8 averagescan time
~7min). allows measuremerof different metabolitesin a voxel locadied
mostly on the left ventrolateal nuclei of the tlalami. The pakarearatio
of thalamicLadate + Threoine to total N-acetyl aspartatgLad/tNAA is
the current validated biomarker of outcon{&@22, 124).

These43 babies tad & S E (i NJ K ¢a Na5311j3de8gdd fiogphorus P)

MRS A purpose made birdcage multiokear phosphorus31 cal specified to be
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used in newborn infantswithin a Lanmers® incubatowas manufactured by
Rapid Bionedial® for this studyand delvered to UCLH(see Chapter?2 for
sequence optimisation Scan acquisitn time wasl4 mirutes51 sconds:ISIS,
pulse sequencewith a voxel sizeof 40xDx25mm abng RLx AP x Sl diections

(RL: ®yht-Left; AP: Anterio-Paosterior; Sl: Superieinferior), TR=2475ms, scan
number 8 x 45, and sample size 2048. HEeguence wasshortened in 7
occasions byreducingthe number of repetitions (2810 x 8repetitions). Ful
descrigion of the ssquence carbe foundin Chapter2. The ISISequencewas
implemented without proton decopling, and the cent of frequency of theRF
pulse was sed S (i g S 8nh-ATTP The voxel was placed using theustural

T1 ard T2sequencesn the three planes fagittalcoronal/axial). Prior to theP
MRS sequence, a survey was run with the body coil to adjust the voxel
positioning if therehad beenany mina displacement of the head during the coil
replacement. Roton col and phosphorus coil hathe same insid diameter ad

slide ontop of acolt KI LIS L) I AaGAO Y2RSt 6KSNB GKS

foamsplaced laeral toeach ear(figure 3-0-2).

= 4 e

Figue 3-0-2: Head placémet within the in-built 1H MRS coil in the Lammers® Incubator
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3.2.3 Data processing

For 'H MRS the dynamic spectra were summed -iffe after phase and
frequency correction and rejéion of motion-corrupted data. MRS arhgsis was
performed using Tarquii284). The following meabolites wee fitted: Cloline
(Cho), Qreatine (Cr), Lactate (Lacyhreonine (Tr) (285, N-acetyl aspartad
(NAA)and N-acetyl-aspatyl-glutamate (NAAG)ipids andmacromoleciles were
not included It was describeda significant residualhen the signal around
1.3ppmwas high(124), andoften, the fit was improved by including Tim the
basis set(124, 286). Hence the peak arearatios for Lad/t NAA (Lacte plus
Threonine to total NAANAANAAG) wascalcuated.

For 3P MRSduring preprocessingthe spectra were manually corrected for
phase and freqency shifts and fitted usingthe Advancel Magnetic Rasnance
(AMARES)281) algorthm implemented in the j]MRUI software packag&280).
The software pdorms the Fourier tansformation of the timedomain data.
Zero- and firstorder phasecorrections wereperformed manuallyon all spectia
andthe 0 ppm referencewas seton the phosphoceatine (PCr) peaksgefigure
3-0-3). The fit can be constrained by plying prior knowledg, such as llbwed
ranges for peak frequencies and linveidths, and specific constints on
coupling constantsphases, and relative amplitudes between peaks witha
multiplet (see Chapter2). In our time-domain free indudion decg (FID)data
fitting template, we modelld: PCr, Pi (4 peaks) PME (phosphomonoesters,
primarily PQ  [phosphocholing and  phosphoethanolamine GPE

(glycerophosmoethanobmine), GPC (glycemhosphocholine),NACH (reduced
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nicotinamide adeninedinudeotide), UDP (uridin diphosphategnd 1-, ! 2-, " 1-,
ho-, i 1- 1 2- and i -NTP (nucleotide triphosphate).The prior knowledge was
adjusted for certain casedo ensure a good ft of the spectra with minimal
residue. Pi frequency was calculateas theamplitudeweighted Pifrequency of
the 4 Pipeaks(Weighted Pifrequency ([Pilfrequeng/ x Pil Amplitud¢ + [Pi2
frequencyx PR Amplitudg +[PB frequencyx P83 Amplitude] +[P# frequencyx

P#4 Amplitudd) / (Pil amplitude+ P2 amplitude + P83 amplitude + P#

amplitude)).
PCr
F “:5:: PME Y-ATP
& a-ATP
- L
o
- "Jllh.‘ M ||| ¥ b Hl‘
IIWJ Ir“ |"*Y%M“.“|M’ w ;Hhihi_w' .'MIII r“qfﬁ’\:‘h"(ﬁ‘.\',’w h‘,

: ) ;P'l 11““']!%" Mﬁ..\"\M‘._‘hl“nimw‘!‘1’|||l"ml W .'\L"".W‘l‘“l'l“ Jru'(lll‘“’ﬂ‘uh‘il“l\ ‘!'Wﬂ."!{\‘ erﬂ‘}i'”

o 1o 30
Frequency (ppm)
Ref: .0292E0

Figure3-0-3: 3P Spectrum after apodisation to 5 Hz and zesaler phase correction
Measuraenent of pHi is derived from peak positisnusing the Henderson
Haselbdch equation¢ where+ is the chemical shift of Pi relative to PCr:
pHi (Hamilton)=6.77 + logow & B8.29) / (5.68¢1 (185  Equationl
pHi (Robertson¥ 6.5 + logow 6;B.27) / (5.0 ¢4 U3 Equation?2
To increasehe confidence inthe findings, | also determined brain pHusingthe
chemical shift of Pi relative to-! ¢t & gKSNBE + Aad GKS O2NNBO
ATP at10.05ppm (Pi frguency in ppm +10.05¢ wib 2)R2):

pH (Raghunand = 6.85+ logow ¢ 0.58) / (3.14{ ((182) Equation3
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Correlation between the 3 equations was analysed,dod the purpose of tle
study,the Hamilton pHi calculation was uséiB5).

The total duration of the MRI/MRS scamaround h. The examination was
performed either during natural sleep Weed-andwrapQtechnique or after
sedation with oralchloral hydrate (3050 mg/kg) or morphine infusion in those
who were ventilated.

MRI scanswere scoredwith an expert neuroradiologistusing apreviously
validatedsoring systent the NICHD NRN MR91) score It has been validated
to predict death or IQ at-@ years of age followingypathermiafor NE(table 3-
0-4). Newborninfantswere grouped into 3 degrees of severity ofuinj: normal

(score 0, mild (1A and 1Band moderatesevere injury2A, 2B and 3)

Score ‘ Description

0 Normal MRI

1A Minimal cerebral lesions only

1B More extensive cerebral lesions only

2A Any basal ganglia thalami (BGT), anterior limb of the internal capsule (ALIC) or
posterior limb of the internal capsule (PLIC), or watershed infarction

2B 2A with additional cerebral lesions

3 Hemispheric devastation

Table3-0-4: NICHD MRI scoring systef291).

3.2.4 aEEG/EG acquisition

Multichanneltwelvelead EEG monitoring\N{coletOne EEG/LT®1 Natus, Care
Fusion, Wisconsin, USA, or Nihon Kohden Neurofax EHQ@00® Rosbach,
Germany) was acquirgdom admisson (around 1-7h of life, depending whether
inborn or outborn) anduntil the baby was completely rewarmed @rfree of

seizures (at least 8®& from the begnning of therapeutic hypothermiak-iltered
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amplitudeintegrated EEG recordings were classifemtording to the pattern
classification(292). Table 3-0-5 shows the different pattern of aEEG background
activity described at epochs between -6 hoursfrom the startof therapeutic
hypothermia ¢being time O when target temperaure reached33-34°Cg, 612
hours, 1224 hours, 2448 tours, 4872 hours,rewarmingperiod (72-86 hours)

and after rewarmingThe presence ofleep-wake cycling was alsscoredduring

these time epochs.

Pattern classification
Upper margin Lower Margin

0 Continuous normal voltage (CNV) >10 pv >5pv
1 Discontinuous normal voltage (DNV) >10 uv Mostly >5 pVv
2 Burst suppression (BS) Up to 25 pv <5uv
3 Continuous low voltage (CLV) <10 pv <5pVv
4 Flat trace or isoelectric (Flat) <5uv <5uv

Table3-0-5: aEEG background activity pattern classificati(292).

Fiiteen patients presented with electrical seizureSeizure burdn was calculated
by the author, annotating on the raw EEG the beginnary endfor each sezure
and then calculating the total durationf geizures in mmutes. In case of doubts,

consensus waeachedwith an EE@xpert(Dr. Sean Mathieson)

3.2.5 Clinical outcone data

Two newborn infants died within the first week of lif&hirty-six children were
assessed fotheir neurodevebpmental outcomeat 3, 6, 12 and 24 nmihs of
age as pat of their clinicalfollow-up, led by Dr Angela Huert&3eballos Five
children wee lost to followup (11.6%)which isbelow rates described in other

studies(2993).
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At 24 months range 21-36), the Bayley Scales offant Development Third
Edition was used for assessment @ley Ill) (294). It hasfive scaleqcognitive,
language (receptive and expressive), motofine and gross motor) social
emotional and adaptative behaviour Raw scoresare transformed into a
composite score, where the mean is 100 ($B). Combined cognitive and
languagecomposte score (CBIl)was calculated toas the average between the
two of them.

Outcomes were categsed as normaln=28) mild (n=4) or severe(includes
moderate-severe n=6) (table 3-0-6). The same categorisation was done taking

into considerationthe CBIIl and Motor composite scores.

Outcome severity at 2 years of age

Normal Bayley-lll Composite score within 1SD (285)

Mild One domain affected with a Composite score between 2SD and 1SD
below the mean (70-84)

Severe » Death
» Any one domain with a Composite score below 2SD (<70)
« At least 2 domains with a Composite score between 2SD and 1SD
below the mean (70-84)

Table3-0-6: Outcome severity at 2 years of age based on Baykkyassasment(294-296).

Therewere 4 patients irnthe svere groupwho didQ i K I le@-8 Comimsite
Scores: 2 whdalied in the neonatal peiod and 2infants who were seen in clinic
with very severedisability, but Bayley-lll was not achievable(children with
cerebral pdsy who required physical assiste@ for mobility, plus learning
difficulties, plusother added disabilities In the normal group, therewas an
infant without scores because the lasBayey-lll assessment was denat 12
months (not comparable with the 2 yeawutcome) but further clinic ldters

showed nomal devdéopment
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3.2.6 Statistical Méhods

Analyses were performed usin@M SPSStatistics28.0, SPSS Inc., Chioali..
Desciptive data summaries were genetad using means and standard
deviations(or medians andnter-quartile range) fo quantitative variables, and
frequercy distributiongtotal numberand frequency) for qualitative variables.
Bivariate analyss were performed to study assciation betweenthe different
prognostictools and, also, vith longterm outcomes usig Pearson correlation
(or Spearmarcorrelationfor categorical values).

Prior to comparirg two groupsand due to the small saphe sizewithin groups
normality tests were performed(Kolmogora-Smirnos and ShapiréWilks) (297,
299). In those where normaly was assumedihe differencein means vas
analsedusinga t-Sudent test for independent samplesTheleveneQ test for
Equality of Variancesvasperformed beforehand to interpret results.If normalty
couldn®@be assumed, aMann Whineytest was perbrmed.

The cutoff point used to compare infaist with low-high pHiwas7.16, basedon
previous studies(3), and when comparinginfants with lowhigh thalamic
Lad/tNAA it was0.39 (124).

A t-Studenttest for paired samples was usedwhen comparingpHi calculated
using different equatias. Statistical significance was coteied when p alue
was <0.0595% cafidence interval [C.1.])

The predictive ability ofprognostic markes was explored estimating sensitiyi

and specificity (95% confidence inteal [C.1.])
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Results

3.3.1 Deep grey matter pHand'H MRS

There was a significant positive associtgon between infants with NE who
presental with ahigher La®/tNAA(worse progngis)and a more alkaline BGT

pHi(p<0.0Q) (seeHgure 3-0-4).

200 r=0.67*
- p < 0.001
3 320 .
8 250
£
E 240
t °
8 20
E 180
|
E 120 ‘

s AT ’
690 695 700 705 710 715 720 725 730 735 740 745 150
BGT pHi (Hamilton)

Figure3-0-4: Correlation between BGT pHi and thalamic LacT/tNAA in 43 infanth\WE

A cut-off value for La&@tNAA 0f0.39 wasused, where infarg with a La@/tNAA
above 0.3 are more likely tachave apoor neurodevelopmental outcom(124).
When comparing mean BGT pHi wiiin these 2 groups, there was a significant
difference (p=0.02) ¢ infants more likéy to hawe an unfavourable outcome

presen with a more alkalotic pHi on thBGTc (table 3-0-7, figure3-0-5).
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BGT pHi

(mean [SD])
Lac/tNAA<0.39  7.08 (0.05) 36
Lac/tNAA > 0.39 7.23 (0.14) 7

Table 3-0-7: Mean () of deep grey matter pHi withintte first 2 weeks of life in infants
classifiedby LacT/ANAA fromtH MRS124).

7.55

40
7.50 o
7.45
7.40
7.35

5 0
=
E 7.25 o
T 7.20
i 7.5
'G 710
7
a 05 o
7.00 — ‘
6.95 ( = 0 01 2 h
\ — ]
6.90 \p 2 =
6.85 —— —
6.80 - .
Favourable prognosis Poor prognosis

Prognosis based on Thalamic Lac+Thr / tNAA

Figue 3-0-5: Boxplot for deep grey matter pHi within the first 2 wees of life in infants
classified by thalanic LacT/tNAA(median 15t and 3¢ quartiles [box] and 5 interquartiles
[whiskers])

3.3.2 Deep grey mater pHi and electroencephaloghy

The BGTpHi and electroencephagraphic examinations o#3 infants with NE
who underwent cooling are summaried in table 3-0-8. Fifteen of them had

sezures. The mearfor seizure burden wa89 min (SD 9Gange 6530 min).

Therewas a positve associgon between a more alkalotiBGTpHi and a higher

seizure burden (p<0.1R2) (figure 3-0-6).
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EEG data ‘ Frequencies

Seizure burden (in min) 39 £ 96
Mean + SD (range) (0—539)
Background pattern CNV: 16/ 37 (43.2%)
aEEG at 0-6h DNV: 5/ 37 (13.5%)

BS: 1/37 (1.6%)
CLV: 1/37 (1.6%)
Flat: 14 / 37 (37.8%)

Background pattern CNV: 22 /43 (51.1%)
aEEG at 24-48h DNV: 14 /43 (32.6%)
BS:3/43 (7%)
Flat: 4 / 43 (9.3%)

Background pattern CNV: 21/43 (48.8%)

aEEG at 48-72h DNV: 17 /43 (39.5%)
BS: 1/43(2.3%)
Flat: 4 /43 (9.3%)

Background pattern CNV: 17 / 40 (42.5%)

aEEG at rewarming DNV: 18 /40 (45%)
BS: 1/40 (2.5%)
Flat: 4 / 40 (10%)

Background pattern CNV: 24/ 39 (61.5%)

aEEG post-rewarming DNV: 11/ 39 (28.2%)
Flat: 4 / 39 (10.3%)

SWC recovery 3/43 (7%) by 24 hours

7/43 (16.2%) by 48 hours
9/43 (20.9%) by 72 hours
15/39 (38.5%) after rewarming

Table 3-0-8: Summary of electroencephalographic dataBEEG: amplitude integraté EEG; SWC.:
sleep wake cycledNV: continuous nornal voltage; DNV discontiuous normal vahge; BS: burst
suppression; CLV: continuous lowitage; Flat: isoelectritrace.

650
600 r=0.38*
550 . p= 0.012
500
450
400
350
300
250
200
150
100 R
50 o~ .

Sz burden (min)

6.90 6.95 7.00 7705 710 715 720 725 730 735 740 745 750
BGT pHi (Hamilton)
Figure3-0-6: Correlation between deep grey métr pHi and seizurdurden.
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Regardig aEEG backgrourattivity, figure 3-0-7 showsthe boxplot for median
pHi in the different groups of backgroundtevity (with first and third quartile
[box¥; £1.5 interquatile [whiskerg). When comparing the group with a mild
normal aEB background (CN& DNV) vs moderateevae changes (B&LV or
flat), there were statistically significant differences in meanBgHi p=0.00 at
24-48 hours;p=0.01at 4872 hourg and ketweenranks & 0-6h (p=0.005)table

3-0-9).

aEEG background at 0-6h 7.06 (0.04) 7.16 (0.12) 0.009*
n=21 n=16

aEEG background at 24-48h 7.07 (0.05) 7.24 (0.12) 0.005*
n=36 n=7

aEEG background at 48-72h 7.08 (0.05) 7.28 (0.12) 0.01*
n=37 n=5

Table 3-0-9: Mean (SD)of deep grey matter pHi within the first 2 weeks of life in infants
acording to aEEG background aciiy at different time points. Comparisa of mean pHi
between the groupnormatmild aEEGackground(CNV and DNVand moderate seere &G
backgroundBS,CLV andlat trace) (84).
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Figure 3-0-7: Comparism of medians between BGPHi and aEEG background activity at 3
different time points: 0-6h (top), 24-48h (middle) and 4872h (bottom). (median 1%t and 3¢
quartiles [box] and .5 interquartiles [whiskers])
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3.3.7 Deep grey matter pHi anR Imaging

Examining he MRI and®P MRS datathere was a statistically significant
differencein meanBGTpHi betweenthose with normalmild charges on the MRI
and those with anoderate-severe pattern of injury on thé/IRI(p=0.003. Table
3-0-10 shows a summary of the pHi @atlassified according to MRI degrees of
sewerity using the NICHDcsring system(291); and figure 3-0-8 showsthe box

plot with median BGTpHi in these 3jroups.

MRI severity BGT pHi
(mean [SD])
Min.-Max.

Normal MRI 7.07 (0.04) 26
6.98 —7.15

Mild changes on MRI 7.08 (0.04) 5
7.04-7.15

Moderate-severe changes on MRI 7.17 (0.14) 12
7.00-7.48

Table 3-0-10: Mean (SD) of deemrey matter pHi within the first 2 weeks of life in infants
classified acordingto brain MRI severity

7.5
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745
740
735

1.4
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71
08 — —
.00
=
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Hormal Mild Severely abnormal
MRI severity [NICHD)

Figure 3-0-8: Boxplot for median deep grey matter pHi clag®d according to MREkeverityin
infants with NE who underwent coolip (median 15t and 3¢ quartiles [box] and+1.5
interquartiles [whiskers])
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3.3.8 Energymetabolitesratios and BGTpHi

3P MRS data of tlse 43 infants showeda significant positive associion
between Pi/PCr ratio ahpHi in thedeep grey matter, and aignificantnegative

association between NTP/tatphosphdes components rab and pHifigure 3-0-

9).
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00590 695 700 705 740 745 720 725 780 735 140 745 150
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90| =-0.53*
p <0.001
o ¢ .
E 80 : - .
% ‘ : ..n:. .:"-
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5 ‘ ) ‘
[
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.
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50

Figure3-0-9: Correlation between dep grey matter intracellular pH andtop) Pi/PCr ratig and
(bottom) NTP/total phosphates poolPi+ PCr + ATP)
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3.3.9 dinical outcomeat 2 years of ge and BG pHi

In addition, | havelooked atneurodevelopmenthoutcome at 2 years of ageA

sunmaryfor the childrenin this cohortis siown intable 3-0-11.

Outcome severity n
at 2 years
Normal 28
Mild 4 1 with mild Cognitive impairment (Composite 70-84)
3 with mild Language impairment (Composite 70-84)
Severe 6 2 died in the neonatal period
2 severe Cerebral Palsy and severely disabled
(unable to undergo Bayley-IIl)
1 with mild Motor and severe Cognitive impairment
1 with severe Cognitive impairment (Compositev <70)
(unable to have Language scale assessed).
Lost-to-follow-up 5

Table3-0-11: Summary of neurodevelopmental outcomes a2 years of age.

When looking aBayleylll Composite Scaes, there was nosignificar association
between deep grey matter pHi and Cogitive (n=33, Language (n=30), Motor
(32) and &Il (n=30) for this cohorfp>005). When categorsingfor severity of
outcome, including infants without Composite Scoresne with good outcome,
two infants whodied andtwo with severe diabilities but no Compaite Sores),
there were 38 infantsAccording tooutcome sevety, there was asignificant
association betweela more alkaltic brainpHiwithin the first 2 weeks blife and
a more severeneurodevelopmental outome at 2 years of ag€p<0.032)(see

figure 3-0-10, bottom).
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Figure 3-0-10: Correlation between deep grey matter pHi and neurodevelopmental outcome
data at 2 yeas. (Top row) a) Cognitive Composite Scqoie) Language Composite Scp(®iddle
row) c) Motor Composite Score Baykly; d) CombinedBayley-IIl Canposite Scoe; (Batto m row)

e) BGT pHi according tatcome severityat 2 yeas of aggnormal, mild and seare).

There was a statistically significant iferencein mean BGT pHi betweethose
with a normal outcome at 2 year@and those with & adverseone (p=0.(88).
Table 3-0-12 shows a summary of the pHi datkssified according teeverityof

neurodevelopmetal outcomeat 2years of age.
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Neurodevelopmental BGT pHi
outcome at 2 years (mean [SD])
Range

Normal 7.08 (0.05) 28
6.98-7.17

Mild 7.10 (0.10) 4
7.03-7.23

Severe 7.21 (0.15) 6
7.07-7.48

Table 3-0-12: Mean (SD) of deep grey matter pHi within the first 2 weeks of life iifants
classified according to neurodevelopmental outcome severity at 2 years of age

3.3.10 Predctors against the biomarker of outcome

Fnally, | havelooked atthe prognostic tools avkable from MRI/MR$severity of
pattern of injuy, BGT pHi an8GTenergy metabolitesratios) and EE (seizure
burden andbaclground pattern atdifferent time pointg, compared withthe

current biomarker of outome (thalamic La@tNAA) They all showed a
statistically significant correlatiqraspresentedin figure 3-0-11.

When lodking at the categricd variables, there were statistically signitart

differences inLad/tNAA accordig to the classification ofrhin MRI severity
(comparing between milgnoderate changes vs severe MRI change.001)
and for aEEG backgrour(domparng nornmalmild (QNV, DNV) vs noderate-

severe background (BS, CLHAt)) at 0-6, 2448 and 48-72 hours (all three

p<0.001)
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