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Abstract 

Perinatal brain injury causes significant mortality and morbidity. Hypoxic ischemic (HI) 

brain injury is the commonest cause for early neonatal encephalopathy (NE) with other 

common causes being neonatal stroke and neonatal seizures. There is an urgent need 

for an early real-time cot side biomarker of perinatal brain injury.   

Near infrared spectroscopy (NIRS) provides continuous information regarding the 

changes in cerebral oxygenation and hemodynamics. Broadband NIRS can also 

reflect the status of mitochondrial function with changes in cytochrome c oxidase 

concentration (CCO).  The aim of this work was to investigate the role of CCO in term 

infants following acute brain injury to improve the understanding of background 

pathophysiology and outcome prognostication in neonatal intensive care. This work 

primarily aims to investigate infants with hypoxic ischemic encephalopathy (HIE), but 

also explores the changes in brain metabolism and haemodynamics during neonatal 

seizures and following perinatal stroke. 

Thirty-seven infants with HIE and one infant following suspected perinatal stroke were 

investigated. During cooling, a metabolic reactivity index between [oxCCO] and mean 

arterial blood pressure at 48h of life correlated with outcome biomarkers and 

differentiated between infants with good and poor outcome. During rewarming period, 

the relationship between the cerebral oxygenation and metabolism correlated with the 

injury severity noted on electrical activity at presentation. Following neonatal stroke, 

repetitive, transient changes in cerebral oxygenation, hemodynamics and metabolism 

were identified; a different relationship between oxygenation and metabolism was 

evident between two hemispheres. Marked changes in cerebral metabolism, 

oxygenation and haemodynamics were also identified during neonatal seizures. 

These results indicate a promising role of CCO monitoring in perinatal brain injury. 
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Chapter 1. Introduction 
 
 
1.1 Clinical problem 

Perinatal brain injury has long been associated with significant mortality and 

childhood neurodisability. Hypoxic ischaemic injury to the developing brain has a 

significant effect on future neurodevelopmental outcome. Over the last two 

decades, significant progress has been made in better understanding of the 

background pathophysiological changes in hypoxic ischaemic encephalopathy 

(HIE), identification of a ‘therapeutic window’ after the perinatal event (Azzopardi 

et al. 1989) and finally in the introduction of therapeutic hypothermia as a standard 

of care (NICE 2010). Unfortunately, nearly half of the infants undergoing 

hypothermia still die or develop a degree of disability (Jacobs et al. 2013). It is 

evident that further neuroprotective strategies will be beneficial, and a few 

neuroprotective agents have shown promise for a bench to bedside translation 

(Robertson et al. 2012). There is an unmet demand for a cot side biomarker 

following HIE that – a) can monitor the changes in cerebral physiology following 

HIE and in response to treatment, b) identify the infants with severe injury early at 

cot side and c) prognosticate future neurodevelopmental outcome. 

 

 

1.2 Broadband near infrared spectroscopy 

A neuromonitoring tool in the neonatal intensive care should ideally be easy to use, 

available for a continuous cot side monitoring and relatively inexpensive. NIRS has 

already shown promises to be an important bedside monitoring tool in NICU. 

Commercially available NIRS systems use up to 5 wave lengths. However 

broadband NIRS uses a technology that allows measurement across hundreds of 
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NIR wavelength. This is particularly important for the measurement of cytochrome 

c oxidase as it’s in vivo concentration is 1/10th of haemoglobin (Hb) concentration.   

Near infrared spectroscopy (NIRS) can penetrate the biological tissue and can 

monitor changes in oxy and deoxy- haemoglobin. The long-standing collaboration 

between the neonatologists in University College London Hospital (UCLH) and the 

physicists in Biomedical Optics Research Laboratory (BORL) resulted in some of 

the seminal work in neonatal neurology (Wyatt 1986, Meek et al. 1999), describing 

the changes in cerebral haemodynamics in the perinatal period. A recent 

collaboration between Prof Nicola J Robertson from the neonatal neuroprotection 

research group and Dr Ilias Tachtsidis in BORL successfully monitored the 

changes in oxidised cytochrome c oxidase (CCO) during and after neonatal 

hypoxic ischaemic injury using a broadband NIRS system in a preclinical model 

(Bainbridge et al. 2014). The measurement of CCO has been described in detail 

in chapter 2. 

 

 
1.3 Motivation, aim and objectives 

The motivation for this PhD was the need for identifying a cot side biomarker of 

neonatal brain injury that will enable the clinicians to stratify the injury severity early 

and monitor the response to neuroprotective strategies, e.g. hypothermia. The 

scope of this work was to investigate and assess the measurement of brain tissue 

oxygenation (using oxy and deoxy- haemoglobin) and metabolism (using 

cytochrome c oxidase) using broadband spectroscopy in a cohort of infants with 

perinatal brain injury, with specific focus on infants with hypoxic ischaemic 

encephalopathy. We set up Baby Brain study in the neonatal unit in UCLH and 

hypothesised that broadband NIRS derived information regarding the changes in 

brain oxygenation and mitochondrial metabolism along with changes in systemic 
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variables will provide us with the real-time information regarding brain tissue 

physiology and will allow us to identify infants with severe injury and monitor 

response to treatment.   

To achieve this, following objectives were completed – 

1. Setting up the novel broadband NIRS system in the neonatal unit 

(described in further details in chapter 5) 

2. Investigate the cerebral physiology in an infant with perinatal stroke 

(described in chapter 6) 

3. Investigate the cerebral oxygenation and metabolism in a cohort of infants 

during rewarming after therapeutic hypothermia, following perinatal hypoxic 

ischaemic injury (described in chapter 7) 

4. Investigate the changes in cerebral oxygenation and mitochondrial 

metabolism during neonatal seizures (described in chapter 8) 

5. Investigate the effect of pressure passivity of cerebral oxygenation and 

metabolism on outcome following HIE (described in chapter 9) 

 

 
1.4 Theses overview 

This thesis presents the results of studies investigating the predictive role of 

broadband NIRS measured cytochrome c oxidase along with changes in cerebral 

haemodynamics in perinatal brain injury in term infants. 

Chapter 1 introduces the background to this work – the clinical problem, my 

motivation, aim and objectives for this work, my personal statement and a short 

overview of the chapters in this thesis. 

Chapter 2 introduces the etiopathogenesis of hypoxic ischemic brain injury in term 

and near term infants. The epidemiological picture, foetal responses to this injury, 
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changes in cerebral energy metabolism, mitochondrial injury, clinical 

manifestations and patterns of brain injury on MRI, outcome biomarkers following 

HIE and neuromonitoring modalities in current clinical practice are discussed. The 

role of therapeutic hypothermia and future directions towards additional 

neuroprotection have also been presented. 

Chapter 3 presents the background of cellular glucose metabolism with an 

emphasis on the role of the mitochondrial electron transport chain and cytochrome 

c oxidase. The basics of NIRS measurements and NIRS measurement of 

cytochrome c oxidase are introduced. 

In chapter 4, a systematic literature review on the role of NIRS measurement in 

perinatal hypoxic ischaemic brain injury has been presented.  

Chapter 5 presents the study set up in the clinical area; the neonatal intensive care 

unit in University College London Hospital (UCLH). Initial issues during setting up 

have been discussed with the study protocol and general methods for the study. 

Chapter 6 presents a case study following neonatal stroke. Interesting changes in 

cerebral hemodynamics and metabolism following stroke with asymmetric 

relationships between cerebral metabolism and oxygenation in the two cerebral 

hemispheres indicating a unilateral brain injury are discussed here. 

Chapter 7 discusses the changes in cerebral metabolism and haemodynamics 

during rewarming following hypoxic ischaemic encephalopathy. 

Chapter 8 presents changes in cerebral metabolism and haemodynamics during 

neonatal seizures. This is the first presentation of cytochrome c oxidase changes 

measured during neonatal seizures. 
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Chapter 9 presents changes in cerebral metabolism and haemodynamics during 

therapeutic hypothermia and the ability of broadband NIRS derived cytochrome c 

oxidase measurement to differentiate between infants with good and poor outcome 

early at the cot side. 

Chapter 10 presents a summary of work to date, the other relevant works that I 

was involved with, conclusion of this thesis and plans for future work. 

 

1.5 Personal statement 

I have collaborated with a multidisciplinary team of physicists and engineers for 

this work and led the team over the last four years for the clinical translation of an 

optical tool that never been tested thoroughly in neonatal intensive care. I have 

recruited 70 infants during my PhD for the studies described here. I have obtained 

an informed consent from the parents in all cases and completed the optical data 

collection. Data collection was mostly done by myself with some help from Dr 

Gemma Bale, a research associate in BORL, who was also undertaking her PhD. 

I have received a huge support during this period from a multidisciplinary team 

involving neonatologists, nurses, physicists, engineers, MRI technicians, 

electrophysiology research fellow, neuroradiologist and medical physicists during 

this period and it would be unfair not to acknowledge those who have directly 

influenced this work.  

I collected the optical and systemic data along with a detailed history for each 

infant. Gemma reviewed the optical quality of the data and synchronized the optical 

and systemic data before storing it in a secure server in BORL. I have also 

collected the EEG, MRI and MRS results for the cohort. The EEG data was 

reviewed together with Sean Mathieson, a research fellow in electrophysiology for 
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annotating the data for seizure episodes and characterizing the background 

pattern. All MRI scans were performed by our neonatal MRI team comprised of 

myself, Dr Giles Kendall, Dr Cristina Uria-Avellanal and neonatal nurse Mary 

Dinan. I have reviewed all MRI images with Dr Roxanna Gunny, a consultant 

neuroradiologist in GOSH for the final report and MRI scoring. All MRS results were 

calculated offline by Dr Alan Bainbridge, Dr David Price and Dr Magdalena 

Sokolska in the medical physics department in UCLH. All statistical analysis was 

performed by myself with some help from a statistician for the principal component 

analysis described in chapter 8. Dr Angela Huertas Ceballos was responsible for 

neurodevelopmental follow up of the infants in the clinic and performed the Bayley 

scales assessment of infant and toddler development. Scores were subsequently 

collected by myself from patient notes. This work was greatly supported by all the 

medical and nursing staff in the neonatal unit. 

I have established several collaborations during my PhD and gathered significant 

experience during this period leading a large collaborative group of academics, 

scientist and clinicians, which will be extremely helpful for my future academic 

career. 
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Chapter 2: Hypoxic-ischaemic brain injury in term and near-term 
infants 

 
Hypoxic-ischemic injury to the developing brain remains a major cause of morbidity 

and mortality despite the introduction of therapeutic hypothermia. 

Neonatal encephalopathy (NE) is the clinical presentation of disordered neonatal 

brain function and hypoxic ischemic brain injury is the commonest cause for early 

neonatal encephalopathy. The manifestation of injury depends on the etiology, 

degree of cerebral hypoxia/ischemia, the gestation of the fetus, failure of cerebral 

autoregulation and feto-maternal health prior to the injury.  

 

2.1 Epidemiology 

It is difficult to establish and compare the incidence of HIE and NE as several 

different definitions have been used (AAoP 1986, MacLennan et al. 1999, ACOG 

2004). In developed countries, the incidence of HIE has been estimated to be 1.5 

per 1000 live births and the incidence of NE to be approximately 3 per 1000 live 

births (Finer 1981, Badawi 1998, Thornberg 1995, Rennie et al. 2012,). A single 

centre study in UK revealed a fall in the incidence of HIE in term infants (1.9 vs 4.6 

per 1,000 total live births) over a 21-year study period alongside a fall in the 

neonatal mortality rate (NMR) (Smith et al. 2000). Unfortunately, the risk of 

intrapartum-related injury (Lawn et al. 2009) and incidence of HIE is much higher 

in mid and low resource settings in developing countries (WHO 2005, Lawn et al. 

2005). Neonatal asphyxia is the direct cause of death in nearly a quarter of 4 million 

global neonatal deaths each year (figure 2.1) and the risk of death due to birth 
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Figure 2.1. Worldwide causes of neonatal mortality. Adapted from WHO and Maternal 

and Child Epidemiology Estimation Group (MCEE) provisional estimates 2017 data. 

 

 

asphyxia is eight times higher in countries with high neonatal mortality rate (NMR) 

(WHO 2017). 

 

 2.2 Risk factors 

Two case control studies have considered the risk factors for NE in two different 

populations – one from Nepal (Ellis et al. 2000) and the other from Western 

Australia (Badawi et al.1998). In view of the epidemiological difference between 

these two populations, differences in risk factors were evident between the studies. 

In the Western Australian (WA) study, intra uterine growth restriction was the most 

prominent risk factor (3rd-9th birth weight centile was associated with adjusted 

odd’s ratio of 4.37 while birth weight centile <3rd had an odd’s ratio of 38.2 for 

developing NE). Although the most important risk factor for NE in the Nepalese 

population was twin pregnancy (adjusted odd’s ratio 22.1), this was not associated 

with an increased risk in the WA study. Similarly, antepartum hemorrhage (APH) 

was a risk factor for the WA population only. Other common risk factors were 
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increasing maternal age, maternal thyroid disease, occipito-posterior or non-

cephalic presentation, thick meconium, emergency caesarean section and 

instrumental vaginal delivery. Increasing risk was also associated with maternal 

pyrexia during labour (≥ 37.5o C) and infertility treatment in WA study (Kurinczuk 

et al. 2010). Perinatal infection and inflammation have been identified as 

independent risk factors for NE in low-resource setting, suggesting their influence 

on the pathway of term brain injury (Tann et al. 2018). 

 

 2.3 Fetal responses to hypoxia-ischemia (HI) 

The fetus can tolerate and recover from a moderate degree of hypoxia. Fetal sheep 

respond to moderate hypoxia with an initial temporary bradycardia followed by 

tachycardia and an increase in blood pressure (BP) (Giussani 1994, Jensen et al. 

1999). This is accompanied by redistribution of the cardiac output to the brain, 

heart and adrenals at the expense of peripheral vasoconstriction leading to 

reduced blood flow to peripheral organs (Jensen et al. 1999). This increased 

cerebral blood flow (CBF) along with a change to a lower frequency 

electroencephalography (EEG) state (Lee et al. 2009) helps to maintain normal 

cerebral oxygen consumption.  

A different response has been documented secondary to severe hypoxia in both 

term and preterm fetal sheep. The initial compensatory phase is followed by 

significant hypotension and cerebral hypoperfusion, which fail to recover as the 

hypoxemia and metabolic acidosis continue to worsen. The systemic blood 

pressure starts to drop and correlates closely with the changes in fetal cerebral 

blood flow. The preterm fetal sheep brain tolerates a longer period of hypoxic-

ischaemic insult without neuronal injury (Wassink 2007, Gunn et al. 2009). The 
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degree of neural injury and risk of death in the fetal sheep model is closely related 

to the degree of fetal hypotension following common uterine artery occlusion. 

 

2.4 Changes in cerebral glucose and energy metabolism 

In response to hypoxia, the fetal or newborn brain initially reduces its energy 

consumption, changes to a low energy state and ultimately suppresses neuronal 

activity to protect itself from neuronal injury. As long the glucose supply is available, 

it switches to the anaerobic glycolytic pathway for energy (adenosine tri phosphate 

or ATP) production, although this is a much less efficient way of ATP production 

compared to aerobic metabolism (2 ATP are produced from each molecule of 

glucose in the anaerobic pathway while 38 ATP are produced via aerobic 

glycolysis). If the hypoxia is also associated with ischemia resulting in a lack of 

supply of substrate (glucose), high-energy metabolites drop further as there is not 

sufficient available glucose for maintaining anaerobic glycolysis (Gunn et al. 2009). 

With the onset of severe hypoxia-ischemia (HI), high-energy phosphate levels start 

to drop quickly. The increased lactate to pyruvate level induces the hydrolysis of 

phosphocreatine (PCr) and a rapid fall in PCr store (Welsh 1982, Vannucci et al. 

1990). 

Hope et al. first described the changes in cerebral energy metabolism using 

phosphorus (31P) magnetic resonance spectroscopy (MRS) in newborn infants in 

a study from University College London Hospital (Hope et al. 1984). Spectra were 

obtained at 8, 24, 32 and 48 hours of age after birth. Although the initial spectra at 

8h following severe birth asphyxia appeared normal, subsequent spectra  
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Figure 2.2. Changes in cerebral energy state, cerebral blood flow, mitochondrial function 

with background pathogenic mechanism during and after perinatal hypoxic ischaemic brain 

injury. Adapted from Hassell et al. 2015, reproduced with permission. 

 

 

demonstrated an increasing inorganic orthophosphate (Pi) peak and fall in the 

PCr/Pi ratio. Subsequent studies using both 31P and Proton (1H) MRS (Cady 1997, 

Lorek 1994, Penrice 1997, Azzopardi 1989, Iwata et al. 2007) revealed that 

metabolic changes following hypoxic-ischemic injury initially go through a stage of 

‘primary energy failure’ where the high-energy phosphates fall with a rise of 

cerebral lactate concentration. But with appropriate resuscitation, it improves and 

comes back near to baseline during a latent phase giving a ‘therapeutic time 

window’. But without any appropriate intervention during this window and in case 

of severely affected infants, a ‘secondary energy failure’ (SEF) ensues at around 
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18-24 h of age with increasing cerebral lactate and further fall in cerebral energy 

state (figure 2.2). 

 

2.5 Changes in cerebral blood flow 

Cerebral autoregulation maintains cerebral perfusion pressure over a range of 

mean arterial blood pressure and is an important mechanism to maintain a 

constant cerebral blood flow (CBF) (Lassen 1959, Greisen et al. 2005). At the 

onset of perinatal asphyxia, the blood pressure increases and a redistribution of 

fetal cardiac output increases the proportionate supply to the brain and major 

organs at the expense of other peripheral organs (Jensen et al. 1999). CBF 

increases and cerebral vascular autoregulation becomes deranged (Rosenberg 

1988, Pryds et al. 1990). Depending on the rapidity and severity of the hypoxic-

ischemic insult, the neonate develops hypotension in the post-asphyxial period 

(Wassink G et al. 2007). This leads to a significant consequence of low CBF in the 

context of a pressure passive circulation (Lotgering et al. 2003). Reduction in CBF 

has been shown to affect the areas of brain differently, with the parasagittal cortical 

white matter being subjected to the most significant cerebral ischemia in fetal 

sheep and newborn dogs (Young 1982, Williams et al. 1990). A second rise in CBF 

happens during the secondary energy failure stage, which persists for many hours 

and is associated with mitochondrial dysfunction (Marks et al. 1996). The degree 

of change in CBF during the reperfusion phase has been related to the 

morphologic brain injury in a rat model (Ohshima et al. 2012). 
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2.6 Mitochondrial injury and the mechanism of cell death 

Following a hypoxic-ischemic insult, neural injury starts as a result of a period of 

inadequate supply of both oxygen and glucose. Cerebral oxidative metabolism 

starts to fail, lactate accumulates (depending on the glucose availability) and 

cellular energy levels fall. As a result, the ATP dependent Na+/K+ pump also begins 

to fail leading to neuronal depolarization. Na+ and Ca++ also starts to enter inside 

cells. This creates an osmotic and electrochemical environment that helps other 

cations and water entry inside cells leading to cell swelling and cell lysis (cytotoxic 

edema) (Rothman 1987 and 1995, Wassink et al. 2014). Several other factors also 

play an important part in the cellular injury following depolarization and lead to 

further neuronal injury during secondary energy failure. 

As oxidative metabolism fails following HI, the cellular energy drops quickly and 

impairs the neurotransmitter reuptake pumps on presynaptic astrocytes (Johnston 

2011, Silverstein et al. 1986). This results in glutamate increase in the synaptic 

cleft and neuronal depolarization that triggers N-methyl d-aspartate (NMDA) 

subtype of glutamate receptor (both intra and extra-synaptic) channels and calcium 

channels leading to Ca++ influx inside cell (Cross et al. 2010). The Ca++ flooding 

inside cells stimulates a cascade of events that lead to mitochondrial impairment 

and oxidative stress.  

Under normal conditions, intra-mitochondrial Ca++ activates mitochondrial 

phosphates, which in turn activate cytochrome c oxidase and cytochrome c. They 

increase mitochondrial respiration; restore ATP concentration and help in Ca++ 

homeostasis. But after HI, the ATP feedback to the electron transport chain is lost 

and a pathological hyperpolarization of the mitochondrial membrane potential 

begins during the early recovery phase (Sanderson et al. 2013). Ca++ activates 

neuronal nitric oxide synthase (nNOS) stimulating the production of nitric oxide 
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(NO). This oxygen free radical (NO) combines with superoxide and forms toxic 

peroxynitrite molecules. These molecules contribute to the production of hydroxyl 

radicals that cause lipid peroxidation of proteins and DNA/RNA fragmentation 

(Bagenholm 1998, Fraser et al. 2008). NO disrupts the mitochondrial respiratory 

chain by impairing the function of cytochrome c oxidase (complex 4) and complex 

1, resulting in increasing superoxide and peroxynitrite ions inside mitochondria 

(Starkov 2003, Tan 1999, Blomgren 2003, Robertson et al.  2009).  These ions 

stimulate the entry of pro-apoptotic proteins (cytochrome c and apoptosis inducing 

factor (AIF)) across the outer mitochondrial membrane into the cytoplasm where 

they induce apoptosis. Cytochrome C binds with caspases and activates caspase 

3 by proteolysis, which then induces apoptotic DNA fragmentation (Blomgren 

2003, Hagberg et al. 2004). AIF moves inside nucleus and activate DNA 

fragmentation through a non-caspase-mediated pathway (Cregan 2004, Blomgren 

2001 et al.). Caspase 3 is more abundant in the developing brain compared to 

adult brain and gets activated directly via Ca++ entering through NMDA receptors 

(Hagberg et al. 2004, 2014). Pre-apoptotic protein Bax (regulated by anti-apoptotic 

protein Bcl) has been shown to initiate outer mitochondrial memberane 

permeability by Hagberg and colleagues (Wang et al. 2010). Unfortunately, 

mitochondria remain the source and the target of the reactive oxygen species 

following HI (figure 2.3). 

NMDA receptor mediated injury in the perinatal brain is related to the fact that these 

receptors are functionally upregulated in this period, open more easily and stay 

open for a longer period compared to the adult brain. The NMDA receptor mediated 

injury cascade becomes irreversible within a few hours of HI (McDonald et al. 

1987). AMPA-like glutamate receptors also get activated with glutamate and are 

responsible for seizures after HI (Jensen et al. 2002).   
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Figure 2.3. Mitochondrial injury pathway following hypoxia-ischaemia in developing 

brain. AIF, Apoptosis-inducing factor; Bax, Bcl-2-associated protein X; Bcl-2, B-cell 

leukemia gene 2; CytC, cytochrome C; Htr/A2, high-temperature requirement 

serine protease A2; OFR, oxygen free radicals; Smac, second mitochondrial 

activator of caspase; XIAP, X-linked inhibitor of apoptosis. Hagberg et al. 2004. 

Reproduced with permission. 

 

Inflammation also pays an important role during the reperfusion injury following HI 

with activation of microglia, neutrophils and macrophages as well as production of 

cytokines. (Hudome et al. 1997). Activated microglia accumulate early during 

reperfusion and continue to increase over 48 hours. (Bona et al. 1999). IL-1β and 

TNF-α also increase in newborn brain post HI (Hagan et al. 1996). 

After the acute severe insult, necrotic cell death is prominent in the initial phase of 

HI, but in less severe cases and during the delayed phase of cell death, apoptosis 

is believed to be the main pathway of cell death (Northington et al. 2007). Although 
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they are known to be two separate processes, dying cells also display features of 

both mechanisms indicating a possible presence of a continuous process that may 

vary from cell to cell (Northington et al. 2011). 

 

2.7 Clinical manifestations of hypoxic ischemic brain injury 

Clinical manifestations after HI clearly depend on the injury severity, response to 

therapeutic hypothermia and affected brain areas. Although the clinical signs and 

symptoms evolve over the first 2-3 days following injury, it is important to assess 

the degree of encephalopathy with a full neurological examination as early as 

possible and repeat it regularly over the first few days following HI. The Apgar 

scoring system has been used to describe the initial condition of the newborn, but 

it lack the diagnostic specificity for HIE. Sarnat and Sarnat introduced the first 

grading system to describe the degree of encephalopathy (Sarnat et al. 1976) and 

it has been modified and used regularly since then for identification of 

neurologically compromised newborn infants and to assess their eligibility for 

neuroprotection (Thompson 1997, Dubowitz 1998, Sankaran 2005, Horn et al. 

2013). The Thompson score has been shown to be useful in developing countries 

and correlates well with the abnormal amplitude-integrated electroencephalogram 

(aEEG) at 6 hours of age. Stage 1 (mild) encephalopathy often improves by 48 

hours and is associated with a good outcome (Marlow et al. 2005). Stage 2 

encephalopathy (moderate) is associated with reduced background activity on the 

electroencephalogram (with occasional seizures) and associated with a poor 

outcome in 15-40% infants (Robertson et al. 1993).  Severe encephalopathy (stage 

3) is generally associated with a very suppressed EEG and has a high incidence 

of mortality and disability. Involvement of multi-organ dysfunction is frequently seen 
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in moderate to severe HIE but was noted not be related to the outcome (Shah et 

al. 2004). 

In recent years, several studies have focused on outcome following mild 

encephalopathy. More than half of all infants with neonatal HIE are graded as mild 

and do not meet current cooling criteria. Murray et al. demonstrated (2016) that 

Infants with mild HIE had significantly lower full-scale IQ, verbal IQ, and 

performance IQ at 5 years compared to normal population. No difference in 

cognitive measures was seen between infants with mild and moderate grades HIE. 

In a retrospective cohort study from a single regional center-based criterion in 

which variables have been broadened for cooling criteria from standards used in 

randomized controlled trials, mild neonatal encephalopathy was commonly 

associated with MRI abnormalities after therapeutic hypothermia (Walsh et al. 

2017). There was no difference in the rate of overall MRI abnormalities by grade 

of neonatal encephalopathy, indicating that grade of neonatal encephalopathy 

during the first hours of life may not discriminate adequately between infants with 

and without cerebral injury noted on MRI after therapeutic hypothermia. 

 

2.8 Neurological monitoring in hypoxic ischemic encephalopathy 

With increasing interest in neonatal brain monitoring and the development of new 

technologies, different modalities are being used in the routine care of 

neurologically compromised infants. 

2.8.1 Electroencephalogram (EEG) and amplitude-integrated 

electroencephalogram (aEEG) 

Electroencephalography (EEG) provides us an excellent opportunity to monitor 

brain function soon after hypoxia ischemia. EEG shows a typical pattern of 
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changes in infants with moderate to severe encephalopathy, who respond well to 

therapeutic hypothermia treatment. The initial EEG activity remains suppressed for 

several hours with flat traces before bursts of activity start to appear with or without 

seizures. Depending on the severity of injury and response to treatment, the EEG 

becomes more and more continuous as time progresses. The prognostic value of 

EEG in HIE has been investigated in several studies (Sinclair 1999, Pressler et al. 

2001). In a video-EEG polygraphic study, Pressler et al. noted that early recovery 

of EEG within 8h is associated with a favorable outcome and is related to poor 

outcome if the traces remain discontinuous or grossly abnormal beyond 8-12 h 

following HI. A recent systematic review evaluated prognostic tests reported in 29 

studies (van Laerhoven et al. 2013). EEG and aEEG had high sensitivity and 

specificity (EEG: sensitivity 0.92 [0.66–0.99]; specificity 0.83 [0.64–0.93] and 

aEEG: sensitivity 0.93, [95%confidence interval 0.78–0.98]; specificity 0.90 [0.60–

0.98]) for early prognostication after perinatal asphyxia in the pre-cooling era.  

The cerebral function monitor (CFM) was first described in 1967 to monitor cerebral 

activity in a group of patients after cardiac arrest (Maynard et al. 1967). 

Subsequently ‘CFM’ has been replaced with a more appropriate term amplitude 

integrated EEG (aEEG). The EEG signal from one or two channels is amplified, 

passed through asymmetrical band-passed filter at 2-15 Hz (to minimize artifacts), 

rectified (negative values are changed to positive), smoothed and time 

compressed. The output is displayed on a semi logarithmic scale (Toet et al. 2009). 

Due to its simplicity, aEEG has become very popular in neonatal brain monitoring, 

particularly in units without the expertise to record and interpret the full montage 

EEG. aEEG traces are classified based on either voltage or pattern recognition 

(Thoresen et al. 2010). The value of the background pattern in 

neurodevelopmental outcome prediction following HIE has been extensively 
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investigated using aEEG (Hellstrom-Westas 1995, Eken 1995, al Naqeeb 1999, 

Toet 1999, Chalak 2003, van Rooji 2005, Halberg 2010, Shany et al. 2006). 

Although a poor background pattern persisting beyond 12-24 h has been 

documented with poor outcome in earlier studies, recent studies on infants 

undergoing therapeutic hypothermia revealed that hypothermia can cause delay in 

return of the normal background pattern up to 48 h (Thoresen et al. 2010). 

2.8.2 Cranial Ultrasound (CrUSS) in HIE 

Cranial ultrasound (CrUSS) is an easily available bedside tool for assessment of 

cerebral structures and can be repeated regularly as the hypoxic ischemic injury 

evolves with time over 48-72 hours after the insult. CrUSS is a useful tool to 

exclude congenital anomalies and other causes of encephalopathy and to 

determine the timing of the insult. The different patterns of injury (predominant 

injury to the deep grey matter or to the cortical and subcortical white matter, global 

injury or associated arterial infarction) can also be identified using CrUSS and can 

contribute to outcome prediction (van Wezel-Meijler 2010, Chao 2006, Archer et 

al. 1986). The initial scan following HI can be normal but the cortical appearance 

soon changes to a fuzzy amorphous character with slit like lateral ventricles as 

cerebral edema develops. Resistance index (RI, derived from the equation (RI = 

(systolic flow velocity-Diastolic flow velocity)/Systolic flow velocity) <0.55, derived 

from anterior cerebral artery Doppler USS was initially described to be associated 

with poor neurodevelopmental outcome (Archer et al. 1986). Recent evidence 

indicates that the index loses its predictive value during hypothermia treatment but 

regains predictive power after rewarming (Elstad et al. 2011). 

2.8.3 Magnetic resonance imaging and spectroscopy (MRI/MRS) 

Magnetic resonance imaging (MRI) and spectroscopy (MRS) has helped us to 

understand the pathophysiology of evolving injury in HIE and has become an 
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essential tool for assessment of injury severity following HIE and for outcome 

prediction (Rutherford 1995, Barkovich 1998, Rutherford 1998, Twomey 2010, 

Agut 2014 et al.). The pattern of injury seen on MRI is related to the type and 

severity of the insult. Along with T1 and T2 weighted sequences, newer MRI 

techniques like diffusion weighted imaging (DWI) have helped us to diagnose 

lesions earlier than conventional images. Arterial spin labeling (ASL) MRI can 

evaluate cerebral perfusion in encephalopathic newborns. Using ASL, CBF was 

noted to be increased in the second week in infants following HIE, particularly in 

the basal ganglia and thalamic area. Within the HIE group, infants with definite 

injury on MRI had comparatively lower CBF compared to the group without any 

evidence of injury on MR, possibly suggesting a ‘pseudonormalisation’ of CBF in 

the damaged area because of decreased metabolic demand after irreversible brain 

injury (Massaro et al. 2013). Global cerebral oxygen consumption (CMRO2) can 

also be assessed in neonates using a new technique, T2 relaxation under spin 

tagging (TRUST) (Liu et al. 2014). 1H MRS is routinely used in neuroimaging 

following HIE and deep grey matter Lac/NAA is the most accurate quantitative MR 

biomarker for prediction of abnormal neurodevelopmental outcome (Thayyil 2010, 

Robertson et al. 2014). N-Acetyl Aspartate (NAA) is a marker of neuronal/axonal 

density and viability while cerebral lactate (Lac) indicates failed oxidative 

phosphorylation and/or increased anaerobic glycolysis.  

Two common injury patterns have been described on MRI imaging following HIE 

(de Vries et al. 2010). 

Basal Ganglia-thalamic injury  

This type of injury is seen mostly after an acute sentinel event like placental 

abruption or ruptured uterus. Metabolically highly active areas of brain like ventro-

lateral thalami, posterior putamen and perirolandic cortex are most susceptible to 
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this type of injury. Cranial ultrasound can sometimes identify increased 

echogenicity in these areas after injury. Rutherford et al. described the loss of 

normal high signal intensity of the posterior limb of internal capsule (PLIC) 48-72 

hours after asphyxia, a biomarker that is highly predictive of poor neurological 

outcome (Rutherford et al. 2010). Proton MRS shows a high lactate peak with 

increased Lac/NAA ratio. Severe motor disabilities are common outcome. Infants 

with basal ganglia-thalamic injury develop significant motor impairment 

(Himmelmann et al. 2007). 

Watershed injury  

Primary locations in this pattern of injury involve intervascular watershed zones 

between anterior and middle cerebral arteries and the middle and posterior 

cerebral arteries affecting the white matter. Cognitive deficits, behavioral and 

language delays are common in this group of infants. Poor head growth (Mercuri 

et al. 2000) and verbal IQ deficit are also associated with white matter injury 

(Steinman et al. 2009). 

2.8.4 Near infrared spectroscopy (NIRS) monitoring in HIE 

Near infrared spectroscopy (NIRS) can monitor changes in cerebral oxygenation, 

hemodynamics and oxidative metabolism. It has been used widely to investigate 

changes during and after HI both in preclinical and clinical studies. The role of 

NIRS monitoring in HIE is discussed in Chapter 4.  

 

2.9 Management of hypoxic ischemic encephalopathy 

Although the use of hypothermia to stimulate a depressed infant goes back a long 

time, it was only after the understanding of the evolution of energy failure following 

a hypoxic-ischemic insult and the discovery of ‘the therapeutic window’, that 



	

 48 

hypothermia was tried as a therapeutic option in a preclinical model (Thoresen et 

al. 1995). Subsequently several randomized trials have shown the benefit of 

hypothermia in moderate to severely asphyxiated neonates and have led to the 

use of ‘therapeutic hypothermia’ (TH) as a standard of care following HIE (NICE 

2010).  

2.9.1 Therapeutic hypothermia 

In 1950’s Bjorn Westin (Stockholm) and James Miller (New Orleans) demonstrated 

in a series of animal studies that cooling in asphyxia prolongs survival (Miller 1949, 

Enhorning et al. 1954). This was followed by a clinical study in 10 severely 

depressed infants where the infants were placed in a cold-water bath soon after 

birth and cooling was stopped after regular respiration was established. In a further 

study by Westin et al., 65 infants were treated this way and none of the 52 survivors 

had evidence of cerebral palsy (Westin et al. 1971).  

In late 80’s and early 90’s Osmond Reynolds and the group in University College 

London demonstrated the biphasic injury pattern following hypoxia ischemic injury 

in a piglet model using 31P MRS that further led to a series of experiments using 

hypothermia in the ‘therapeutic window’ as a possible treatment option for the 

developing brain following HIE. 

Preclinical studies 

Thoressen et al. demonstrated that the use of mild hypothermia (rectal temperature 

35oC) prevents the development of secondary energy failure (SEF) following HI in 

the UCL piglet model (Thoresen et al. 1995). Further studies in fetal sheep and rat 

models confirmed the reduction in hypoxic-ischemic brain damage with post-insult 

hypothermia (Gunn 1997, Bona et al. 1998). 
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Initial clinical studies 

Soon a series of clinical studies in Auckland, New Zealand, London and Bristol in 

UK confirmed the safety of selective head and total body cooling in neonates after 

hypoxic ischemic injury with minimal side effects (Mallard 1995, Gunn 1998, 

Azzopardi et al. 2000). 

Randomized clinical trials 

Following the pilot studies, three major randomized control trials were conducted 

for therapeutic hypothermia in term infants with HIE and were published between 

2005 and 2009. Gluckman and group reported the first trial, CoolCap study 

(Gluckman et al. 2005). The study included 234 infants enrolled at less than 6 h of 

age with evidence of HI injury (Apgar <5 at 10 min or severe acidosis) along with 

background abnormality in aEEG. 72 hours of selective head cooling was 

commenced in the eligible group after randomization and the rectal temperature 

was maintained at 34.5o C for 72 hours. The primary outcome was death or 

disability at 18 months of age. An overall trend of improvement was noted in 

primary outcome for the hypothermia group and the benefit for hypothermia was 

significant when the most severe encephalopathy group (on aEEG) were excluded.  

The second study, the National institute for Child Health and Human Development 

(NICHD) Whole-Body Hypothermia study was published by Shankaran et al. in 

2005. Data available from 205 infants revealed that whole body hypothermia 

reduced death or moderate or severe disability (62% in control group compared to 

44% in cooling group). One major difference in this study was that the eligibility 

criteria didn’t include the aEEG. 

The largest trial, the Total Body Hypothermia for Neonatal Encephalopathy Trial 

(TOBY), published by Azzopardi et al. (2009) recruited 325 infants and used similar 
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criteria like the Cool Cap study. Although it did not show a significant reduction in 

the combined rate of death or severe disability following hypothermia, improved 

neurologic outcome was evident in survivors following therapeutic hypothermia. 

Meta-analysis of clinical trials 

Since the publication of TOBY trial, four meta-analysis of clinical trials on protective 

effects of moderate hypothermia have been published (Shah 2010, Edwards 2010, 

Tagin 2012, Jacobs et al. 2013). Therapeutic hypothermia reduces the risk of 

combined outcome of mortality or major neurodevelopmental disability up to 18 

months of age (typical RR 0.75 (95% CI 0.66–0.84) (figure 1.4) and the number 

needed to treat for an additional beneficial outcome is 7 (95% CI, 5-10) (Jacobs et 

al. 2013). 

Quicker the cooling is commenced, better is the outcome (Gunn 1998, Thoresen  

 

 

Figure 2.4. Comparison between therapeutic hypothermia and standard care after HIE. 

Forest plot of the combined outcome of death or disability in survivors assessed. Diamond 

indicates overall summary estimate for the analysis (Jacobs et al. 2013). Reproduced with 

permission. 
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et al. 2013). Starting cooling before 3 hours of age in newborn infants with perinatal 

asphyxia significantly improve motor outcome. This is particularly important in 

infants with severe degree of hypoxia, as the therapeutic window is reduced with 

increasing severity of the insult (Iwata et al 2007). Interestingly, deeper cooling had 

significantly higher systemic side effects in a piglet model (Kerenyi et al 2012) and 

in a recent paper, Shankaran et al. demonstrated that longer or deeper cooling or 

both compared to standard hypothermic treatment (33.5oC for 72 hours) did not 

reduce death in term infants with moderate to severe encephalopathy (Shankaran 

et al. 2014). Hypothermia also failed to offer neuroprotection in lipopolysaccharide 

(LPS) sensitized developing brain after hypoxic ischemic brain injury (Osredkar et 

al 2014). This has a significant implication in the use of therapeutic hypothermia in 

developing countries. 

Mechanisms of hypothermic neuroprotection 

Hypothermia reduces cerebral metabolism, of about 5% for each oC temperature 

reduction (Laptook 1995, Drury et al. 2010). But it is only one of many mechanisms 

behind the neuroprotection offered by hypothermia (figure 2.5). Hypothermia 

reduces post-depolarization release of EAA’s, nitric oxide (NO) concentration and 

cerebral lactate (Thoresen 1997, Amess et al. 1997). Hypothermia protects 

mitochondrial function. Mitochondrial enzymatic activity in adult gerbil following 

hypothermic reperfusion after HI was found to be like the control group (Canevari 

et al. 1999). Reactive oxygen species (ROS) induced mitochondrial dysfunction 

and apoptosis were reduced in cardiomyocytes treated with hypothermia (Huang 

et al. 2009). Caspase-3 has an important role in post-ischemic apoptosis and 

hypothermia suppressed activated caspase-3 and reactive microglia in near term 

fetal sheep (Roelfsema et al. 2004). Hypothermia also inhibits several 

inflammatory pathways. It reduces the rise of interleukin (IL) 1β and accumulation  
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Figure 2.5. Mechanisms of therapeutic neuroprotection.  

 

of polymorphonuclear leucocyte in adult rat brain (Chatzipanteli et al. 2000). The 

NMDA induced cerebral injury in rats is linearly correlated with the temperature 

between 25-40oC (McDonald et al. 1991). This probably gives us an idea of the 

hypothermia related protection against NMDA receptor activation. Hypothermia 

also increased the neuroprotective effect of NMDA antagonist, MK-801 in infant rat 

brain (Ikonomidou et al.1989). 
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Chapter 3. Mitochondrial metabolism, near infrared spectroscopy 
and Cytochrome C Oxidase (CCO) measurement 

 

	

3.1 Mitochondrial oxidative metabolism 

Glucose and oxygen are the principal driving forces in cerebral oxidative 

metabolism leading to ATP production. Most of the O2 binds with haemoglobin 

reversibly during transport and a small amount is carried dissolved in plasma. 

Glucose uptake from blood across the blood brain barrier to the brain happens 

through facilitated diffusion, mediated by glucose transporter protein GLUT1. 

Transport across glial membranes is facilitated by a lower molecular weight version 

of GLUT1 and across the neuronal membrane via GLUT3. 

Biomarkers of cerebral energy metabolism have been shown to correlate with 

neurodevelopmental outcome. Brain growth and neurodevelopmental outcome at 

one year of age was related to PCr/Pi standard deviation scores in a group of 52 

infants following birth asphyxia in UCH, studied with 31P MRS biomarkers (Roth et 

al. 1992). 

The biochemical pathway of oxidative phosphorylation comprises three clear 

components: glycolysis, tricarboxylic acid cycle (TCA cycle) or Kreb’s cycle and 

the electron transport chain (ETC). Glycolysis is a cytoplasmic process where both 

TCA cycle and ETC operate within the mitochondria. A basic overview of the 

cerebral oxidative metabolism through glycolysis, TCA cycle and ETC is presented 

in figure 3.1. 
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Figure 3.1. A basic overview of the cerebral glucose metabolism with different 

investigation modalities that can assess different parts of this metabolic pathway. 

 

3.1.1 Glycolysis 

The glycolytic pathway oxidizes glucoses to pyruvate. It can proceed both under 

aerobic and anaerobic conditions. In presence of oxygen glucose is converted to 

pyruvate, which enters into TCA cycle as acetyl-CoA. In absence of oxygen, 

pyruvate is metabolized to lactate with production of 2 ATP per each mole of 

glucose (figure 3.1).  Acetyl-CoA is inhibited by an increased ATP/ADP ratio. The 

rate-limiting enzyme in glycolysis is phosphofructokinase; its activity is inhibited by 

ATP, PCr and low pH but activated by ADP, AMP and Pi. 

Lactate is generally thought to be an unwanted end-product of anaerobic 

metabolism and has been indicated as a marker of cerebral hypoxia and muscle 

fatigue. Recent work has challenged this belief (Dringen 1993, Pellerin 1998, 

Schurr 2002, Schurr 2006, Pedersen 2004 et al). Dringen et al. demonstrated 
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Figure 3.2. The glycolytic pathway with formation of pyruvate and lactate. 

 

 

that astrocyte glycogen from newborn rats behaves more like a store for cerebral 

lactate rather than glucose (DrIngen et al. 1993) and synaptic function in isolated 

neural tissue can be supported by lactate alone as the energy source (Schurr et 

al. 1988). There is accumulating experimental data suggesting that lactate 

supports neuronal activity and survival (Pellerin et al. 1998). 

3.1.2 The citric acid cycle (TCA cycle) 

According to the classical TCA model, mitochondrial acetyl-CoA enters the TCA 

cycle and produces CO2, guanosine triphosphate (GTP) and reducing equivalents  

 

 
 

Figure 3.3. Schematic presentation of citric acid cycle. 
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(nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH)) 

through a series of enzymatic reactions (figure 3.3). The reducing equivalents then 

enter the electron transport chain. The TCA cycle rate is tightly coupled with the 

cellular energy requirements. This happens primarily through the regulation of the 

enzyme isocitrate dehydrogenase, which metabolizes isocitrate to α-ketoglutarate. 

This enzyme is activated by increased ADP levels and inhibited by increased 

NADH levels. 

3.1.3 The electron transport chain (ETC) 

The electron transport chain transfers electron from the electron donors (e.g., 

NADH or FADH) to the electron acceptors (e.g., O2) through redox reactions. This 

is coupled with the transfer of protons (H+) across the membrane (from the 

mitochondrial matrix into the intermembrane space) creating an electrochemical 

gradient that drives ATP synthesis, the final target for oxidative phosphorylation 

(figure 3.4).  

There are four membrane bound complexes within the electron transport chain 

(ETC). Complex I (NADH coenzyme Q reductase) accepts electrons from the TCA 

 

 

Figure 3.4: Schematic presentation of electron transport chain (ETC). A series of electron 

carrier proteins helps ETC to produce cellular energy (ATP) with the help of ATP synthase. 
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(Krebs) cycle electron carrier NADH, and pass them to coenzyme Q, which also 

receives electrons from complex II (succinate dehydrogenase). Q passes electrons 

to complex III (cytochrome bc1 complex), which passes them to cytochrome c (cyt 

c). Cyt c passes electrons to Complex IV (cytochrome c oxidase), which uses the 

electrons and hydrogen ions to reduce molecular oxygen to water.  

This electrochemical proton gradient generated during this process (because of 

transmembrane proton transport) allows ATP synthase (or complex V) to use the 

flow of H+ through the enzyme back into the matrix to generate ATP from ADP and 

Pi. Protons (H+) flow through a hydrophilic pathway down the gradient across the 

inner mitochondrial membrane (IMM) and create a rotating force, which can 

produce more than 100 molecules per second in optimal conditions. 

3.1.4 Cytochrome c oxidase 

Cytochrome c oxidase (CCO) is the terminal electron acceptor of the mitochondrial 

ETC. It is responsible for more than 95% of the oxidative metabolism and 

production of ATP (Richter et al. 2003). CCO is a large, complex trans membrane 

protein complex, which sits on the inner mitochondrial membrane. It is also known 

as complex IV. CCO catalyses the reduction of dioxygen to water (164). On each 

turnover, CCO receives four electrons from cyt c and reduces one molecule of O2 

to water. 

 

!" + 4%& 	+ 4(_ 	→ 2%"!                           Equation 3.1 
 
 

 

The pathway of electron transfer within CCO is generally well understood. CCO 

receives an electron from cyt c. Four redox metal centres (heme a, heme a3, CuA 

and CuB) in the CCO complex accept and release electron and as a result can 
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change the redox states quickly. The CuA centre is the initial electron acceptor and 

passes the electron to heme a, which then passes it to heme a3-CuB centre. At 

this point it combines with oxygen. A possibility of direct electron transfer from CuA 

to heme a3-CuB centre has also been raised (Regan et al. 1998).  

Changes in optical absorption related to this redox change can be identified using 

the change in optical absorption during this process. The CuA centre is unique in 

a way that it contains a Cu-Cu dimer which gives rise to strong NIRS signals. These 

two Cu atoms are identical and accept/donate only one electron during  

 

 
 

Figure 3.5. Simplified diagram of electron transfer within CCO complex with the 

wavelengths where the main changes in optical absorption take place in each centre. 

	
	
oxidation/reduction.  This characteristic CuA structure gives rise to a high extinction 

co-efficient, which allows for the detection of CCO in vivo. Activity of CCO is 

dependent on the demand for ATP with an allosteric inhibition at high mitochondrial 

ATP/ADP ratio. This is switched on by cAMP dependent phosphorylation and 

switched off by Ca+ induced dephosphorization.  The electrochemical proton 

gradient across the IMM controls the electron transfers between the CuA and heme 

A and reduces the CCO activity when ATP synthesis rate is reduced (Rich et al. 

1988). CCO goes through conformational transitions and protonation-

deprotonation steps while acting as a proton pump. One of this protonation is a 
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rate-limiting step for the entire cycle and is dependent on pH. This pH dependency 

of steady-state kinetics of CCO is directly related to the effect of proton 

concentration on the rate of this step (Thornstrom et al. 1988). 

The activity of cytochrome c oxidase is inhibited by cyanide and nitric oxide (NO) 

(Leavesley et al. 2008).  Cyanide displaces O2 to bind with the heme a3-CuB 

binuclear centre to inhibit both cellular O2 utilization and ATP production (Way et 

al. 1984). The binuclear centre can exist in a reduced, oxidized or partially oxidized 

state. Although O2 can bind only with fully reduced binuclear centre, cyanide can 

bind with all three states. Because of CCO and mitochondrial ETC inhibition, 

excess ROS are generated, creating an intense oxidative stress that leads to 

neurological and myocardial dysfunction, which quickly become fatal if not treated 

immediately. NO binds with heme a3-CuB centre and the inhibition is competitive 

with O2, it increases with decreasing oxygen tension (Mason et al. 2006). NO 

mediated increase in CCO inhibition increases the AMP: ATP ratio which activates 

phosphofructokinase (Almeida et al. 2004) and GLUT-mediated glucose uptake, 

ultimately increasing the rate of glycolysis (Cidad et al. 2004). Interestingly when 

cyanide and NO both present, they do not produce additive inhibitory effect on 

CCO. Instead, NO decreases cyanide produced inhibition of CCO (Pearce et al. 

2003). 

Clearly, CCO has a significant role in cerebral oxidative metabolism and can be 

used as a surrogate marker of mitochondrial function. Several genetic mutations 

affecting CCO have been identified in human and animal models (Diaz et al 2010). 

Encephalopathy, myopathy, motor-neuron like disease, sideroblastic anaemia, 

leigh-like syndrome have been associated with COX deficiency (Barrientos et al. 

2002). 
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Although it is possible to measure cytochrome oxidase by histochemistry, immune 

histochemistry or using monoclonal antibodies, it takes time to produce the 

changes (sometime in days) even before attempting to identify these changes 

(Hovda 1991, Rahman et al. 2000). However, it involves the direct examination of 

tissue outside the human body, which is its biggest limitation. On the contrary, the 

changes in optical absorption produced by the CCO redox couples happens 

quickly and can be identified immediately in vivo using optical techniques.  

 

3.2 Near infrared spectroscopy 

 
Light based assessment of the oxygen status of the human tissue is common in 

clinical medicine. Pulse oximetry uses red and infrared lights (respective 

frequencies of 660 and 940 nm) to measure hemoglobin oxygen saturation. The 

microprocessor discards the non-pulsatile signal from the venous bed and 

measures the transmission of light through pulsatile arterial bed giving rise to the 

arterial oxygen saturation. But this technology only measures the oxygen in the 

arterial bed (related to partial pressure of oxygen) rather than the oxygen delivery 

to tissue.  

Human tissue is relatively transparent to near infrared light (650 to 1000 nm) and 

can be used to measure the changes in different pigments within the human tissue 

(known as chromophores) that absorb light. Jobsis first demonstrated in I977 that 

near infrared spectroscopy (NIRS) can be used to study the oxygenation of certain 

metabolites in human tissue (Jobsis et al. 1977). Subsequently Brazy et al. from 

North Carolina (Brazy et al. 1985) and Wyatt et al. (Wyatt et al. 1986) from UCL 

used NIRS to study the cerebral oxygenation and hemodynamics in neonatal brain. 

Along with the measurement of changes in oxy- and deoxy-hemoglobin, they also 



	

 61 

measured the changes in cytochrome aa3 and identified the possibility of 

monitoring the cerebral mitochondrial metabolism using NIRS. 

NIRS is a non-invasive, non-ionising monitoring system, which can give us 

continuous information regarding changes in cerebral function at the cot side. 

Neonatal brain with its relatively thin overlying tissue is ideally suited for NIRS.  

Identifying the optical properties of a tissue is the first step towards properly 

designing devices and interpreting diagnostic measurements. Several optical 

properties of tissue like absorption, scattering and attenuation are important in this 

regard, which have been described in details here. 

3.2.1 Absorption 

Continuous wave spectroscopy is the simplest form of NIRS and was introduced 

first. It depends on the observation of the attenuation of light of fixed intensity. 

Pierre Bouger described the attenuation of light when it passes through a purely 

absorbing medium in 1729. He described that successive layers of absorbing 

material absorbs the same fraction of light incident on them. Lambert expressed 

this phenomenon mathematically in 1760.  

Light intensity falls while interacting with a non-scattering absorbing medium. The 

decrease in the light intensity in this case is expressed mathematically by the 

Lambert-Bouguer law: 

 

, = ,.(/01.3                                         Equation 3.2 
 
 
(I is the transmitted light intensity, ,. is the initial light intensity, d is the width of the 

medium traversed. μa is the absorption coefficient of the medium and relates to 

the probability over a infinitesimal path that a proton will be absorbed. The 
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reciprocal, 1/μa is known as the absorption length: the distance required for ,., the 

light intensity to fall to 1/e of its initial value. I depend on both the absorption 

coefficient of the medium and the wavelength of the light). 

Beer further described the relationship between the absorption coefficient and the 

concentration of the absorbing medium: “for an absorbing substance dissolved in 

a non-absorbing medium, the optical density is proportional to the concentration of 

the solution” (Beer et al. 1852). The concentration measurement using the light 

absorption property is based on the Beer-Lambert law (figure 3.6).  

 

Figure 3.6. Graphical representation of the Beer-Lambert law. 

 

4 = 5. 6. 7                                       Equation 3.3 
	
 
A, the light attenuation in logarithmic scale is proportional to the concentration of 

the medium (C). a is the specific extinction coefficient of the medium and d is the 

light path length. When values of a and d are known, the concentration of the 

medium C can be calculated. 

3.2.2 Scattering 

Biological tissue is not a homogenous medium and a lot of scattering of light 

happens along with absorption when light traverses through tissue. Scattering is 

the most dominant tissue-photon interaction in the NIR range. A lot of reflection 

and refraction happens in human tissue and cell membranes are the common 
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source of scattering in the brain tissue, as they account for a large proportion of 

relatively solid content of tissue. 

In case of a single scattering, the attenuation is described as: 

4 = 89:;.[,= ,⁄ ] = @. A. 6                            Equation 3.4 
 

 
 

Attenuation (A) in this case is proportional to the number density of the scattering 

particles (N), scattering cross section of the particles (s) and the optical path length 

(d). Ns is also known as the scattering coefficient of the medium (μs). μs values for 

human tissues vary between 10-100 mm-1. Cerebral white matter is one of the most 

highly scattering tissues in the human body. 

Biological tissue is mostly a multiple scattering medium and the equation above 

does not apply here. To understand scattering in human tissue, we need to 

consider the probability of a photon being scattered in a given direction in each 

interaction. This can be described by the phase function. If the light is incident on 

a unit vector p being scattered towards a direction q, the phase function is f(p,q). 

In a randomly scattering medium, this probability does not depend on p, but 

depends on the angle between the incident and scattered directions, e. The phase 

function in this case would be equal to the cosine of the scattering angle (cos(e)), 

also known as the anisotropy (direction of scatter) factor, g. In biological tissue, 

scattering mostly occurs in forward direction and the value of g lies between 0.7 – 

0.97 while in case of isotropic scattering, g = 0. Light loses directionality soon after 

travelling a few millimeters in biological tissue and behaves like an isotropic scatter. 

The modified (transport) scattering coefficient (μst) is represented as: 

BCD = 	BC(1 − :)                                  Equation 3.5		
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3.2.3 Attenuation 

Scattering influences light attenuation in tissue and have two major implications. 

Due to scattering some photons might not traverse the entire medium and reach 

the other side (where the detector would be placed). The length they traverse 

would be different from the width of the medium or the physical transmission length 

(d in the figure 3.7). Attenuation in a scattering medium is modified as: 

4 = 5. I. 7 + J                                  Equation 3.6 
 

 
 

Two new factors (L and X) have been introduced in the modified formula. L 

indicates the actual path length the light travels and X represents light attenuation 

due to scattering, as some of the lights only pass through the entire medium and 

reaches the other side. Because X is an unknown factor, the concentration C can 

not be calculated from this formula. However, in the actual measurement, X can 

be assumed to be a constant parameter in terms of time (t). Thereby, by 

substracting A(t0) from A(t), X is eliminated and it is possible to get the change in 

concentration DC during the period t-t0. 

 
 

Figure 3.7. As the light travels through a scattering medium, path length and light 

attenuation changes. 
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The Modified Beer-Lambert Law describes this: 

Δ4 = 5. I. Δ7                                             Equation 3.7 
 

or Δ7 = Δ4 ∕ (5. I)                                     Equation 3.8 
 

3.2.4 Path length 

A path length is a mean distance along which light travels from the emission point 

to the detection point. In tissues, light does not travel straight; instead it travels 

scattered at different angles. For this reason, path length L becomes longer than 

a straight line (distance) d that links the emission point to the detection point. A 

proportion constant, called the differential path length factor (DPF) is used to 

calculate the path length in different tissues. Usually, the path length L is calculated 

as: 

I = MNO. 6                                         Equation 3.9 
 

For our study, we have taken the DPF from the study published by David Delpy 

and colleagues (Duncan et al. 1995) in UCL Biomedical Optics Research 

Laboratory (BORL). From a group of 35 newborn infants born between 35-42 

weeks studied between 0-16 days of age a DPF of 4.99 (±9%) was calculated at a 

frequency of 200 MHz with source-detector spacing of >4 cm. 

 3.2.5 Chromophores 

Chromophores are compounds within the biological tissue that absorb light within 

the spectral region of interest.  Main chromophores present in human tissue are 

water, lipids, melanin, hemoglobin and cytochrome c oxidase. 

Water accounts for 60-90% of body mass and almost 80% of adult brain tissue. It 

is possible to record spectroscopic measurements of water between 200-900 nm. 
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After this range, photons can run only after a short distance before getting 

absorbed in water. 

Lipids are major constituents of the myelin sheaths in neural tissue. The absorption 

spectrum for lipids is similar to that of water. 

Melanin is present in skin (epidermis) and produces significant scattering and 

attenuation of light. It protects our body by scattering the incident photons and 

reducing the photon density. Concentration of melanin in skin is directly related to 

the degree of reflectance of light from skin and transmission to the tissue 

underneath. 

Hemoglobin (Hb) is a metalloprotein that carries oxygen in biological tissue. The 

adult hemoglobin, HbA consists of four-iron containing heme group and four 

protein subunits – two alpha and two beta subunits. While binding with oxygen, Hb 

undergoes a conformational change. The structure of its oxygen-binding site 

becomes more favorable for further oxygen binding. Fetal hemoglobin (HbF) has 

two gamma subunits instead of two beta subunits. Oxygen dissociation curve for 

HbF is pushed towards left compared to that of HbA. This indicates a greater 

affinity of HbF for oxygen. Even in low partial pressure of oxygen it can bind with 

more oxygen compared to HbA, a unique feature for optimizing oxygen uptake in 

a relatively hypoxic environment in fetal life. 

Both oxy- and deoxy- hemoglobin show similar high specific extinction coefficients 

between a wavelength range of 400-600 nm. But in the range of 650-1000 nm (NIR 

range) absorption of both the chromophores fall but the absorption spectra remain 

significantly different (figure 3.8). This gives the opportunity for the spectroscopic 

interrogation into the changes in these chromophores. 
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Cytochrome c oxidase plays a vital role in mitochondrial metabolism. The structure 

and function of CCO has been discussed earlier in the chapter. The NIR signal is 

produced primarily at CuA centre, because of its unique structure. Oxidized CCO 

show a broad peak at around 830 nm, which is not evident in the reduced CCO 

spectra. For this study, we have used oxidized-reduced spectrum for measurement 

of changes in [oxCCO] (figure 3.9). Total cytochrome takes a long time to change 

  

 

Figure 3.8. Molar extinction spectra of HbO2 (solid) and HHb (dashed) in the visible (left) 

and NIR range (right). Obtained from UCL BORL database. 

	

 
 

Figure 3.9. Oxidized-reduced difference molar extinction spectrum of CCO in the NIR 

range. Obtained from UCL Biomedical Optics Research Laboratory (BORL) database. 
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in tissue and it is assumed that it remains constant over a short period of time 

during a study. CCO concentration in vivo is 10% of the Hb concentration, which 

makes the optical measurement of CCO more difficult. 

3.2.6 Measured tissue area 

The volume of tissue investigated by the NIRS would normally depend on the 

position and spacing of the source and detector optodes. Mean interrogation depth 

of light in a medium increase with increasing fibre spacing (Weiss 1989, Cui 1991, 

Germon et al. 1999) and oxygenation of chromophores from the deeper tissue was 

detected with large fibre spacing (Harris et al. 1994). In a study by Okada et al. it 

was noted that the maximum depth of the measured area is normally deeper than 

d/2 from the surface in most cases, where d represents the interoptode distance 

(Okada et al 1995). Cope et al. described an NIRS system developed in UCL, 

which can monitor NIR spectral changes across infants head up to 10 cm in 

diameter in transmission mode (Cope et al. 1988). 

 

3.3 Broadband near infrared spectroscopy 

Using a broadband light source with a broadband spectrometer it is possible to 

interrogate the spectral changes over a range of wavelengths. This is particularly 

important while monitoring the changes in CCO due to its low in vivo concentration. 

Increasing the number of wavelengths gives us the opportunity to observe the 

changes in CCO spectra with improved signal to noise ratio. 

The UCLn algorithm (Matcher et al. 1995) used in our study is based on the 

Modified Beer-Lambert law. It gives the changes in concentration for m 

chromophores using n wavelengths using the following equation: 
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where αn,m is a two-dimensional matrix with the specific extinction coefficients of 

each chromophore with respect to each wavelength, and B(λ) is the wavelength 

dependency of the DPF.  Due to noise, ΔA is normally measured at more 

wavelengths than mathematically necessary (n>m) to optimise the result. 

Therefore [αn,m]-1 is the pseudoinverse of [αn,m] as there is an over determined 

system of equations.  

 

3.4 NIRS measurement of cytochrome c oxidase 

Focus on the importance of cytochrome oxidase measurement was evident from 

the very first NIRS publication by Jobsis in 1977. Initial human studies on NIRS 

also documented the changes in cytochrome concentration (Brazy 1985, Wyatt et 

al. 1986). Subsequently several elegant studies in preclinical models have also 

been published. Although the NIRS measurement of oxy- and deoxy-hemoglobin 

has quickly established itself as an important monitoring tool in research work and 

in clinical medicine, NIRS measurement of cytochrome changes is yet to establish 

itself as a vital tool for monitoring oxidative metabolism. One of the major problems 

is its low in vivo concentration compared to hemoglobin, causing difficulty in 

separating the cytochrome signal from those of HbO2 and HHb. This led to an 

earlier confusion whether the signals were simply a result of the cross-talk from the 

hemoglobin signal (Uludag et al. 2002). This was subsequently proved wrong by 

further studies (Uludag 2004, Cooper et al. 1997). Matcher et al. compared four 

published algorithms for measurement of cytochrome oxidase and noted 
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substantial differences when different algorithms were applied to an in vivo data 

set. It was also noted that algorithms that produces satisfactory result in one NIR 

system, might produce different results in another system. Absolute magnitude of 

cytochrome change and its time course varied between different algorithms 

(Matcher et al. 1995). Several commercial near infrared spectrometer (NIRO 300, 

NIRO 500, NIRO 1000 by Hamamatsu Photonics, Japan, Shimadzu OM-110 NIR 

spectrophotometer, Shimadzu Inc. Japan and Critikon Cerebral RedOx Monitors, 

Johnson and Johnson Medical, UK: all using 4 wavelengths, radiometer, 

Copenhagen, Denmark: using 3 wavelengths) were introduced in the past for 

measurement of cytochrome oxidase changes and have been used in both pre-

clinical (Bennet et al. 2006 and 2007) and clinical studies (Edwards 1991, Peeters-

Scholte et al. 2004). Although these were laudable attempts to monitor 

mitochondrial metabolism, it was identified soon that using a small number of 

wavelengths to measure changes in [CCO] could give rise to spurious results. 

Cytochrome c oxidase has a broad spectral signature and it is advisable to use a 

broadband spectrometer to calculate the changes in CCO. Unfortunately, 

commercial clinical monitors for monitoring CCO changes are no longer available. 

There were also concerns about using an algorithm on a tissue different to the 

original one for which the algorithm was first published, as there are differences in 

optical geometry, overlying tissue thickness and total cytochrome concentration 

between different tissues. Interestingly, Cooper et al. used an earlier UCL 

algorithm in perflourocarbon-perfused piglet brain (Cooper et al. 1997) and 

demonstrated an oxidsed minus reduced cytochrome oxidase spectra identical to 

that found from an adult rat published earlier (Wray et al. 1988). Wavelength 

dependence of optical path length was also identical between two studies. 



	

 71 

Till date, NIRS measured changes in CCO represent changes in the amount of 

oxidized enzyme present in relation to the amount that was present at the start of 

the study. One must remember that this does not represent the absolute changes 

in the enzyme levels. 

The Biomedical Optics Research Laboratory (BORL) at UCL has refined NIRS 

systems over the years to accurately measure cytochrome oxidase changes and 

have successfully used broadband spectroscopy in both adult (Tisdall 2007, Tisdall 

2008, Kolyva et al. 2014) and neonatal preclinical model (Bainbridge et al. 2014).  
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Chapter 4: Near infrared spectroscopy in term or near term infants 
with hypoxic ischemic encephalopathy – A systematic review of 
literature 
 

 

4.1 Introduction 

Perinatal hypoxic ischaemic brain injury can have a significant effect on future 

neurodevelopmental outcome. The introduction of therapeutic hypothermia has 

improved outcomes but nearly half of infants with moderate to severe 

encephalopathy still develop some degree of neurodevelopmental deficit. 

Monitoring electrical activity of the brain (aEEG and EEG) is a routine practice in 

neonatal encephalopathy along with imaging modalities (CrUSS and MRI). 

Magnetic resonance imaging (MRI) and spectroscopy (MRS) are gold standard 

tool for prognostication of injury, but are normally performed after the completion 

of TH and rewarming. Near infrared spectroscopy (NIRS) can provide a continuous 

bedside information of changes in tissue oxygenation, perfusion and metabolism. 

Most of the published reviews on the use of NIRS in neonates have mainly focused 

on the preterm population (Dix 2017, Garvey et al. 2018) or on a specific method 

of NIRS instrumentation e.g. diffuse optical tomography (Lee et al. 2017) or diffuse 

optical spectroscopy (Farzam et al. 2017). In this chapter, a systematic review of 

the published literature on the role of NIRS in term or near term infants with HIE is 

presented. 

NIRS monitoring is a sensitive non-invasive monitoring tool that can be applied 

continuously for a long period of time in neonatal intensive care units, allowing us  
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Figure 4.1. Schematic presentation of the placement of two NIRS optodes (source and 

detector) over the scalp with the highlighted area of cerebral cortex being examined. 

 

to monitor changes in cerebral oxygenation and haemodynamics in sick newborn 

infants with minimal handling. Cerebral NIRS monitoring can easily be combined 

with aEEG/EEG monitoring.  NIRS uses the relative transparency of biological 

tissue in the near infrared range of light (700-1000nm). Comparatively thinner skin 

and skull thickness make it an ideal neuromonitoring tool in newborn infants. 

Certain chromophores in the human body absorb NIR light, e.g. haemoglobin and 

cytochrome c oxidase. Oxygenated and de-oxygenated haemoglobin (HbO2 and 

HHb) absorption spectrum differs, allowing changes in their concentration to be 

individually monitored using NIRS. Total haemoglobin (HbT = HbO2+HHb) and 

haemoglobin difference (HbD = HbO2-HHb) are derived parameters and are 

generally used to present changes in cerebral blood volume (CBV) and cerebral 

oxygenation respectively. Spatially resolved spectroscopy (SRS) derived tissue 

oxygenation saturation (Wong et al. 2008), a ratio between oxygenated 

hemoglobin and total hemoglobin presents a percentage number which appeals 

more to clinicians. Tissue saturation represents the combined oxygen saturation 

of the arterial and venous vascular compartments, weighted by their volume (ratio 

of arterial and venous vessels in cerebral tissue is 25:75%).  Different 



	

 74 

manufactures have come up with different terminologies (e.g. rScO2, TOI, rSO2) to 

describe tissue saturation. 

Several studies have described the normal range of tissue oxygenation from birth 

to the first few weeks of life. Tissue oxygenation is lowest at birth and is between 

40-56%, irrespective of the mode of delivery (Almaazmi 2013, Urlesberger 2011, 

Baik et al. 2015). It starts to increase immediately after birth and reaches up to 

78% in the first 48 h of life in healthy term infants (Bailey et al. 2014). It then 

stabilizes over the next few weeks between 55-85% (McNeill 2011, Roche-

Labarbe 2010, Hyttel-Sorensen et al. 2015).  

Fractional tissue oxygen extraction (FTOE) is calculated from tissue oxygenation 

and arterial oxygen saturation (FTOE = (SaO2-rSO2)/SaO2)) and presents the 

balance between oxygen delivery and oxygen consumption. A rise in FTOE 

indicates an increased oxygen consumption by tissue relative to oxygen delivery 

(Toet et al. 2006). 

Another interesting chromophore is cytochrome c oxidase. It is the terminal 

electron acceptor in the electron transport chain (ETC) and is responsible for more 

than 90% of ATP production. Although it created a lot of interest (Jöbsis 1977, 

Edwards 1991, van Bel et al. 1993) in the initial years of NIRS introduction in 

medicine, accurate measurement of cytochrome c oxidase is comparatively more 

difficult due to its low in vivo concentration.  

 

4.2 Search Strategy and selection criteria 

A stepwise approach was taken to identify articles from databases following the 

guidance from the Preferred items for Systematic Reviews and Meta-analysis 

(PRISMA) statement (Liberati et al. 2009). 
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4.2.1 Search strategy 

Relevant articles were identified using a systematic search of Ovid EMBASE and 

Medline database from inception to 18th March 2018. Articles were filtered with 

publications in English only. This has been recognised as a limitation for this 

systematic review. The search focussed on publications related to cerebral 

oxygenation, perfusion and metabolism using single or multiple site NIRS systems 

in newborn infants with hypoxic ischaemic encephalopathy. The retrieved articles 

were further examined for any further relevant published reports. Websites of 

manufacturers of NIRS monitors noted during the search were also visited to 

capture any articles that might have been overlooked. Only human studies were 

included in the final analysis. I have performed the literature search with the help 

of a librarian from the Cruciform Medical Library, UCL. 

The search combined three broad categories: measurement (NIRS monitoring), 

disease condition (HIE) and subject category (newborn infants). Search term 

included: brain metabolism, brain function, tissue metabolism, cerebral metabolism 

or oxygenation or hemodynamic or blood flow or volume, near infrared, near 

infrared spectroscopy, brain hypoxia or anoxia, perinatal hypoxia or ischemia, 

asphyxia neonatorum, brain ischaemia, brain injury or damage, encephalopathy, 

neonatal encephalopathy, newborn (s), newborn babies, infant (s) and neonate, 

neonates and neonatal. 

Search strategies for this review are presented in table 4.1. 

4.2.2 Study selection 

Publications were included in the review if they presented original data discussing 

the use of NIRS in term or near term infants with hypoxic ischaemic 

encephalopathy. The articles identified from the databases were screened for 
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duplicity and was then evaluated using the publication title and abstracts. Full texts 

were examined where uncertainty was noted at this stage.  Articles with preclinical 

studies and abstract only publications (where a full-length article was not published 

in a peer-reviewed journal) were further excluded. Full text was assessed for the 

remaining articles and publications were excluded if they did not present original 

data in the term newborn population (review articles, commentaries and studies in 

preterm population). Studies included for the final review were then reviewed for 

qualitative data collection. 

 

4.3 Results 

The initial search identified 3068 articles. After excluding duplicate articles, 

preclinical studies and abstract only publications, 62 articles were identified, all of 

which discussed NIRS measurements in human newborn infants after HIE. Full 

texts of these articles were reviewed and further 11 articles were excluded (review 

papers 9 and studies in preterm population 2), leading to the final inclusion of 41 

original research studies on term and near term infants following HIE.  Five studies 

presented the changes in NIRS measurements during seizures following HIE. A 

PRISMA chart detailing the searching and inclusion of the articles for the review is 

presented on figure 4.1. Basic characteristics for the studies (except 4 studies 

discussing NIRS changes in seizures and one study presenting findings during 

seizures as well as during TH) are presented in table 4.2, while table 4.4 presents 

the studies describing NIRS changes during neonatal seizures. Two optical 

tomography studies described haemodynamic changes along with EEG changes. 

Two recent studies have described changes in cerebral metabolism using direct 

measurement of changes in oxidation state of cytochrome c oxidase in human 

infants. 
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Table 4.1. Search strategies used for the systematic review. 
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Figure 4.2. PRISMA flow chart for the systematic review 

 
 

4.4 Discussion  

Interest in the role of NIRS monitoring to understand the changes in cerebral 

oxygenation, haemodynamics and metabolism at the cot side following HIE has 

increased significantly over the last decade. This was reflected in the increased 

number of articles on human studies recently published (figure 4.2). Thirty-three 

studies were published since 2010, whereas only 8 studies were published earlier. 

The results of the systematic review will be discussed next under the following 

sections – cerebral oxygenation and perfusion, changes in cerebral metabolism, 

identification of changes in cerebral autoregulation using NIRS parameters and 

relationship to outcome, changes during neonatal seizures and NIRS monitoring 

in relation to neurodevelopmental outcome following HIE. 
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First 
author, 
Year 
(Ref.) 

Study design Gestation 
(weeks) 

No of 
subjects 

Study aim NIRS 
device, 
sensor 

Optode 
placement 
on head 

Duratio
n of 
study 

Result 

Ancora, 
2009  
 

Observational 39 1 To evaluate the time 
course of aEEG and 
NIRS data before, 
during and after cool 
cap treatment 
 

NIRO 
200 

Forehead 3 stages 
over 
first 80 
h 

Early significant increase in THI and TOI 
before TH. TOI improved with TH and 
remained stable during the rewarming 
period 
  

Ancora, 
2013  
 

Observational ≥36 12 To evaluate the 
prognostic value 
NIRS data in 
asphyxiated cooled 
infants 
 

NIRO 
200 

Forehead 72 h Mean TOI at 12h of life is significantly 
higher in infants who develop a poor 
neurological outcome than in those with 
normal outcome 

Bale, 
2014  
 

Observational  ≥38 6 Feasibility study to 
assess the potential 
of [oxCCO] 
monitoring in NE 
 

A novel 
broadban
d NIRS 
system 

Frontal 
bilateral 

Upto 5 
days 

Mean values for [HbD] and [oxCCO] 
consistently decreased during desaturation 
and [HbT] increased. 

Bale, 
2016  
 

Prospective 
observational 

>35 11 To investigate the 
dynamic changes in 
cerebral metabolism 
in response to 
systemic changes, 
as a marker of injury 
 

A novel 
broadban
d NIRS 
system 

Frontal 3 h on 
day 3 of 
TH 

Strong relationship between oxCCO and 
systemic variables during TH on day 3 
indicated severe injury following HI 

Burton, 
2015  
 

Observational ≥35 19 To assess the 
relationship between 
autoregulation 
during TH and 
neurodevelopmental 
outcomes at 2 years 
of age 

INVOS 
5100 

Forehead 84 h Children with developmental impairments 
at 2yrs, had higher MAPOPT values, spent 
more time with MABP below MAPOPT, and 
had greater MABP deviation below MAPOPT 
during rewarming. Greater MABP deviation 
above MAPOPT during rewarming was 
associated with less disability and higher 
cognitive scores 
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Chalak, 
2016  
 

Observational ≥36 10 To develop an 
approach to assess 
cerebral 
hemodynamics 
across multiple time 
scales during first 72 
h of life 
 

INVOS 
4100–
5100 

left 
frontoparietal 

72 h multiple-timescale correlations between 
oscillations in MAP and SctO2 in the first 
72 h, indicating impairment of cerebral 
hemodynamics 

Chalak, 
2017  
 

Observational ≥36 10 To quantify 
neurovascular 
coupling (NVC) 
using wavelet 
analysis of the 
dynamic coherence 
between aEEG and 
SctO2 in NE 

INVOS 
4100–
5100 

Bilateral 
parietal area 

60 ± 6 
hours 

High coherence, intact NVC between the 
oscillations of SctO2 and aEEG in the 
frequency range of 0.00025–0.001 Hz in 
the non-encephalopathic newborns. NVC 
coherence was significantly decreased in 
encephalopathic newborns who were 
cooled vs. non- encephalopathic controls 
and was significantly lower in those with 
abnormal 2yr outcomes relative to those 
with normal outcomes 
 

Chen, 
2002  
 

Observational >35.7 44 To evaluate the 
evoked CBO 
response to 
neuronal 
activation in 
newborns with HIE 
and compare with 
the response in 
healthy infants 
 

NIRO 
500 

Forehead Betwee
n day  
1-3 

Infants with HIE have decreased rCBF in 
the frontal lobes during auditory 
stimulation, (decrease of HbO2 and HbT) 
compared to normal infants 

Dehaes, 
2014  
 

Observational ≥36 27 To assess cerebral 
hemodynamics and 
oxygen metabolism 
during and after TH 

Hybrid 
FDNIRS–
DCS 
system 

Left, middle, 
and right 
frontal 

10–16 
sec 3 
times/ 
location 
during 
TH, 
rewarmi
ng, and 
post-TH 

CMRO2i and CBF lower in neonates 
with HIE during TH compared with post –
TH and controls 
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Forman, 
2017  
 

Prospective 
observational 

>35 20 To assess the 
feasibility and 
reliability cerebral 
perfusion monitoring 
in NE 

INVOS, 
neonatal 
sensors 

Centre of the 
forehead 

84 h SctO2 increased over first 30 h of TH and 
stayed high for the remainder of the study 
 

Gagnon, 
2016  
 

Case series >38 3 To examine the 
impact of PPHN on 
cerebral oxygenation 
in infants on TH after 
HIE 
 

FORE-
SIGHT 

Forehead 
(bilateral) 

86 h Periods of pulmonary hypertensive crisis 
were associated with significant drop in 
cerebral saturation, indicating that PPHN 
can independently cause further injury 

Goeral, 
2017  
 

Prospective 
observational 

>36 32 To assess the 
predictive 
values of aEEG and 
NIRS parameters 
and the respective 
cut-off values 
regarding short-term 
outcomes in HIE 
 

INVOS 
5100C 

Frontoparietal 102 h No significant differences in NIRS values 
were observed between groups (normal 
and abnormal MRI). Combined score of 
BP, aEEG and NIRS increased the 
accuracy of early outcome prediction 

Govindan, 
2014  
 

Observational n.r. 4 To identify the 
efficacy of a 
modified approach 
to quantify the 
pressure passivity 
  

NIRO 
200 

Bilateral 
fronto-
temporal 
areas 

n.r. A modified coherence estimation approach 
over every 30s epochs identified better the 
association between HbD and MABP 
(pressure passivity index). 

Govindan, 
2016  
 

Observational ≥38 4 To review the 
efficacy of a novel 
method to quantify 
neuro-vascular 
coupling (NVC) 
using NIRS and 
EEG 
 

NIRO 
200 

Bilateral 
fronto-
temporal 
areas 

n.r. 2 infants who survived, revealed the 
emergence of NVC during TH. Other 2 
infants who did not survive, lacked this 
feature. 

Grant, 
2009  

Observational ≥33 43 Whether StO2, CBV, 
and rCMRO2  

FDNIRS 5±3 locations. 
Primary 

n.r. No significant difference in StO2 between 
brain-injured and normal neonates. 
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 have the potential to 
distinguish between 
neonates with brain 
injury and healthy 
controls 
 

location –
forehead, 
also temporal 
and parietal 
 

However, CBV and estimates of rCMRO2 
were significantly increased in the brain 
injured group compared with all other 
clinical groups  

Gucuyene
r, 2012  
 

Observational  ≥36 8 Investigate the 
correlations between 
aEEG and NIRS 
monitoring 
and outcome 
following HIE 

NIRO 
200 

Parietal 30 min 
each 
before 
cooling, 
at 34 oC 
during 
TH and 
after 
rewarmi
ng 
 

Detection of context-sensitive changes in TOI 
and FTOE can be helpful especially while 
monitoring the effects of a therapy, in 
conjunction with other cerebral trend monitors 

Howlett, 
2013 
 

Observational 39.2 ± 1.5 
(SD) 

24 To describe the 
relationship between 
autoregulation 
during TH and brain 
injury on MRI after 
HIE 
 

INVOS, 
Neonatal 
sensor 

Forehead 84 h Optimal MABP identified using HVx 
(running correlation between HbT and 
MAP). Infants with evidence of brain injury 
on MRI spent longer time below below 
MAPOPT during rewarming than neonates 
with no or mild injury. Neonates with 
moderate/severe injury on MRI had greater 
MAP deviation below MAPOPT during 
rewarming than neonates without injury. 

Huang, 
2004  
 

Observational ≥37 41 To find out the 
clinically useful 
parameters for the 
assessment of HIE 
using NIRS 

TSNIR-3  

 

n.r. n.r. rSO2 in quiet condition and rSO2, HbO2 
and Hb during the inhalation of oxygen 
may be helpful for HIE infants. rSO2 for the 
healthy group increased rapidly, with the 
increase 7 ± 2.3%, compared to 3 ± 1.5% 
in HIE infants 
 

Jain, 2017  Prospective 
observational 

>36  21 To examine the 
value of CrSO2 

INVOS Midfrontal 48 h Higher absolute CrSO2 values during TH 
correlates with subcortical injury on MRI 
and poor neurodevelopmental outcome 
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Lee, 2017  Prospective 
observational 

Term 
infants 

64 To examine whether 
optimising cerebral 
autoregulation is 
associated with 
decreased brain 
injury 
 

INVOS 
5100 

Bilateral 
forehead 

90 h Blood pressure deviation from the optimal 
vasoreactivity was associated with 
evidence of brain injury on MRI, 
independent of initial birth asphyxia 

Lemmers 
2013  
 

Observational ≥36 39 To re-evaluate 
the early predictive 
value of rScO2, 
cFTOE and aEEG 
background pattern 
for outcome 
 

INVOS 
4100- 
5100, 
with adult 
sensor 

Frontoparietal 84 h Higher rScO2 values and lower aEEG 
background pattern scores in neonates 
with adverse neurodevelopmental outcome 

Massaro, 
2013  
 

Prospective 
observational 

>36 10 To assess cerebral 
perfusion and 
oxygenation 
differences after HIE 
 

FORE-
SIGHT  

n.r. 84 h Cerebral FTOE values were significantly 
reduced after rewarming in infants with 
evidence of injury on MR imaging 

Massaro, 
2015  
 

Observational ≥35 36 To investigate if the 
duration and 
magnitude of the 
pressure passivity 
during TH were 
related to outcome 
 

NIRO 
200 

Fronto-
temporal 

84 h Higher PPI in both hemispheres and high 
gain on right hemisphere were associated 
with poor outcome 

Meek, 
1999  
 

Observational 36-44 27 To measure 
changes in cerebral 
haemodynamics 
during the first 24 h 
of life after perinatal 
asphyxia, and relate 
them to outcome 
 

NIR1000 
or 
NIRO500 

n.r. 1–4 
occasio
ns 
between 
2 and 
72 h of 
age 

increase in CBV on the 1st day of life is a 
sensitive predictor of adverse outcome. A 
reduction in CBVR is almost universally 
seen following asphyxia, but is not 
significantly correlated with severity of 
adverse outcome 
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Mitra,  
2016  
 

Prospective 
observational 

≥35 14 To assess the 
cerebral metabolic 
and hemodynamic 
changes during the 
rewarming period 
after TH 
 

A 
purpose-
built 
broadban
d NIRS 
system 

Frontal 14 h The relationship between mitochondrial 
metabolism and oxygenation became 
impaired with rising Lac/NAA. 
Cardiovascular parameters remained 
stable during rewarming. 
 

Mitra, 
2017  

Prospective 
observational 

>34 23 To investigate the 
effects of 
disturbances in brain 
metabolism following 
HIE on outcome, 
using a wavelet 
based metabolic 
reactivity index 
between oxCCO and 
MABP 
 

A 
purpose-
built 
broadban
d NIRS 
system 

Frontal 1 h Pressure passive changes in brain 
metabolism were associated with injury 
severity and outcome following HIE.  
oxCCO-MABP semblance as a metabolic 
reactivity index correlated with MRS 
derived Lac/NAA. It also differed among 
groups of mild to moderate and severe 
injury based on MRI score and neuro-
developmental outcome at 1 yr of age. 

Nakamura
, 2015  

Observational >35 11 To find the influence 
of CBV and ScO2 on 
clinical outcome 

TRS-10 Parietal 72 h Early postnatal CBV and ScO2 elevations 
were predictive of a poor outcome 

Peng, 
2015  
 

Observational >=36 18 To assess whether 
NIRS Identifies the 
newborns during TH, 
who later develop 
brain injury 
 

FORE-
SIGHT 
Cerebral 
Oximeter 

Forehead 79 h rSO2 was consistently higher in newborns 
who developed brain injury on MRI and 
was significantly higher on day 1 compared 
to infants who did not develop injury on 
brain MRI. 

Shellhaas, 
2013  
 

Observational >36 21 To evaluate the 
utility of aEEG and 
rSO2 for short-term 
outcome 

Invos 
5100C 

bilateral 
parietal 
regions, also 
one sensor 
over thigh 

90 h During day 3 of cooling and during 
rewarming, loss of physiologic variability 
(by systemic NIRS) was the best predictor 
of poor short-term outcome. Cerebral rSO2 
variability was independent from short-term 
outcome 
 

Shellhaas, 
2015  
 

Observational ‘term 
neonates’ 

18 To identify systemic 
and cerebral risk 
factors for adverse 

Invos 
5100c 

Bilateral 
parietal 
regions, 

72 h Mean cerebral rSO2 was not different 
between those with favourable versus 
adverse 18-month outcomes, but those 
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long-term neuro-
developmental 
outcome following 
HIE 
 

neonatal 
sensors 

with favourable outcomes had higher 
systemic rSO2 variability during hours 48-
72 of cooling 

Tax, 2013  Observational >34 38 To investigate 
peripheral 
oxygenation and 
perfusion in the first 
48 h after perinatal 
asphyxia 
 

NIRO 
300 

Left calf n.r. Peripheral oxygenation and perfusion are 
compromised with worsening degree of 
acidosis on cord blood gas 

Tekes, 
2015  
 

Observational  ≥35 27 To assess whether 
lower ADC values 
on MRI would 
correlate with worse 
autoregulatory 
status measured by 
NIRS 
 

INVOS Forehead 
bilateral 

n.r. Lower ADC scalars in the PCS, PLIC and 
PP correlated with blood pressure 
deviation below MAPOPT during 
hypothermia and rewarming 

Tian, 2016  Observational ≥36 9 Quantitative 
evaluation of 
cerebral 
autoregulation 

INVOS 
4100-
5100, 
neonatal 
sensor 
 

Frontoparietal  72 h Cerebral autoregulation was time-scale –
dependant. Both in phase and anti-phase 
coherence were related to worse outcome 

Toet, 
2006  
 

Observational >37 18 To determine the 
value of rSO2, FTOE 
measured by NIRS, 
and aEEG in relation 
to neuro-
developmental 
outcome 

INVOS 
4100 

Left parietal 48 h rSO2 values remained normal and stable in 
infants with a normal outcome with values 
between 50% and 70%30,33 but increased 
to supranormal values after 24 hours in the 
infants with an adverse outcome. From 24 
hours onward, the values of rSO2 of the 
infants with an adverse outcome were 
significantly higher as compared with those 
with a favourable outcome 
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Wintermar
k, 2014  

Observational ≥36 7 To determine the 
correlation between 
measurements of 
brain perfusion by 
NIRS and by MRI  

FORE-
SIGHT 
Cerebral 
Oximeter 

Forehead 84 h SctO2 and CBF increase from days 1 and 
are highly correlated in newborns with 
severe encephalopathy. Newborns with 
severe encephalopathy have lower CBF 
Newborns developing brain injury have 
comparatively higher SctO2 

Van Bel, 
1993  
 

Observational >35 31 To investigate 
whether cerebral 
perfusion and 
metabolism drops 
following hypoxia 

Radiomet
er 

Source on 
ant. fontanel, 
detector on 
Fronto-
parietal 
 

4-6 h CBV, HbO, HbR, and Cytaa3 decreased in 
the first 12 hs of life in severely 
asphyxiated neonates 
who subsequently developed neurologic 
abnormalities 

Zaramella, 
2007  
 

Case control 
study 

≥36 22 To assess the 
diagnostic and 
prognostic value of 
TOI and DCBV in 
HIE 
 

NIRO 
300 

Fronto-
temporal 

Duration 
n.r., 
study on 
day 1 

Increased TOI on day 1 suggested 
abnormal outcome at 1 year of age 

 
ADC: Apparent diffusion coefficient 
aEEG: Amplitude integrated electroencephalogram 
CBO: Cerebral blood oxygenation 
CBV: Cerebral blood volume 
CCVR: Cerebral blood volume response 
CrSO2: Cerebral regional oxygen saturation 
Cytaa3: Cytochrome oxidase 
DCS: Diffusion correlation spectroscopy 
EEG: Electroencephalography 
FDNIRS: Frequency-domain near-infrared spectroscopy 
FTOE: Fractional tissue oxygen extraction 
HbO: Oxy-haemoglobin 
HbR: Deoxy-haemoglobin 
MRI: Magnetic resonance imaging 
 

Table 4.2. Study characteristics (excluding studies investigating seizures)

MRS: Magnetic resonance spectroscopy 
NE: Neonatal encephalopathy 
NIRS: Near Infrared spectroscopy 
NVC: Neurovascular coupling 
oxCCO: Oxidation state of cytochrome c oxidase  
PCS: Posterior centrum semiovale 
PLIC: Posterior limb of internal capsule 
PP: Putamen and globus pallidus 
rCMRO2: Relative cerebral metabolic rate of oxygen consumption  
rSO2: Regional oxygen saturation 
SctO2: Regional cerebral tissue oxygen saturation 
StO2: Cerebral tissue oxygenation  
TOI: Tissue oxygenation index 
TH: Therapeutic hypothermia 
THI: Total haemoglobin index 
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4.4.1. NIRS devices and sensors 

Fifteen different NIRS instruments have been used in the included studies, out of 

which 11 instruments were commercially available. 4 studies (Bale 2014 and 2016, 

Mitra et al. 2016 and 2017) have been published recently using a novel broadband 

NIRS system, purpose built by the UCL group to monitor cytochrome c oxidase. 

Two optical tomography (Singh 2014, Chalia et al. 2016) studies have used the 

UCL diffuse optical tomography (DOT) system. The Harvard group (Grant 2009, 

Dehaes et al. 2014) have used a frequency-domain near-infrared spectroscopy 

(FDNIRS) protocol in a customized commercial FD oximeter (with or without 

diffusion correlation spectroscopy).  

To identify an optimal wavelength combination is a definite pre-requisite for an 

efficient and high- performing optical monitoring and imaging system. The 

performance of spectroscopic algorithms has been shown to greatly improve by  

 

 

 

Figure 4.3. Different NIRS devices used in the studies with their year of publication 
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increasing the number and identifying the appropriate measurement wavelengths 

(52). In theory, monitoring for three chromophores require measurements at only 

three wavelengths. But the downside of this minimalistic approach is that it is prone 

to noise and cross-talk artifacts that may lead to inaccurate quantification of 

changes in chromophore concentrations and misinterpretation of acquired data. 

This is particularly important while analyzing the brain chromophore signals; the 

in-vivo concentration of cytochrome c oxidase is about one-tenth in magnitude 

compared to those of oxyhemoglobin and deoxyhemoglobin.  

While comparing 3, 5 and 8 wavelengths within a restrictive wavelength range of 

780-900 nm, Ariflar et al. (2015) demonstrated that the use of a 3-wavelength 

combination (785, 833 and 885 nm) leads to mean recovery errors of up to 10%, 

but these errors drop to less than 4% with 4 (785, 809, 849 and 889 nm) or 5 

wavelengths (784, 810, 847, 869 and 891 nm) and to less than 2% with 8 

wavelengths (784, 800, 818, 835, 851, 868, 881 and 894 nm). The optimal 8-

wavelength combination was recommended for simultaneous assessment of 

D[HbO2], D[HHb] and D[oxCCO]. 

Due to the broad spectral peak of the oxidized-reduced CCO spectra and its 

relatively low concentration in vivo, the choice of selection of the specific 

wavelengths and number of wavelengths becomes an important factor for 

monitoring oxCCO. This seems to be also relevant for the hemoglobin 

chromophores. Matcher et al. (1995) investigated the separation of the oxCCO 

signal from the hemoglobin signals with different number of wavelengths (4, 6, and 

“n” or 112) in a range of data: rat head, piglet head, adult forearm, and a simulated 

dataset. The results clearly established that the higher number of wavelengths 

produced more accurate simulations and improved the in vivo 
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NIRS system No of 
wavelengths 

Specific wavelengths used 

Radiometer 4 775, 805, 845, 904 nm 
NIRO 200 3 775, 810, 850 nm 
NIRO 300 4 775, 810, 850, 910 nm 
NIRO 500 4 775, 810, 870, 904 nm 
NIRO 1000 6 780, 808, 830, 847, 867, 911 nm 
TSNIR-3 2 760, 850 nm 
INVOS 2 730, 810 nm 
INVOS 4100 2 730, 810 nm 
INVOS 5100 2 730, 810 nm 
FDNIRS 8 659, 2 × 685, 755, 778, 798, and 2 × 825 nm 
FDNIRS-DCS 8+1 659, 2 × 685, 755, 778, 798, and 2 × 825 nm 

(FDNIRS), 785 nm (DCS) 
FORE-SIGHT 4 690, 780, 805, 850 nm 
TRS-10 3 760, 800, 830 nm 
DOT system 2 780 and 850 nm 
Broadband 
NIRS 

136 770–906 nm 

 
 
Table 4.3. Characteristics of different NIRS instruments with specific wavelengths used in 

each instrument. 

 

 

measurements. Despite this, preclinical studies revealed that limiting broadband 

measurements from 780 to 900 nm improves the resolution of oxCCO as exclusion 

of shorter wavelengths lessen the contribution of HHb, which has a large peak at 

760 nm. Table 4.3 presents the selection of wavelengths used in different NIRS 

instruments mentioned in the papers in this review. 

4.4.2 Cerebral oxygenation and perfusion 

Most of the studies used spatially resolved spectroscopy based cerebral absolute 

tissue saturation measurement to describe changes in cerebral oxygenation. 

Different terminologies have been used to describe this depending on the 

manufacturer of respective monitors. Different cerebral oxygenation terminologies 

have been described in table 4.2. A few studies have also used haemoglobin 
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difference (HbD) as a marker of tissue oxygenation. It is important to remember 

that SRS based absolute tissue saturation is presented in percentage while HbD 

represents a change in concentration. Cerebral tissue saturation was higher in 

poor outcome infants or infants with evidence of injury on MRI when compared to 

infants with good outcome or with no evidence of injury on MRI (Lemmers 2013, 

Peng 2015, Tekes et al. 2015). In a study cohort of 18 infants, sensitivity and 

specificity of rSO2 to predict adverse outcome (based on MRI injury) within first 10 

hours of TH were 100% and 83% (Peng et al. 2015). Cerebral tissue saturation 

decreased over the first 4 hours after start of TH in both groups and then increases 

over the 16-20 h in both groups (figure 3.3). This increase in cerebral tissue 

saturation is likely to be related to an increasing mitochondrial injury and neuronal 

death leading to decreased oxygen utilization associated with vasoparesis and 

‘luxury perfusion’ in the secondary 

 

 

Figure 4.4. Cerebral tissue saturation is significantly higher in the poor outcome group in 

the first 10 h after commencing therapeutic hypothermia (Peng et al. 2015). Reproduced 

with permission. 
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energy failure stage, with cerebral perfusion exceeding the metabolic demand. The 

odds of having moderate to severe injury on MRI increased significantly between 

24-36 h of life with higher absolute CrSO2 values (Jain et al. 2017). 

Van Bel et al. (1993) reviewed cerebral haemodynamics and oxygenation after HIE 

(50) in the pre-TH era. Cerebral blood volume (CBV), oxy-haemoglobin (HbO2) and 

deoxy-haemoglobin (HbR) decreased in the first 12 h of life in severely asphyxiated 

infants (n=5, deaths in 3 and abnormal neurology at 12 months in 2 infants) with 

the parameters becoming more stable between 12-24 hours of life without any 

significant changes. In contrast to this result, Meek et al. (1999) described an 

increase in CBV in infants with severe encephalopathy at presentation (Sarnat 

stage III). Although there was a trend of increased CBV in infants with abnormal 

neurodevelopment at 1 year of age, this did not reach statistical significance. 

These findings were further supported by the study from Nakamura et al. (2015). 

CBV was significantly higher in the poor outcome group (n=5, 3 cooled and 2 non-

cooled) at 6 h of age and by 24 h of age, ScO2 was significantly higher in the same 

group when compared to the infants with favorable outcome (n=6). ScO2 together 

with CBV at 24 hours had a sensitivity, specificity, PPV and NPV of 100% for the 

predictive ability for neurological outcome. The difference in findings in the Dutch 

study can be related to – a) time of measurement, b) effect on seizures on changes 

in cerebral haemodynamics and c) small sample size. 

4.4.3 Monitoring cerebral mitochondrial metabolism  

Jobsis in his seminal paper in Science (1977) reported a new optical method 

(NIRS) intended to monitor changes in concentration of cytochrome c oxidase 

along with changes in oxy- and deoxy- haemoglobin for use as a clinical tool. 

Cytochrome c oxidase (CCO) has the potential to become an excellent clinical tool 

as proxy marker of cellular energy state. The oxidized-reduced difference 
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spectrum of CCO in the near infrared range can be used to resolve changes in the 

concentration of oxidized CCO (oxCCO). Unfortunately, the critical issue for NIRS 

monitoring of oxCCO is its low in vivo concentration compared to haemoglobin. 

Due to its relatively low concentration in vivo, selection of the specific wavelengths 

and number of multiple wavelengths remains an important factor for oxCCO 

monitoring. The UCL group successfully monitored [oxCCO] in the preclinical 

model using a broadband NIRS system and noted a significant correlation between 

31P MRS ratios and Δ[oxCCO] (54). This was subsequently translated into clinical 

studies and has produced some interesting results. Bale et al. (2014) described 

the engineering side of this novel broadband NIRS instrument (using 136 

wavelengths over 770-906 nm range) and subsequently investigated how the 

relationship between changes in [oxCCO] and systemic physiology was associated 

with injury severity. Mitra et al. (2017) monitored a cohort of 23 infants following 

HIE and presented a metabolic reactivity index between [oxCCO] and MABP 

(wavelet semblance) that could differentiate between infants with good and poor 

outcome (based on MRI scores, Lac/NAA on MRS and neurodevelopmental 

outcome at 1 y of age) at 48 h during hypothermia following HIE. The relationship 

between cerebral oxygenation and metabolism also indicated injury severity during 

rewarming (Mitra et al. 2016). 

Other groups have used fractional tissue oxygen extraction (FTOE) and cerebral 

metabolic rate of oxygen consumption (CMRO2) to monitor the cerebral oxidative 

metabolism. FTOE gives an idea about the balance between oxygen delivery and 

oxygen consumption. An increase in FTOE indicates an increased extraction of 

oxygen by brain tissue, suggesting a higher oxygen consumption in relation to 

oxygen delivery. A decrease of FTOE on the other hand suggests reduced use of 

oxygen by brain tissue in relation to supply. Neither rSO2 nor FTOE accurately 



	

 93 

reflects CMRO2, as it depends on oxygen delivery. Using a FDNIRS–DCS system, 

the Harvard group (Grant 2009, Dehaes et al. 2014) has successfully monitored 

CBF and calculated CMRO2 using Fick’s principle.  

FTOE decreased from 24 h of age onward in the adverse outcome group as 

compared with the favorable outcome group in both studies from the Utrecht group 

in the pre-cooling era and in the cooling era (Lemmers 2013, Toet et al. 2006) 

(figure 4.5). CMRO2 was comparatively a more sensitive marker of evolving 

neuronal injury compared to brain tissue oxygenation (StO2) (Grant et al. 2009) 

and was low in neonates with HIE during TH (Dehaes et al. 2014). 

4.4.4 Cerebral autoregulation in hypoxic ischaemic encephalopathy 

Cerebral autoregulation refers to the physiological ability of healthy brain to 

maintain a steady cerebral blood flow (CBF) during changes in cerebral perfusion 

pressure (CPP). In view of the difficulty in direct measurement of invasive CPP, 

mean arterial blood pressure (MABP) is used as a proxy marker in neonatal 

studies. The relationship between cerebral tissue saturation (as a marker of 

changes in CBF) or total haemoglobin (as a marker of total blood volume) and 

MABP has been used to determine the autoregulatory capacity both in time and 

frequency domain analysis. 

Cerebral vasoparesis following perinatal hypoxia ischaemia has long been 

associated with impaired pressure autoregulation leading to poor outcome (Meek 

1999). Failure to regulate CBF during changes in MABP following HIE can lead to 

the uncoupling of the tight relationship between CBF and cerebral energy 

metabolism and results in further injury during secondary energy failure.  

Massaro et al. (2015) used spectral coherence that allows quantification of the 

relationship between changes in MAP and changes in HbD to identify pressure-
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passive cerebrovascular circulation indicated by increased coherence between the 

two physiological signals. Pressure passivity index (PPI) and gain were used for 

quantification of the duration and magnitude of cerebral pressure passivity 

respectively. Infants with poor outcome (evidence of injury on MRI) exhibited 

higher PPI and gain, indicating longer duration and higher magnitude of cerebral 

pressure passivity following hypoxia-ischemia. Howlett et al. (2013) used a time 

domain-based reactivity index between haemoglobin volume and MABP (HVx) to 

identify an optimal blood pressure (MAPOPT) where vasoreactivity is greatest (31). 

MABP goals based on the traditional gestational age + 5 failed to identify infants 

with brain injury on MRI. But greater severity of brain injury was associated with 

more time spent with MABP below MAPOPT during rewarming, while neonates with 

evidence of no or mild injury spent more time with MABP within or above MAPOPT. 

Infants with no injury or only mild injury had minimal shift in MAPOPT. Burton et al. 

(2015) used the same index (HVx) and followed up 19 Infants with 

neurodevelopmental follow up at the 2-years of age following HIE. The findings 

were similar to those published by the group earlier. Infants with poor outcome at 

2 yrs had higher MAPOPT values, spent more time with MABP below MAPOPT and 

had greater MABP deviation below MAPOPT during rewarming. Also, infants with 

greater MABP deviation above MAPOPT had lesser disability and higher cognitive 

scores. The authors discussed the possibility of optimising cerebral vasoreactivity 

using this index following HIE to reduce the burden of injury. Lee et al. (2017) from 

the same group reviewed the role of HVx in a larger cohort of 64 infants and 

confirmed that greater duration and deviation of MABP below MAPOPT were 

associated with greater injury in the white matter and paracentral gyri on MRI. 

MABP within MAPOPT was associated with lesser injury in the white matter, 

putamen and globus pallidus and brain stem (Lee et al. 2017). These findings raise 

the importance of appropriate haemodynamic management following HIE to 
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provide optimal neuroprotection. The same group also reviewed the association of 

brain injury on MRI with cerebrovascular autoregulatory status using HVx as the 

reactivity index (Tekes et al. 2015). Restricted diffusion (characterized by low ADC 

values) in the posterior centrum semiovale and the posterior limb of the internal 

capsule correlated with MABP deviation below the MAPOPT during hypothermia. 

Lower ADC scalars in the basal ganglia also correlated with worse autoregulation 

during rewarming. 

Chalak et al. (2016) reviewed the dynamic and multiple-time-scale properties of 

cerebral autoregulation with a moving time window correlation between cerebral 

tissue oxygenation (SctO2) and MABP and demonstrated the presence of large 

spontaneous fluctuations in MABP during TH in infants with abnormal outcome. 

Both in-phase and antiphase correlations were associated with poor outcome. Tian 

et al. (2016) used wavelet analysis to understand and characterize the 

cerebrovascular reactivity in both time and frequency domain. Findings were 

similar to the previous study from the group. The time-scale dependent nature of 

cerebral autoregulation was described with both in-phase and anti-phase 

coherence between the spontaneous MABP and SctO2 oscillations were 

associated with worse clinical outcomes. Mitra et al. (2017) refined the wavelet 

analysis technique further and described that a metabolic reactivity index (wavelet 

semblance between [oxCCO] and MABP) performed better compared to 

haemodynamic reactivity indices to predict outcome based on MRI and MRS 

performed after completion of TH, and when compared with neurodevelopmental 

follow up. The metabolic reactivity index could identify infants with poor outcome 

at 48 h of life during TH. Higher wavelet semblance (describing the phase 

relationship between MABP and broadband NIRS markers) was associated with 

poor outcome. 
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4.4.5 Seizures in hypoxic ischaemic encephalopathy 

Seizures are common following hypoxic ischaemic encephalopathy (Gluckman et 

al. 2005). Prolonged and frequent seizures in the developing brain affect the long-

term neurological outcome (Ben-Ari et al. 2006). Clinical studies suggest that 

neonatal seizures are independently associated with further neuronal injury (Miller 

et al. 2002) and poor outcome (Younkin 1986, Glass et al. 2009). But, the 

background pathophysiological mechanisms are not clear. NIRS is an excellent 

tool to investigate changes in cerebral oxygenation, haemodynamics and 

metabolism during neonatal seizures due to its high temporal resolution. 

In a case report describing changes in cerebral hemodynamics and aEEG in a 

newborn during and after cool cap treatment, Ancora et al. (2009) described an 

increase in HHb and a reduction in HbO2 after the onset of seizures. Silas et al. 

(2012) first described the changes in cerebral oxygenation during subclinical 

seizures following HIE during TH. Seizures of longer durations and with associated 

autonomic disturbances (increased blood pressure) were more likely to be 

associated with fluctuations in cerebral oxygenation, with some seizures resulted 

in cerebral hypoxia. This finding was consistent with the seizures noted in 

asphyxiated near-term lambs (Gonzalez et al. 2005).  

The heterogeneous changes in cerebral oxygenation and haemodynamics have 

been documented before in children and adults related to different seizure types 

and pathological conditions – different changes in CBV during convulsive and 

absence seizures (Haginoya 2002), different cerebral SaO2 patterns between 

complex partial seizures (CPS) and rapidly secondarily generalized (RCPS) (Sokol 

et al. 2008). Cerebral blood flow and metabolism are tightly coupled in healthy 

newborn brain and both CBF and cerebral metabolic rate increases during 

neonatal seizures (Zimmermann et al. 2008). But this heterogeneous response of 
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cerebral oxygenation during neonatal seizures suggest that an increase in CBF 

may not always be sufficient to match the cerebral metabolic demand during 

seizures, indicating a cerebral blood flow-metabolism uncoupling.  

Singh et al. (2014) described a diffuse optical tomography study with video EEG 

in a neonate and noted consistent, high amplitude, biphasic pattern of changes in 

cortical blood volume and oxygenation in response to each seizure. An initial 

increase in cortical blood volume prior to a large and extended decrease typically 

lasting several minutes was noted in response to seizure activity with spatial 

variation over cortex. The group further investigated the haemodynamic changes 

during bursts on EEG in 6 infants (Chalia et al. 2016).). These changes were best 

characterized by an initial decrease in oxyhaemoglobin (HbO) that reaches a 

minimal during or soon after the burst, followed by a pronounced increase in HbO 

that reached a peak 10 to 12 s after the burst onset. The changes in 

deoxyhaemoglobin (HbR) were more variable. 

Changes in cerebral [oxCCO] along with changes in cerebral oxygenation and 

haemodynamics measured over the frontal area during neonatal seizures in a 

human infant was first reported by Mitra et al. (2016) An increase in neuronal 

energy demand at the start of the seizures was reflected as a rise in [oxCCO] along 

with the rise in baseline of aEEG. Δ[oxCCO] was closely related to the mean aEEG 

changes (PCA correlation coefficient 0.51 ± 0.22 during all seizures, p <0.005). 

After the peak of the seizure activity, energy consumption decreased and [oxCCO] 

returned towards and below baseline. The progressive fall in the [oxCCO] baseline 

during five repeated seizures indicated a decrease in mitochondrial oxidative 

metabolism, which could explain the exacerbation of brain injury after repeated or 

prolonged seizures. Cerebral blood volume ([HbT]) and oxygenation ([HbD]) both 

decreased initially, but soon returned towards baseline after the peak of the aEEG 
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activity. [HHb] increased and Δ[HbO2] fell during seizures, but returned towards 

the baseline subsequently. Frontal preictal hemodynamic and metabolic changes 

(fall in [HbD], [HbT] and [oxCCO]) were noted just prior to the onset of seizures. 

Preictal frontal hemodynamic changes have been previously described (Wallois 

2009, Silas et al. 2012) and indicate an imminent electrographic seizure. 

Publications related to neonatal seizures following HIE are presented in table 4.4. 
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First 
author, 
Year 
(Ref.) 

Study design Gestation 
(weeks) 

No of 
subjects 

Study aim NIRS 
device, 
sensor 

Optode 
placement 
on head 

Duration 
of study 

Result 

Ancora*, 
2009  

Observational 39 1 Evaluate the time 
course of aEEG and 
NIRS data before, 
during and after cool 
cap treatment 
 

NIRO 200 Forehead 3 stages 
over first 
80 h 

During the seizures NIRS detected a 
change in the relative amount of oxy and 
deoxy-hemoglobin, with a prevalence of 
HHb over the HbO2 with stable THI 
 

Chalia M, 
2016  

Observational >34 6 To assess the 
haemodynamic 
response during 
burst suppressed 
and discontinuous 
EEG in HIE 
 

Purpose-
built optical 
EEG system 

DOT 
system 

47-115 
minutes 

Initial decrease in HbO followed by a 
pronounced increase in HbO during burst 
activity. Changes in HbR is more variable. 

Mitra, 
2016  

Case study 38+1 1 To evaluate 
the changes in 
cerebral oxidative 
metabolism 
synchronously with 
changes in cerebral 
oxygenation, 
hemodynamics, 
and EEG during 
seizures in HIE 
 

A purpose-
built 
broadband 
NIRS 
system 

Frontal 90 
minutes 

A rapid increase in Δ[oxCCO], at the onset 
of seizures correlated with changes in 
mean EEG voltage indicating an increase 
in neuronal activation and energy demand. 
The progressive fall in the Δ[oxCCO] 
baseline during repeated seizures indicated 
a decrease in mitochondrial oxidative 
metabolism 

Silas, 
2012  

Observational 
 

39  1 Describe association 
of subclinical 
seizures with 
changes in cerebral 
oxygenation in an 
infant with HIE 
 

NIRO 200 Frontoparie
tal  

24 h Drop in TOI noted in 7 out of 8 subclinical 
seizures with duration of 
 ≥7 min (lowest was 42-45%). No TOI 
changes noted in 5 subclinical 
seizures <7 min duration 
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Singh, 
2014  

Observational 40 weeks + 
4 days 

1 Assess diffuse 
optical tomography –
EEG during seizures 

Purpose 
built diffuse 
optical 
tomography 
System 

Multiple 
sources 
and 
detectors 
attached to 
a head cap  
 

60 min There is spatial variation across the cortex, 
but tthe dominant haemodynamic response 
to seizure activity consists of an initial 
increase in cortical blood volume prior to a 
large extended decrease lasting several 
minutes. 

 
*presented also in the other table as the paper presents further findings in HIE 
 
 
DOT: Diffuse optical tomography 
HbO: Oxy-haemoglobin 
HbR: Deoxy-haemoglobin 
 

Table 4.4. Basic characteristics of the publications related to neonatal seizures following hypoxic ischaemic encephalopathy 
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4.4.6 Cerebral NIRS markers and neurodevelopmental outcome 

following HIE 

Although several studies used early biomarkers of prognostication (MRI and MRS 

based markers of injury) to compare the NIRS based indices for outcome 

prognostication, only 6 studies have included a long term follow up data from 

neurodevelopmental assessments. Toet et al. (2006) followed up their cohort up 

to 5 years of age using the Griffiths Mental Developmental Scale to identify 

favorable and unfavorable groups. From day 2 onward, rSO2 in the infants with an 

adverse outcome were significantly higher as compared with those with a favorable 

outcome. FTOE also decreased in the adverse outcome group over the same 

period, while it remained stable in infants with good outcome. It is useful to point 

out that this study was published before TH became a standard of care for HIE. 

The same group has subsequently reviewed the prognostic value of rScO2 and 

FTOE in the cooling era in a cohort of 39 infants (Lemmers et al. 2013). rScO2 was 

again higher in neonates with adverse outcome. The positive predictive values for 

rScO2 to predict adverse outcome at 12, 24, and 36 h of age ranged from 50 to 

67%. FTOE became very low from 24 h of age onward in the adverse outcome 

group as compared with the favorable outcome group (figure 4.5).  

Interestingly, in a study cohort of 18 infants (Shelhaas et al. (2013), no definite 

relationship was noted between cerebral rSO2 or and neurodevelopmental 

outcome at 18 months. The difference with the findings of the previous studies can 

be related in this study to – a) the sample size of this study was comparatively 

smaller which might have contributed to the failure to find a significant difference 

between the outcome groups, b) decision to withdraw intensive care were also 

different. In the Dutch studies (Toet 2006, Lemmers et al. 2013), most with adverse 

outcomes died after redirection of the goals of care during the neonatal period, 
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Figure 4.5. Changes in rSO2 and FTOE (mean and 95% confidence interval) following 

perinatal hypoxia ischemia in the pre-cooling era (Toet et al. 2006) and during the cooling 

era (Lemmers et al. 2013) published in the Dutch studies. In the figure above (pre-cooling 

era) adverse and good outcomes were presented as grey and white box, while favorable 

and adverse outcome were presented as solid line and dashed line.  Reproduced with 

permission. 

 

 

c) use of different NIRS probes (optodes), the Dutch studies used a small adult 

probe placed on the frontal area, while the American study used a neonatal probe 

on the parietal area. The neonatal or paediatric probes give a higher recording 

compared to adult ones (Dix et al. 2013). 

One of the earliest studies to establish deranged haemodynamics in term infants 

with acute encephalopathy during the first 24 hours after presumed perinatal 
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asphyxia, followed up the cohort till 1 year of age. Meek et al. (1999) demonstrated 

that the median (range) of cerebral blood volume (CBV) (measured after inducing 

a small change in the arterial oxygen saturation by manipulating inspired oxygen 

fraction) in the infants with severe encephalopathy was significantly higher than in 

infants with moderate encephalopathy, with a sensitivity for an outcome of death 

or disability at one year was 85%, the specificity 38%, and the positive predictive 

value 69%. There was also a clear trend towards increasing CBF (measured using 

a modified Fick principle, with [HbO2] as an intravascular tracer) in infants with the 

most adverse outcome, but the results did not reach significance. A reduction in 

CBV reactivity (CBVR) (induced by a change in PaCO2) was noted following 

asphyxia, but did not significantly correlate with severity of adverse outcome. 

Two recent studies looking at the relationship between MABP with cerebral 

oxygenation (Tian et al. 2016) or mitochondrial metabolism (Mitra et al. 2017) using 

advanced signal processing technique (wavelet analysis) also noted clear 

difference in NIRS biomarkers between good and poor outcome infants. Both the 

in-phase and anti-phase coherence between MABP and tissue saturation (SctO2)    

was associated with poor neurodevelopmental outcome (Tian et al. 2016). Wavelet 

semblance (a measure of phase difference) between MABP and [oxCCO] was also 

significantly different between the normal and poor outcome groups assessed at 1 

y of age (Mitra et al. 2017). 

4.4.7 Systemic NIRS markers in HIE 

Only a single study investigated the role of NIRS measured systemic oxygenation 

in HIE. Shelhaas et al. (2013) monitored both cerebral and muscle oxygenation 

using NIRS probes placed over bilateral parietal region and over thigh along with 

a dual channel aEEG recording. Loss of physiological variability of systemic rSO2 

after 48 h of cooling treatment was associated with poor short term outcome based 
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on a composite outcome score created from the examination findings and MRI 

imaging data. Cerebral rSO2 was not predictive of outcome in this study. 

4.4.8 Comparison with other neuromonitoring tools 

Role of NIRS markers were also compared with other neumonitoring tools and 

indices. Massaro et al. (2013) described the comparatively lower FTOE in infants 

with evidence of injury on MRI performed after TH during the second week of life. 

This difference was statistically significant on day 4 of life after rewarming. Arterial 

spin labelling (ASL) MR imaging in this HIE cohort revealed higher mean global 

CBF as well as increased regional CBF in basal ganglia-thalamic (BGT) area and 

anterior white matter. However, infants with evidence of injury on MR imaging had 

lower CBF, particularly in the thalamic area. Wintermark et al. (2014) further 

investigated the relationship between the brain perfusion measured by NIRS and 

ASL-MRI in groups of infants categorized according to the degree of abnormality 

in their initial background pattern on aEEG. A strong correlation was noted 

between SctO2 and CBF (mean CBF from both frontal lobes) in infants with severe 

HIE, although no significant correlation was found between SctO2 and CBF when 

both groups of infants with moderate and severe HIE were analyzed together. This 

study also confirmed that infants with severe HIE had lower CBF and lower oxygen 

extraction compared to those with moderate HIE. NIRS markers of cerebrovascular 

reactivity revealed a strong relationship with diffusion weighted MR imaging (Tekes 

et al. 2015). Blood pressure deviation from MABPOPT (using previously described 

HVx) was associated with low ADC scalers in PLIC and posterior centrum 

semiovale in infants who had MRI on day 10 of life and onwards after TH. 

Several studies compared NIRS markers with aEEG during TH. The positive 

predictive value for adverse outcome of aEEG at 24h of life was only 40% but 

recovery of electrical activity within this period was associated with good outcome 
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(Ancora et al. 2013). In comparison. Mean TOI at 12h was significantly higher in 

the poor neurodevelopmental outcome group. For the 6 hours before 

commencement of rewarming, systemic rSO2 variability had a better predictive 

value when compared to aEEG (mean and bandwidth) (Shellhaas et al. 2013). In 

the Dutch studies, aEEG was noted to have a closer relationship with outcome 

compared to rSO2. In the hypothermic era, positive predictive values (PPV) for poor 

neurodevelopmental outcome at 18 months of age for rScO2 and aEEG at 12, 24 

and 36 h were between 50-57%. The negative predictive value of aEEG (90-100%) 

was higher compared to rScO2 (73-96%) during the same period. In the Italian 

study (Zaramella et al. 2007), both TOI and EEG did not reach statistical 

significance for the prediction of abnormal neurodevelopmental outcome, but 

increased TOI suggested a risk of abnormal neurological outcome at 1 year. 

 

4.5 Limitations  

4.5.1 Limitations of NIRS monitoring 
	
Any strong light (e.g. halogen spotlight attached to the incubator or a standing 

spotlight) cause interference with NIRS monitoring. Dark skin and hair can also 

sometimes can pose an issue. Movement artefacts can be a serious issue if not 

carefully documented, particularly when directly monitoring with oxy-, deoxy- 

haemoglobin and cytochrome c oxidase using a purpose-built instrument. This 

along with bleeding and haematoma in the layers between skin and the scalp can 

cause issues with NIRS recording. 

One of the other complex issues is the use of different sensors (optodes), 

algorithms and different terminologies used by different manufacturers to describe 

tissue oxygenation. Several manufacturers have developed smaller and flexible 
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neonatal sensors, but use of these sensors can be tricky, as pointed out by 

Lemmers et al. and colleagues (Lemmers 2014, Dix et al. 2017). Neonatal sensors 

tend to record higher tissue saturation than adult sensors (in case of INVOS NIRS 

monitors from Somanetics (recently COVIDIEN), this is 10%). As most monitors 

have the upper limit set to 95%, higher values recorded by neonatal sensors can 

present as a straight line over time, without much variability. So, it is important to 

specify the type of NIRS sensor used with their reference values in each study. 

4.5.2 Limitations of this systematic review 

This systematic review has some limitations – studies published in english 

language were only reviewed raising the possibility of missing other important 

studies which may have been published in other languages. Also, I have performed 

this search and review myself with the help of a librarian. Involvement of multiple 

reviewers during this process would have made this review more robust.  

 

4.6 Conclusion 

Significant effort has been made over the last decade to examine the role of cot 

side cerebral NIRS monitoring in neonatal hypoxic ischaemic brain injury. It can 

provide important clinical information at cot side and increasingly being integrated 

in the neonatal care. Although NIRS monitored changes in cerebral tissue 

saturation can identify cerebral hyperoxygenation, increased cerebral perfusion 

and loss of cerebral autoregulation in infants with severe encephalopathy and poor 

neurodevelopmental outcome, it is not clear yet whether it can be used as an early 

biomarker following perinatal hypoxic ischaemic encephalopathy. It was suggested 

that optimizing cerebral autoregulation using a cerebrovascular reactivity index 

with targeted range of blood pressure might decrease regional brain injury 
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following HIE. This hypothesis seems promising, but need to be tested in a bigger 

cohort and possibly using wavelet based analysis rather than a time domain 

analysis. NIRS combined with aEEG/EEG monitoring has been shown to 

significantly improve the prognostic ability in relation to future neurodevelopmental 

outcome. 

Despite the difference in techniques and algorithms, most of the commercial 

monitors have shown good correlation between the measured tissue saturation 

values (Grubhofer 1999, Cho 2000, Yoshitani 2002, Thavasothy 2002, Nagdyman 

2008, Dix et al. 2013) as well as reasonable reproducibility (Menke 2003, Sorensen 

et al. 2006). Recently a set of recommendations was placed to improve the 

comparability of peripheral NIRS measurements in neonates and recognition of 

haemodynamic disturbances (Pichler 2007). 

Recent use of frequency domain diffusion correlation spectroscopy (FD-DCS) 

systems to monitor CBF and CMRO2 and broadband NIRS system to directly 

monitor mitochondrial oxidative metabolism and cerebral haemodynamics show a 

promising direction in neuromonitoring following HIE and needs to be further 

explored in a larger cohort.  



 

	 108	

Chapter 5. Study set up in the neonatal unit 

 

5.1 A new broadband near infrared system 

A purpose built new broadband NIRS system (CYRIL: CYtochrome Research 

Instrument and appLication) was developed by our colleagues in Biomedical 

Optics Research Laboratory in UCL to investigate the changes in cerebral 

hemodynamics and metabolism in newborn infants (Bale et al. 2014). It is a two-

channel system with a single optical source and four detectors in each channel.  

The basic set up for the study is shown in the figure below. 

 

 
 

 

	
Figure 5.1. Schematic diagram of the novel purpose built broadband NIRS system. 

Optodes placement with connections are presented on the left side while the actual 

instrument is shown on the right side. 
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Figure 5.2. CYRIL being used for a study in the neonatal intensive care in UCLH neonatal 

unit, along with other routine neuromonitoring tools. 

 

5.2 Hardware and software 

 
An Oriel fibre optic illuminator was used as a broadband near infrared white light 

source. It has a 100W quartz tungsten halogen lamp and the output is collimated 

with an aspherical lens and focused on the fibre. A 610nm long-pass filter and a 

950-nm short-pass filter are placed in the collimated region to reduce the thermal 

effect. An example of the resulting spectra is shown in the figure 5.3.   

A lens-based spectrograph (Action LS 785 by Princeton instruments) has been 

used in the new system. The light detected from the tissue surface returns to the 

spectrograph via the optical fibres and falls on a diffraction grating. The grating is 

adjusted to resolve the wavelengths in the range of 770-906 nm for optimal 
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Figure 5.3: Intensity spectra obtained from the light source in CYRIL. 

 

 

detection changes in oxCCO. Previous study from our group has successfully 

recorded the oxCCO spectra in the range of 780-900 nm (Kolyva et al. 2012). From 

the spectrograph, light is directed to focus on the CCD (Charge coupled device). 

We have used a front illuminated CCD (PIXIS 512f CCD camera built by Princeton 

Instruments) as it has the advantage in moderate to low light levels in near-infrared 

range. The CCD maintains a temperature of -70oC during operation. Data is 

acquired in the laptop from the CCD camera via an USB interface. 

Optical fibres carry light from the NIR light source to the optodes on the tissue 

surface and bring back the detected light from the detectors to the spectrograph. 

Our optical fibres were custom built by Loptek (Germany). The light source bundle 

coming from the NIR light sources divides into two lights source, one for each 

channel. The optode heads are made of light, magnet-safe plastic. Eight detector 

fibres (four in each channel) are bundled together and arranged in a vertical ferrule 

that inputs light on the spectrometer. Optode holders were were designed 

specifically for this study and 3D printed using Object500 Comex in a 
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Figure 5.4: Design of the optode holder.   

 

 

rubber-like soft material (TangoBlack FLX973) along with VeroWhitePlus to give 

more rigid support. There is a gap of 1 cm between the source optode and the first 

detector optode. Subsequent detectors are placed at a distance of 0.5 cm from 

each other, giving a source-detector distance of 1, 1.5, 2, 2.5 cm. The optode was 

designed as small as possible to reduce its footprint on the tissue and the rigidity 

of the material was finalized to offer the optimal fitness with the curvature of the 

neonatal head. This allowed us to place two mirror-imaged optode holders with all 

optodes on the frontal part of the newborn head and 

 

 

 

Figure 5.5: Placement of the optode hoders (with source and detector optodes) on either 

side of the forehead on newborn head (consent obtained for use of these photographs).  
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Figure 1.6. The graphical user interface of the LabVIEW based program for data collection. 

The left side of the interface allows user to control the binning to adjust the incident light. 

On the right side, either all the spectra can be monitored together or any single spectra 

from a strip of interest can be visualized along with the real-time changes in corresponding 

chromophores below. 

 

 

investigate the changes in hemodynamics and metabolism in each cerebral 

hemisphere separately. A safe for human use double-sided transparent tape (Tape 

Range Distributors, UK) is used to place the optode holders holding the optodes 

on the newborn head. It keeps the holders in place and reduce movement 

artefacts. The optodes were further covered with a black cloth to protect from other 

lights sources (figure 5.5). The white soft hat used to keep the EEG elctrodes in 

place is then placed on the top of the optode holders and black cloth. Differential 

path length (DPF) was chosen as 4.99 (Duncan et al. 1995). A new software 
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program was created using LabVIEW 2011 (National Instruments, USA) to control 

the incident light on CCD, collect the raw data and calculate the respective 

concentrations using modified Beer-Lambert Law (Equation 3.8). The software 

allows investigators to monitor the real-time concentration changes in different 

chromophores (HbO2, HHb, HbT and oxCCO) (Figure 5.6). 

 

5.3 Data acquisition 

 
The changes in chromophore concentrations were calculated from the measured 

changes in the intensity spectra for the chromophores in broadband NIR light 

attenuation using the modified Beer-Lambert law as applied with the UCLn 

algorithm across 136 wavelengths (770-906nm) (Matcher et al. 1995). The UCLn 

algorithm is a least-squares fitting procedure that based on multiple regression 

analysis, using the Beer-Lambert law to determine the best fit of the chromophore 

extinction coefficients, ε, to the measured attenuation changes, ΔA, over n number 

of wavelengths, λ: 

 

              Equation 4.1 

 
 

 

The optical path length was calculated from the product of previously measured 

differential path length factor (DPF) on newborn head: 4.99 (± 9%) (192) and the 

distance between the optodes. The concentration changes are measured from the 

most distant detector on each side for more accurate measurements. The raw data 
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along with the processed data and time log are saved as comma-separated value 

(.csv) files in the hard disc of the laptop. 

For the multimodal data collection, ixTrend (ixellence, Germany) was used for data 

acquisition from patient monitors (Philips IntelliVue). All available parameters were 

recorded simultaneously. 

 

5.4  Electroencephalography (EEG) and amplitude integrated 

electroencephalography (aEEG)  

	
All infants admitted to UCLH neonatal unit with suspicion of neuronal injury, are 

monitored with aEEG and EEG (full neonatal montage) using Nicolet monitors 

(Natus Medical Incorporated) (figure 5.2). EEG data was collected as and when 

necessary as .csv files and was compared with NIRS data. Both EEG and NIRS 

monitors were time synchronized at the start of each study. 

 

5.5 Magnetic resonance imaging and spectroscopy 

Magnetic resonance imaging (MRI) and spectroscopy (MRS) of brain were 

performed either during natural sleep (feed and wrap method), under oral chloral 

hydrate sedation or after sedation with a morphine infusion (in ventilated infants). 

Infants were transported and studied in a Lammers Medical MR compatible 

transport incubator (LMT Medical Systems GmbH, Luebeck, Germany) with gentle 

head restraint. Throughout the examination, infants were monitored by using MR-

compatible pulse oximetry and electrocardiogram and supervised by an 

experienced neonatologist trained in clinical MR imaging safety (figure 5.7).  
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MRI and MRS were performed on a 3T MR system (Philips Medical Systems, Best, 

The Netherlands). The scanning protocol included T1-weighted imaging 

(Inversion-prepared 3D gradient echo readout: TI= 1465ms, TR =17ms, TE = 

4.6ms, sagittal slice thickness = 1mm, in-plane resolution = 0.82 x 0.97 mm), T2-

weighted imaging (Coronal and axial, Turbo  Spin Echo: Echo Train length = 11, 

TR =10,721ms, TE = 130ms, slice thickness = 3mm, in-plane resolution = 0.50 x 

0.52 mm), diffusion weighted imaging (DTI) (32 directions, b = 750, EPI readout: 

TR = 7500ms, TE = 49ms, slice thickness = 2mm, in-plane resolution = 2.0 x 2.04 

mm).  Apparent diffusion coefficient (ADC) and fractional anisotropy (FA) maps 

were reconstructed inline on the scanner (figure 5.8). 

Proton (1H) MRS were performed using PRESS (15x15x15 mm voxel position on 

the left thalamic area, TR=2288ms, TE=288ms, a dynamic series of 16 spectra 

were acquired each with 8 averages, 2048 data points with spectral bandwidth of  

 

 

  

	
Figure 5.7. Neonatal MRI set up. The infant inside the MRI compatible incubator is being 

transferred from the transport trolley to MRI bed (left). Intravenous infusions are placed 

within the Faraday cage (right) and the infant is ventilated using the transport ventilator 

attached to the incubator, if required. Consent obtained for use of these photographs. 
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Figure 5.8. Standard sequences (T1 and T2 weighted sequences, diffusion tensor imaging 

(DTI) and fractional anisotropy (FA) used for a structural neonatal brain MRI scan  

	
	

	
	
	
Figure 5.9. Position of the thalamic voxel for 1H MRS (A and B) with spectra from a neonate 

with normal outcome (Lac/NAA 0.19) (C) a neonate with poor outcome (Lac/NAA 0.62) (D) 

after therapeutic hypothermia following hypoxic ischaemic encephalopathy. 

 

 

4000 Hz. Water suppression was performed using chemical shift selective 

suppression pulses; automated shimming was performed by the scanner before 

each acquisition). The voxel was positioned in a way to cover as much of left 

thalamus as possible while avoiding overlap with any CSF space (figure 5.9). 

Thedynamic spectra were summed offline after phase and frequency correction 

and rejection of motion-corrupted data. The ratio of lactate (Lac) to NAA (N-acetyl 

aspartate), Lac/NAA was calculated using the amplitudes of the fitted components. 
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NAA, choline, creatine and lactate peaks were identified at 2.02, 3.02, 3.24 and 

1.33 ppm, respectively. Spectra were fitted using AMARES (Vanhamme et al. 

1997) as implemented in the jMRUI magnetic resonance spectroscopy software 

package (Naressi A 2001).  

	
5.6 Issues during set up and recording 

 
1. One of the problems faced in the beginning of this project was building an  

optimal optode holder. Our priority was to build it as small as possible to 

leave smallest footprint on the newborn head without compromising the 

quality of data collection. The softness and rigidity of the material used to 

build the holder was another issue. Initial holders were made very soft 

which got torn very easily. After a few attempts with different versions, we 

have reached to our current set up that is working well. 

2. Initial failure of iXtrend software for collection of systemic data continuously, 

was a major concern. It used to stop after a small period of recording. 

Regular follow up with the manufacturer finally led to an upgrade of the 

software to its second generation, which finally allowed us longer recording 

periods. 

3. The neonatal intensive care unit is a busy place and different light sources 

are used for different purposes. To understand the effects of lights from 

different sources on our system, we purposefully used different lights during 

a monitoring session to understand and record the characteristics of 

changes. This has helped us to avoid such artefacts during recording and 

identify them during processing of the data. We tested the flourescent white 

room lights, halogen lamp attached to the incubator and the phototherapy 
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Figure 5.10. Chromophore concentration changes during use of different lights inside 

neonatal intensive care. 

	
	
torch. It was noted that halogen torch caused significant changes in spectra and 

the resultant monitoring of concentration changes of chromophores (figure 5.10). 

Clinicians and nurses were requested to avoid using the halogen lamp if possible 

during the study. 

 

5.7 Study protocol 

 
• Obtain written consent before each study. 

• In an infant with HIE, aim to start the study as early as possible after 

admission to NICU 
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• Inform the neonatal clinical team (both medical and nursing team) looking 

after the infant, regarding the study. 

• Clean the entire system as per the advice from the infection control team 

(described in section 5.9). 

• Switch on CYRIL system: plug in and turn on all devices (UPS, light source, 

spectrometer, laptop). 

• Time synchronization between the NIRS study laptop and EEG monitor. 

• Check focus (187um) and grating (210um) micrometers. 

• Start CYRIL LabVIEW software (check the current version). 

• Take a reference spectra for 1234 and 5678 optodes. 

• Import reference spectra into CYRIL. 

• Place optodes carefully over forehead on each side. 

• Shield the optodes by tucking black-out fabric under the EEG cap and 

above the optodes. 

• Check binning (area specified on the CCD for each channel, marked by two 

lines on the user interface of LABVIEW programme), as shown in figure 5.6 

– Take further reference spectra afterwards, if binning is changed. 

• Connect the patient systemic monitor with the USB interface of the study 

laptop with the ixTrend cable.  

• Start ixTrend software and start systemic data collection. 

• Begin NIRS data collection. 
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• Monitor the intensity spectra, each channel should be > 10000 counts and 

not saturating. Each channel need to have a smooth spectrum, free of 

peaks from ambient light sources. If the intensity is too low, increase the 

binning size for that channel (and ensure to take a reference spectra after 

the measurement). If there are peaks from ambient light improve the 

detector shielding or reduce ambient lighting if possible. 

• Monitor/document any clinical activity or event during the study. 

• Aim to study the infant each day during therapeutic hypothermia, during 

rewarming, 0.5-1hour pre- and post MRI. 

• When the study is finished, stop data collection (press `Stop', data are 

saved automatically), turn off all devices and carefully remove optodes from 

patient's head using adhesive removal wipes. 

• Clean and disinfect optodes and cables using anti-bacterial wipes (e.g. 

Clinell detergent wipes). 

 

 

 
 

Figure 5.11. Schematic representation of the study protocol in infants with HIE. 
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5.8 Methods 

Baby brain study is a prospective cohort study in the Neonatal Intensive Care Unit 

(NICU) in University College London Hospital (UCLH). Carers of all term infants 

born at UCH or transferred to UCH for treatment of acute brain injury without life 

threatening congenital malformations and considered likely to survive were 

approached for this project. Ethical approval for the Baby Brain Study at University 

College London Hospitals NHS Foundation Trust (UCLH) was obtained from the 

North-West Research Ethics Centre (REC reference: 13/LO/0106) and R&D 

approval was obtained from the UCLH Trust. 

The focus of this work is on term infants with hypoxic ischemic encephalopathy, 

but I have also assessed the cerebral hemodynamic and metabolic changes in 

other term infants who have developed or at risk of developing neonatal 

encephalopathy from other etiologies.  

In term infants with suspicion of acute neurological injury, NIRS probes are placed 

on the frontal region (on either side). Data are collected at 1Hz over 4-6 hours 

during the first three days of therapeutic hypothermia and as long as possible over 

the rewarming phase. NIRS data are also collected over 0.5-1 hour immediately 

before and after taking the newborn to MRI suite, whenever possible.  Systemic 

data from the Philips Intellivue monitors are collected via ixTrend software in the 

study laptop. Study laptop is synchronized with the EEG monitor at the start of 

each study. After each study, data was collected from the laptop, NIRS and 

systemic data synchronized to get the data ready for analysis. 

Using broadband near infrared spectroscopy, changes in concentration of oxidized 

cytochrome c oxidase (Δ[oxCCO]), oxy- and deoxy- haemoglobin (Δ[HbO2] and 

Δ[HHb] respectively) were measured; while derived changes in total haemoglobin 
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(Δ[HbT] (HbT = HbO2 + HHb)) and haemoglobin difference (Δ[HbD] (HbD = HbO2 

+ HHb) were calculated for assessment of cerebral metabolism, oxygenation and 

haemodynamics. Δ[HbT] and Δ[HbD] are proxy markers of changes in cerebral 

blood volume and oxygenation respectively. 

 

5.9 Infection control 

Infection control is an important issue in NICU. After discussion with the neonatal 

infection control team, appropriate cleaning methods for the broadband NIRS 

instrument were followed as follows: 

1. Clean and disinfect probes and cabling thoroughly using detergent wipes 

(e.g. Clinell detergent wipes in yellow packet (multi-surface wipe for general 

cleaning derived from natural ingredients). Thoroughly disinfect all areas of 

the probes and the length of the cabling using 70% isopropyl alcohol wipes 

(e.g. PDI Sani-cloth 70 in red top container). 

2. The other areas of the equipment and trolley should also be cleaned and 

disinfected in the same manner before and after use. 

3. Cover the equipment and store it in a clean and dry environment. 
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Chapter 6: Measurement of cerebral mitochondrial metabolism 
following perinatal stroke  
	
	
Perinatal stroke is increasingly being diagnosed as a cause of neonatal 

encephalopathy. This case study presents insight into the asymmetric cerebral 

metabolism and hemodynamic changes following perinatal stroke using our 

broadband NIRS system. Perinatal stroke can be subtle in presentation and 

difficult to pick up on routine cranial ultrasound. But the broadband NIRS can be 

helpful in early cot side diagnosis, while the baby is still undergoing intensive care. 

 

6.1 Introduction 

Perinatal stroke is a cerebrovascular injury that mostly presents with features of 

seizures or neuronal deficits around the time of birth. The neonatal period is a 

thrombophilic state and this period is one of the two extremes of human life (other 

being the later adult life) when stroke is comparatively common (Nelson et al. 

2007). The incidence rate described for perinatal stroke in the literature varies 

between 1 in 1600 to 5000 live births with an estimated annual mortality rate of 

3.49 per 100,000 live births (Perlman 1994, Estan 1997, Schulzke 2005, Lee 2005, 

Laugesaar 2007, Lynch et al. 2009). A recent population based Canadian study 

has documented the incidence of neonatal haemorrhagic stroke as 1 in 9500 live 

births over the period of 1992-2014 (Cole et al. 2017). A population based study 

from the national neonatal research database in England has revealed an 

incidence of 0.11-0.15 per 1000 live births (Gale et al. 2017).  

Unfortunately, perinatal stroke can result in significant morbidity including long-

term neurologic and cognitive deficits, behavioral disorders, epilepsy and cerebral 
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palsy. Two common subtypes are perinatal arterial ischemic stroke (PAIS) and 

cerebral sinovenous thrombosis (CSVT). PAIS is the commoner of the two and it 

is generally thought to be a result of the passage of thrombi through the foramina 

ovale after originating from the placenta. PAIS most frequently presents with 

seizures within the first week (van der Aa et al. 2014). 

Developments in aEEG and EEG over the last decade have given neonatologists 

an opportunity to investigate neonatal seizures early at the bedside and EEG 

characteristics of PAIS with seizures have been described (Low et al. 2014), but 

the definitive diagnosis of perinatal stroke is typically confirmed on MRI (Govaert 

2009, Lequin 2009, Lee et al. 2017). This often takes time, as the infant needs to 

be stable enough and seizure free to be able to be transferred to the MRI suite and 

tolerate the investigation. High resolution duplex ultrasound has recently been 

used and was beneficial in some cases, but also missed the diagnosis in a 

significant proportion of cases (Deeg et al. 2017). 

In contrast to adult stroke, the initial presentation of perinatal stroke can be subtle 

and non-specific. Neonates can present with lethargy, poor feeding, apnoea and 

hypotonia. This often delays the diagnosis. Any improvement in understanding of 

pathophysiological changes using a bedside non-invasive monitoring tool to aid 

early diagnosis would greatly benefit this group of infants. 

Using broadband near infrared spectroscopy, we measured [oxCCO], [HbO2] and 

[HHb] and derived changes in [HbT] and [HbD] for assessment of cerebral 

metabolism, oxygenation and haemodynamics. 
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6.2 Aims and hypotheses 

The aim of the study was to assess the hemodynamic and metabolic changes in a 

suspected (clinical presentation) case of perinatal stroke. The diagnosis was later 

confirmed on brain MRI. We hypothesized that the cerebral metabolic responses 

would be different in two cerebral hemispheres following perinatal stroke. 

 

6.3 Methods 

The general methods have been described in chapter 5, ‘Methods’ section.  

A term (40 weeks 6 days) newborn infant (birth weight 3370 grams) was studied 

after transfer to our neonatal unit for management of persistent seizures from the 

local neonatal unit. Seizures were first noted at 9 hours of age and continued till 

17 hours of age. Seizures initially involved only the right upper and lower limbs 

although became more generalized later. EEG recordings revealed repeated 

rhythmic discharges originating from the left hemisphere. Seizures stopped after 

treatment with multiple anticonvulsants (phenobarbitone, phenytoin, midazolam 

and paraldehyde).  

NIRS monitoring was commenced at 24 hours of age. One NIRS channel was 

placed on either side of the forehead and data were collected at 1Hz. The optode 

source-detector distance of 2.5 cm was chosen to ensure a good depth 

penetration. 

The changes in chromophore concentrations were calculated in a program created 

in LABVIEW. Systemic data were collected from patient Monitors and were 

synchronized with EEG and NIRS data. EEG data was collected using a Nicolet 

EEG monitor. MRI of brain was performed on day 5 using a 3T Philips MRI 
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scanner. T1 and T2 weighted images, an apparent diffusion coefficient (ADC) map 

along with arterial and venous angiography were obtained.  

Initial data analysis was carried out in MATLAB R2013a. NIRS data were visually 

checked and were processed with an automatic wavelet de-noising function, which 

reduces the high frequency noise but maintains the trend information. Systemic 

data were down-sampled and interpolated to the NIRS data timeframe (1 Hz).  

The relationship between the electrical activity and metabolic demand was 

assessed using two different analysis. The total power of the signals was computed 

as a marker of activity; the higher the power the higher the activity. The power was 

computed for aEEG and [oxCCO] in both hemispheres. In addition, the square root 

of the ratio between the power of the [oxCCO] with the power of the aEEG was 

computed to produce a rough estimation of the coupling between metabolic 

demand and oxygen consumption. Wavelet analysis was used to identify temporal 

changes in the signal frequency content, generating a time-frequency 

representation of the signal. This advanced signal processing technique was used 

to compute the wavelet cross-correlation (WCC). WCC produces a pattern in the 

time-frequency domain representing the time relationship between 2 signals in 

different frequency components. WCC is simply a scale-localized version of the 

usual cross-correlation between two signals. Values of WCC range from 0-1, 

where 0 represents no coupling and 1 represents perfect coupling. This 

representation is useful to identify which frequency components are coupled and 

what is the relative delay between them. Artefacts from movement or changes in 

external lighting were removed using the method suggested by Scholkmann et al. 

(2010). This method also corrects shifts in the baseline due to artefact. All 

statistical analysis was performed using GraphPad Prism 7. 
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Figure 6.1. Repetitive transient acute changes in cerebral hemodynamics and 

metabolism following perinatal stroke (NIRS signals from left side on the top and 

the right side in the middle. Systemic data are shown at the bottom) are evident on 

the raw data over one hour period. Following an acute drop, [HbO2], [HHb], [HbT], 

[HbD] and [oxCCO] signals returned towards baseline.  
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6.4 Results 

NIRS data were collected over an hour. No clinical or electrographic seizure was 

noted during this period. Sharp, synchronous and repetitive transient changes in 

[HbO2], [HHb], [HbT], [HbD] and [oxCCO] were noted on NIRS data from both sides 

(figure 6.1). These changes are not seen in a normal developing brain. Following 

an acute drop in these parameters, signals typically 

 

 

 

Figure 6.2. Typical changes in NIRS variables from both sides, systemic variables and EEG 

during a single event. NIRS variables decreased acutely on both sides before returning 

towards baseline (figure A). No significant changes noted in the physiological variables 

(figure B). EEG background from both sides were significantly suppressed during the 

events (figure C). 
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Figure 6.3. NIRS variables from both sides of the brain during all events (each colour 

representing one single event). [HbO2], [HbT], and [HbD] reflect bigger changes on the left 

side (injured) while [oxCCO] revealed lesser change on the left side compared to the right 

side. Rreproduced with permission, Mitra et al. 2016. 
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returned toward baseline. To characterize these repetitive changes, a change in 

[HbT] of more than 2μM (arbitrarily taken for event identification) was considered 

a significant event (figure 6.2) and 16 similar events were identified and analysed 

over 1 h study period. The average duration of an event was 90 seconds. No 

specific electrographic changes were noted during these events. The EEG 

remained mostly suppressed throughout the study (figure 6.2).  

A significant difference was noted between right and left sides in cerebral 

metabolism, oxygenation and their relationship (figure 6.3 and 6.4).   

 

 

 

  Left Right p value 
Δ[HbO2] (mM) -0.00326 ± 0.000273 -0.00180 ± 0.000204 0.0002 
Δ[HHb] (mM) -0.00205 ± 0.000192 -0.00206 ± 0.000224 0.9933 
Δ[HbT] (mM) -0.00495 ± 0.000495 -0.00360 ± 0.000331 0.0315 
Δ[HbD] (mM) -0.00164 ± 0.000136 -0.000823 ± 0.000185 0.0012 

Δ[oxCCO] (mM) -0.00116 ± 0.000127 -0.00211 ± 0.000193 0.0003 
 

Figure 6.4. Maximum changes in [HbO2], [HHb], [HbT], [HbD] and [oxCCO] during 

the events are presented in the figure and the table. Significant differences noted 

between the left and right side among all parameters except [HHb].  
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Figure 6.5. Relationship between changes in [HbD] and [oxCCO] during the fall from 

baseline during all events. Each colour represents the values from a single event. A 

significant correlation was noted on the injured side (left) (r2 0.5). Reproduced with 

permission, Mitra et al. 2016. 

 

 

Mean ± standard deviation of changes on both sides are presented with two-tailed 

p values (figure 6.4). During the events, maximum decrease in [HbO2], [HbT], 

[HbD] and [oxCCO] were significantly different between the two sides (figure 6.4), 

Δ[HHb] did not show any significant difference between the sides.  

Δ[oxCCO] responded differently to changes in Δ[HbD] between the left side (slope 

0.64, r2 0.5) and right side (slope -0.21, r2 0.05) (figure 6.5). No seizures were 

noted during the study period, but electrical changes on EEG continue to  



	

 132 

 

 

Figure 6.6. Band power from both left (C3-F3, lower panel) and right sides (C4-F4, 

upper panel) are presented above EEG tracings in this screenshot during the study 

period. Right sided band power was higher through the study period. 

 

 

show significant differences between the two sides. During the study period, EEG 

from both sides were suppressed (more on the left side). EEG band power and 

envelope was more suppressed on the left side (F3-C3 compared to F4-C4) (figure 

6.6). Calculated power over one hour study period was higher on the normal (right) 

side compared to the injured side (left) for both aEEG (505.06 µV2/s on the right 

compared to 146.98 µV2/s on the left) and [oxCCO] (6.3917e-6 M2/s on the right 

vs 0.6156e-6 M2/s on the right). The coupling was also higher on the right side 

(11.25e-5 M/V) compared to the left side (6.47e-5 M/V) (figure 6.7D). 

Results for the frequency domain WCC analysis between aEEG and [oxCCO] for 

both hemispheres are presented in figure 6.7 A, B, C. High coupling between 

aEEG and [oxCCO] are observed around scales 50-100, representing oscillations 

of 100s – 200s duration, in both hemispheres, but the coupling was stronger on  
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Figure 6.7. aEEG and [oxCCO] from both sides over 1 h study period are presented 

in figure A and B respectively. Wavelet cross-correlation (WCC) between these 

two variables on each side are presented on figure C, indicating high coupling in 

the frequency scale of 50-100 with higher degree of coupling the right hemisphere. 

This supports the findings of higher activity in the right hemisphere measured using 

the power of the aEEG and [oxCCO] in time domain analysis presented in figure 

D, indicating higher power for both aEEG and [oxCCO] with increased coupling 

between them on the right side. 
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Figure 6.8. 3T MRI scan taken on day 5 revealed a left middle cerebral artery 

stroke. Figure A: T1 weighted axial image reveals generalised low signal intensity 

in the left parieto-occipital region with T1 shortening, figure B: T2 weighted axial 

image demonstrating high signal intensity in the affected region with loss of cortical 

ribbon, figure C & D: Diffusion weighted imaging demonstrate restricted diffusion 

in the affected area. 

 

the right hemisphere measured using the power of aEEG and [oxCCO]. This 

indicates a larger change in [oxCCO] per unit change in aEEG value produced in 

right hemisphere. MRI of the brain on day 5 revealed low signal intensity on TI 

weighted images and high signal intensity on T2 weighted images in the left 

parieto-occipital region indicating a left sided perinatal stroke in the middle cerebral 

artery (MCA) territory. The ADC map demonstrated restricted diffusion in the same 

area on the left side (figure 6.8). 

 

6.5 Discussion 

Spontaneous transient changes in NIRS parameters were recorded repeatedly 

from both cerebral hemispheres; a clear asymmetry was evident in these 

spontaneous hemodynamic and metabolic changes between the injured left side 
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and the right side. The neurometabolic coupling measured between aEEG and 

[oxCCO] was also different between two hemispheres. 

The pathophysiological origin of these events was not clear. In a previous project, 

we have described similar transient hemodynamic events (Cooper et al. 2011) 

using a different optical imaging system in 3 neonates in the postictal period with 

a heterogenous etiology of brain injury. Studies in 19 healthy term infants did not 

reveal any similar hemodynamic changes. Although a specially designed dual-

modality sensing array was used with opto-electrodes to collect NIRS and EEG 

data, no systemic data was collected to review the NIRS hemodynamic data with 

systemic variables during that project.  

Without available metabolic and systemic data in the previous study, it was 

impossible to comment on whether there were variations in neuronal metabolism 

during these events, or whether these changes were reflecting the changes related 

to systemic changes. We have demonstrated in this study that the metabolic 

changes were suppressed on the left side and was significantly different from the 

right side (figure 6.5). This has further been confirmed with lower absolute band 

power on the left side (F3-C3) compared to the non-injured side (F4-C4). The fact 

that these events were lateralised and without any associated fluctuations in HR, 

MABP and SpO2, does suggest that these events have a non-systemic origin.  

Cerebral oxygenation (measured as HbD) and cerebral metabolism (measured as 

oxCCO) were tightly coupled on the injured side in this study (figure 6.6).  

Differences in regional cerebral oxygen saturation (rScO2) have been described 

following perinatal arterial ischemic stroke in neonates (De Vis et al. 2013). An 

increased rScO2 in the affected hemisphere was noted suggesting that the local 

cerebral perfusion probably exceeded the metabolic demands in the affected 

hemisphere. An increased swing in the cerebral oxygenation ([HbD]) and cerebral 
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blood volume ([HbT]) during the events compared to cerebral metabolism 

([oxCCO]) also suggest the similar pathophysiology in this study. 

Interestingly hyperperfusion was not equally evident on all four neonatal PAIS 

cases examined in a study using arterial spin labeling (ASL) MRI (De Vis et al 

2013). Increased rScO2 in cases without hyperperfusion may be attributed to 

attenuated oxygen utilization in injured or dead tissue in the affected hemisphere. 

Interpretation of rScO2 values regarding outcome needs to be used carefully. A 

relationship between non-hemorrhagic hyperperfusion and improved 

neurodevelopmental outcome in adult studies (Marchal 1996, Bivard et al. 2013) 

might suggest that in cases of hyperperfusion, increased rScO2 in the affected 

hemisphere might be beneficial. But rScO2 values starting to increase 24h after a 

hypoxic ischemic insult and evolving over the next 24h have been shown to 

correlate with poor outcome (Toet et al. 2006). Hyperperfusion is noted in the 

epileptogenic focus during seizures in adults using ASL MRI imaging (Oishi et al. 

2012). 

The etiology of these events seen in this study is not clear. It was postulated in the 

previous study that neuronal metabolic changes following seizures might have 

been the driving force for subsequent hemodynamic changes (Cooper et al. 2011). 

Significant hemodynamic responses associated with seizures have been 

documented previously in adults, children and neonates using different techniques 

(Avery 2000, Salek-Haddadi 2002, Roche-Labarbe et al. 2008). Repeated 

transient episodes of cerebral vasoconstriction following cerebral injury could also 

possibly explain these events.  

We wondered whether these events are related to a form of cortical spreading 

depolarization (CSD). CSD has been associated with stroke as well as in migraine, 

subarachnoid hemorrhage and traumatic brain injury (Lauritzen et al. 2011). CSD 
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has been used as a generic term for all brain waves characterized by near-

complete sustained depolarization of neurons. In hypoxic or ischemic brain tissue, 

CSDs will usually occur spontaneously, and recovery occurs over a prolonged time 

course. Spontaneous peri-infarct depolarizations (PIDs) and other spreading 

depolarization waves accompanying brain injury may not be accompanied by 

depression of the EEG, as the EEG is already silent in the compromised brain 

tissue. Propagating field oscillations precedes the spreading depolarization of 

neurons and glia. These oscillations indicate a brief state of hyperexcitability, which 

may relate to the observation of seizures and CSD in the same patients with 

acutely injured brain cortex (Fabricius et al. 2008). The oscillations are followed by 

complete loss of neuronal activity, which can last for minutes, before recovery. 

Cerebral blood flow decreases before CSD, but the vasoconstriction is variable 

and usually brief. The classic pattern is a brief, large hyperperfusion followed by a 

protracted hypoperfusion.  But the metabolic changes noticed during the events in 

our study are different. CSD causes an increase in metabolism at the start of 

depolarization, concomitant with the brief initial rise in CBF with a slight decrease 

in CMRO2. The huge rise in cytosolic Ca2+ accompanying CSD depolarizes 

neuronal mitochondria and triggers the rise in oxygen use via the Ca2+ uniporter in 

the inner mitochondrial membrane (28). The CSD also activates glycolytic 

pathways, as evidenced by the accompanying prolonged rise in brain lactate and 

reduction in brain glycogen (Zhou et al. 2010), while the brain concentration of 

energy-rich phosphate compounds (ATP, PCr) decreases by even up to 50% 

(Krivanek 1961, Mies et al. 1984). But we have noticed a suppressed metabolic 

response in [oxCCO] on the injured side. 

Following stroke, a persistent reduction in blood flow to the injured area can lead 

to a decrease in both substrate supply and oxygenation on the injured side. These 
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changes have opposite effects on Δ[oxCCO] (Banaji et al. 2006). A decrease in 

substrate supply would lead to a change in redox state towards oxidation whereas 

a decrease in oxygenation will lead to a reduced redox state. These changes in 

redox state in opposite directions may also explain why the Δ[oxCCO] on the left 

side during these events was attenuated compared to the right side. This restricted 

change in [oxCCO] on the injured side of the brain may reflect a persistently 

abnormal mitochondrial metabolism following unilateral seizures and reduced ATP 

turnover. An asymmetry in the cerebral energy state has been described with 31P 

MRS recorded from right and left cerebral hemispheres after seizures in a newborn 

baby (Younkin et al. 1986). This persisting abnormal cerebral metabolism may be 

due to the increased energy demand that occurs during persistent seizures; this is 

known to lead to unpredictable changes in the redox states of ETC metabolites 

(Banaji et al. 2006). Results from the time domain analysis between aEEG and 

[oxCCO] indicate that the left hemisphere has a lower level of activity when 

compared to the right hemisphere; this is also reflected in the changes in [oxCCO]. 

Additionally, the smaller ratio in the left hemisphere suggests that a unitary change 

in the aEEG in this hemisphere leads to a smaller change in the [oxCCO] 

production, while in the right hemisphere the same unitary change in the aEEG will 

lead to a larger change in the [oxCCO] production.  This ratio might be a measure 

of the efficiency of the supply/use of oxygen consumption to support metabolism. 

The limitation for this study is that the measurement was performed in one subject 

at one time point. It would be interesting to identify the natural evolution of these 

events following perinatal stroke. 
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6.6  Conclusion 

In summary, an asymmetric cerebral oxidative and metabolic responses were 

identified on day 1 using broadband NIRS measurement in a newborn infant with 

MCA stroke. Although it was possible to make an earlier predictive assessment in 

this case study regarding the asymmetric cerebral injury at cot side using 

broadband NIRS on day 1 (brain MRI performed on day 5), further assessments 

are needed in a larger cohort of infants following perinatal stroke, to identify the 

pathophysiology of haemodynamic and metabolic changes in cerebral 

hemispheres and to evaluate the possibility of using broadband NIRS as a cot side 

early diagnostic tool  indicating asymmetric brain injury in infants  with suspected 

perinatal stroke.
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Chapter 7: Changes in cerebral mitochondrial metabolism during the 
rewarming following therapeutic hypothermia 
 

Rewarming following therapeutic hypothermia is a clinically important period in 

infants with HIE. In this study, we reviewed the changes in cerebral metabolism 

and haemodynamics during this period in relation to outcome. 

 

7.1 Introduction 

Therapeutic hypothermia (TH) has become a standard of treatment following 

perinatal hypoxia-ischemic brain injury. Active cooling treatment is commenced as 

early as possible after the diagnosis of HIE provided the infant fulfills the cooling 

criteria. Following 72 hours’ whole-body TH, rewarming commences and the body 

temperature is brought back to normal (37oC) slowly over 14 hours’ period. Body 

temperature is increased by 0.5oC over every 2 hours. Rewarming phase is an 

important period as the cerebral metabolic rate also increases along with the 

increase in core body temperature. Rewarming early from therapeutic hypothermia 

induces cortical neuronal apoptosis in a near term fetal sheep model following HIE 

(Gerritis et al. 2005). Suboptimal rewarming could diminish neuroprotection from 

hypothermia treatment (Lu et al. 2014). Rapid rewarming after moderate 

hypothermia also induces epileptiform activity (Gerritis et al. 2005). Rebound 

seizures have been described during rewarming period both in animal model 

(Wang et al. 2015) and in neonatal intensive care (Kendall et al. 2012), for which 

an extended period of ‘cooling’ followed by a slower rewarming process is 

generally recommended. Changes in cerebral metabolism and hemodynamics 

have been investigated both in preclinical model and clinical studies during and 
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after HI, but the effect of rewarming on cerebral metabolism along with 

hemodynamics and oxygenation in human newborn has not been investigated so 

far. 

 

7.2 Aims and hypotheses 

Aim of this study was to assess cerebral metabolic and hemodynamic changes 

during rewarming period after therapeutic hypothermia, in a cohort of infants 

admitted to the neonatal unit in University College London Hospital following 

perinatal hypoxic-ischaemic brain injury. 

We hypothesized that changes in cerebral oxidative metabolism, measured as 

Δ[oxCCO] during rewarming would be related to the degree of HI injury and will 

correlate with initial injury severity as evidenced in the initial electrical abnormality 

on aEEG/EEG and Lac/NAA peak area ratio on 1H MRS after TH following HIE. 

 

7.3 Methods 

The general methods have been described in detail in chapter 5, ‘Methods’ section. 

Therapeutic hypothermia and subsequent rewarming were instituted with a servo-

controlled cooling machine Tecotherm Neo. Using a cooling mattress and a rectal 

temperature probe, it maintained a constant core temperature during hypothermia 

and increases the temperature as programmed during the rewarming period. 

Normally, the core temperature is increased by 0.5oC over every 2-hour period and 

temperature is increased from 33.5oC to 37oC over a total of 14 hours rewarming 

period.  Data collected from a cohort of 14 infants during rewarming after 

completion of TH following HIE. Broadband NIRS monitoring was commenced as 
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early as possible in the rewarming phase and was continued for the maximum 

possible time. One NIRS channel was placed on either side of the forehead and 

data were collected at 1Hz. An optode source-detector distance of 2.5 cm was 

chosen to ensure a good depth penetration. Differential path length (DPF) was 

chosen as 4.99 (Duncan et al. 1995). 

A program created in LabVIEW 2011 was used to collect the raw data and 

calculate the corresponding changes in chromophore concentrations. Systemic 

data from patient monitors were collected using ixTrend software. Invasive blood 

pressure data were collected continuously from either an umbilical artery catheter 

or a peripheral arterial catheter. 

All infants were monitored with video EEG telemetry using a standard neonatal 

montage. Brain magnetic resonance imaging (MRI) was performed using a 3T 

Philips MRI scanner. T1 and T2 weighted images with an apparent diffusion 

coefficient (ADC) map were obtained on MRI. 1H MRS data was also obtained and 

Lac/NAA peak area ratios were calculated offline. Lac/NAA is a robust biomarker 

of outcome following HIE and value of >=0.3 indicates a poor neurodevelopmental 

outcome (Thayyil et al. 2010). Relationship between cerebral oxygenation and 

metabolism was reviewed in two groups based on this cut off value.  

Initial data analysis was carried out in MATLAB R2013a. NIRS data were visually 

checked and were processed with an automatic wavelet de-noising function, which 

reduces the high frequency noise but maintains the trend information. Systemic 

data were down-sampled and interpolated to the NIRS data timeframe (1 Hz). 

Artifacts from movement or changes in external lighting were manually removed 

assessing the NIRS data against the systemic changes in invasive blood pressure. 

All statistical analysis was performed using GraphPad Prism 7. Non-parametric 
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Mann-Whitney rank test was used to determine any statistical significance 

between groups. 

EEG was continuously recorded throughout hypothermia and the rewarming 

period and was only disconnected and stopped before taking the infants for MRI 

scan. Electrocortical activity on EEG and aEEG were analysed over the first hour 

after placing electrodes at the beginning of therapeutic hypothermia to assess the 

initial degree of electrical abnormality. aEEG background was analysed for each 

infant and was classified into mild, moderate and severely abnormal group based 

on aEEG voltage classification (al Naqeeb et al. 1999) and EEG background (mild 

abnormality: normal aEEG upper (>10 uvolts) and lower border (>5 uvolts), but low 

amplitude cortical activity on EEG, moderate abnormality: abnormal aEEG upper 

and/or lower margin with a degree of EEG discontinuity, severe abnormality: 

abnormal aEEG voltage with discontinuous or flat EEG trace). 

All infants were ventilated during rewarming and received continuous intravenous 

sedation (morphine sulphate) and muscle relaxant (atracurium) as per the 

standard unit guideline. 

 

7.4 Results 

NIRS and systemic data were collected over a mean period of 12.5 hours (5-14 

hours). NIRS data from both sides were similar, data from left side was used for 

further analysis and comparison with Lac/NAA (voxel is placed on left thalamic 

area for MRS).  All infants had brain MRI with 1H MRS between day 5-9. 
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7.4.1 Patient characteristics 

Clinical information regarding 14 infants are presented in table 6.1. Birth weight of 

the cohort ranges between 1770-3750 grams with a mean of 3161 grams and a 

mean gestational age of 39 weeks 4 days (38-41wks 6days). Mean Apgar score at 

1, 5 and 10 minutes were respectively 1, 3 and 3. Mean base deficit and serum 

lactate on arterial cord gas were 15 and 12. Active cooling was commenced at a 

mean age of 3 hours of age. 

 

 

Table 7.1. Characteristics of 14 term infants undergoing therapeutic hypothermia and 

rewarming. 

	
 

7.4.2  Systemic changes during rewarming 

During rewarming heart rate gradually increased from a mean of 108/min (range 

75-130/min) to a mean of 128/min (range 121-135/min) (Figure 7.1A). The 

peripheral oxygen saturation (SpO2) fallen briefly in the first few hours of  

Parameter Mean (Range) 
Birth weight (gms) 3161 (1770-3800) 
Gestational age (weeks) 39 (38 – 41) 
Male: Female ratio 1.3:1 
Apgar score at 1 min 1 (0-4) 

Apgar score at 5 min 3 (0-7) 
Apgar score at 10 min 3 (0-8) 
Cord pH (arterial) 6.9 (6.56-7.28) 
Base excess (arterial) -15 (9.7-24) 
Serum lactate 12 (9-17) 
Age at beginning of active cooling (mins) 178 (55-284) 
In born: ex utero transferred infants 1.3:1 
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Figure 7.1.  Mean changes with s.d. in systemic parameters during rewarming. Changes 

in heart rate (A), SpO2 (B), mean arterial blood pressure (C) and transcutaneous CO2 were 

presented with change in temperature. (Mitra et al. 2016). Reproduced with permission. 

 

 

rewarming, but reaches the steady state soon and was maintained mostly over 

95% throughout rewarming (figure 7.1B). Mean oxygen saturation at start of 

rewarming (SpO2 98%, range 96-100%) was very similar to SpO2 value at the end 

of study (97%, range 96-98%). MABP was stable during rewarming and did not 

change significantly (figure 7.1C). Transcutaneous CO2 had a slow fall during the 

rewarming (figure 7.1D), with a mean of 6 kPa (range 5.4-7 kPa) at the start ending 

in a mean value of 4.7 kPa (range 4.5-5.07 kPa). 
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7.4.3 Mitochondrial metabolism and oxygenation during rewarming 

Oxy-hemoglobin (HbO2), deoxy-hemoglobin (HHb), oxCCO concentration 

changes were recorded using broadband NIRS and changes in hemoglobin 

difference (HbD) was calculated. Changes in [HbD] reflect changes in cerebral 

oxygenation and [oxCCO] reflected changes in oxidative metabolism. Although 

there was individual variation in changes among infants, mean changes in NIRS 

variables wasn’t significantly different in comparison to values at start (D[HbO2] = -

1.39, D[HHb] = -2.62, D[HbD] = -0.02 and D[oxCCO] = -1.67 (figure 7.2). The 

relationship between mitochondrial metabolism and oxygenation (measured as 

 

 

Figure 7.2. Changes in [HbO2] (figure A), [HHb] (figure B), [HbD] (figure C) and [oxCCO] 

(figure D) during rewarming period measured on the left side as mean±s.d. Please note 

that the x-axis presents a time scale of 14 hours over which the temperature was increased 

from 33.5oC to 37oC. 
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Figure 7.3. No clear direct relationship was noted between [oxCCO] & [HbD] (r2 values) 

and Lac/NAA (figure A). Lac/NAA threshold of 0.3 based groups did not show any 

significant difference in r2 values between [oxCCO] & [HbD] (figure B).  

	
	
 [oxCCO] and [HbD]) was calculated by simple regression analysis and r2 values 

were obtained. No clear relationship noted between Lac/NAA and r2 values 

between [oxCCO] and [HbD] (figure 7.3A). Lac/NAA cut-off 0.3 didn’t reveal any 

significant difference between the groups (p=0.87). 

 

7.4.4 EEG/aEEG background and Lac/NAA peak area ratio 

All infants had some degree of abnormal electrical activity in the initial recording. 

2 infants had mild abnormality (normal aEEG upper (>10 uvolts) and lower border 

(>5 uvolts), but low amplitude EEG), 6 infants had moderately abnormal 

background (abnormal aEEG upper and/or lower margin with EEG discontinuity) 

and 6 infants had severe abnormality (abnormal aEEG voltage with discontinuous 

or flat EEG trace) (Table 7.2). Some of the moderate and severely abnormal traces 

recovered during therapeutic hypothermia. Lac/NAA peak area ratio on1H MRS 
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range from 0.08 – 1.32 in this cohort of infants with 4 infants had a value of ≥ 0.3 

(known to be associated with abnormal neurodevelopmental outcome). 

Relationship between [oxCCO] and [HbD], and Lac/NAA were evaluated between 

two groups of abnormal electrical activity (mild vs moderate to severe) measured 

in the first hour after starting active cooling. A significant difference was noted 

between the groups in the relationship between [oxCCO] and [HbD] (as r2) (p=0.02) 

(figure 7.4A). Lac/NAA between the groups did not reach significant difference 

(p=0.35) (figure 7.4B).  

 

 

Study No Initial electrical activity Lac/NAA [oxCCO] vs [HbD] 

1 Severely abnormal 0.87 0.0100 
2 Severely abnormal 0.2 0.2100 
3 Mildly abnormal 0.16 0.0018 
4 Moderately abnormal 0.39 0.7900 
5 Severely abnormal 1.32 0.0100 
6 Severely abnormal 0.17 0.6400 
7 Moderately abnormal 0.16 0.1500 
8 Moderately abnormal 0.15 0.4800 
9 Severely abnormal 0.08 0.5500 
10 Moderately abnormal 0.76 0.4300 
11 Mildly abnormal 0.25 0.0096 
12 Severely abnormal 0.15 0.3700 
13 Moderately abnormal 0.11 0.7000 
14 Moderately abnormal 0.2 0.6900 

 

Table 7.2. Initial aEEG/EEG characteristics, Lac/NAA peak area ratio from 1H MRS 

between day 5-9 and relationship between [oxCCO] and [HbD] (r2 values). 
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Figure 7.4. Relationship between [oxCCO] and [HbD] (as r2) was different between 

two groups of abnormal electrical activity (mild, n=2 vs moderate to severe, n=12)  

(p=0.02)(figure A). Lac/NAA between these two groups were not statistically 

significant (p=0.35)(figure B). 

 

 

7.5 Discussion 

Changes in mitochondrial metabolism during rewarming in this study differed in the 

groups of different injury severity as measured by the initial abnormalities in cortical 

electrical acitivity at presentation. The relationship between the metabolism and 

oxygenation was not significantly different among two groups of infants based on 

Lac/NAA cut off value of 0.3. 

Rewarming after therapeutic hypothermia is a complex process. It has the potential 

to significantly influence cardiovascular function and stimulate the activity of 

excitatory amino acids suppressed during hypothermia (Nakashima et al. 1996). 

Gebaur et al. reported low left ventricular output during hypothermia due to 

decreased heart rate and a decreased stroke volume. During rewarming both 

stroke volume and cardiac output increases as the core temperature increases 
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(Gebaur et al. 2006). In our study, heart rate increased steadily during rewarming 

(mean increase of 20/min) but mean arterial blood pressure remained stable, no 

hypotensive episodes were noted. Our findings are similar to those of Gebauer et 

al. but were different from the study findings reported by Thoresen et al. (2000). 

Thoresen and Whitlaw noted changes in cardiovascular indices in 9 infants with 

hypoxic ischemic encephalopathy during mild hypothermia and rewarming. Mean 

arterial blood pressure fell by a median of 8 mm Hg during rewarming while the 

heart rate increased by a median of 32/min. This difference is most likely to be 

related to the process of rewarming. In the study described by Thoresen et al. 

rewarming was performed over a minimum of 5 hours by removing the cooling cap 

and adjusting overhead heater to control the rise of temperature no more than per 

hour. In contrast, we used a servo controlled cooling machine, which increases the 

core temperature in a more stable way, and the rewarming was done over much 

longer period (increase in rectal temperature no more than 0.5oC over every 2 

hours). A rapid and unstable increase in core temperature most likely induces a 

reduced peripheral vascular tone with increased cardiac work. Rewarming at a rate 

of 0.5-1°C/h did not influence the beneficial effects of therapeutic hypothermia in 

rat model, but a higher rewarming rate of 2 °C/h abolished those beneficial effects 

on both cardiac and cerebral function (reduced severity of myocardial and cerebral 

functions abnormalities and attenuated release of inflammatory factors IL-6 and 

TNF-α) (Lu et al. 2014). 

In infants who respond well to hypothermia, electrocortical activity at presentation 

after perinatal HIE is known to gradually improve during hypothermia. TH has a 

significant influence on the predictive value of aEEG, which was the best single 

outcome predictor in term infants following HI injury in the pre-cooling era 

(Hellstrom-Westas 1995, Toet at al. 1999). The positive predictive value of an 
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abnormal aEEG pattern at the age of 3 to 6 hours was 84% for normothermia that 

fell to 59% during TH. Moderate voltage abnormality during the same period also 

fails to predict poor outcome following hypothermia (Thoresen et al. 2010). Core 

body temperature change during rewarming did not show any significant effect on 

quantified EEG parameters in ten term neonates with HIE who underwent 

therapeutic hypothermia (Burnsed et al. 2011). We were keen to evaluate the 

cortical activity early at presentation and found that relationship between 

mitochondrial metabolism and cerebral oxygenation during rewarming was 

significantly different among groups based on early aEEG/EEG changes in the first 

hour after presentation (figure 7.4A). This indicates the significant mitochondrial 

injury and deranged oxidative metabolism persisting in the moderate to severely 

abnormal group. Although mean Lac/NAA was different between mild and 

moderate to severely abnormal aEEG/EEG groups, it did not reach statistical 

significance (p=0.35) (figure 7.4B). 

We did not notice any significant pattern of changes in Δ[oxCCO] with change in 

temperature. In near term fetal sheep, carotid artery blood flow (CaBF) and mean 

arterial blood pressure (MABP) changed transiently during rewarming. A small 

increase in CaBF was noted in the first hour after the start of rewarming, MABP 

increased between 2nd and 3rd hour and a small rise of heart rate was noted in the 

first hour. No significant difference was noted from 6 hours onwards (Gerritis et al. 

2005).  In a group of 18 asphyxiated newborn infants treated with hypothermia, 

Peng et al. recently described that the cerebral oxygenation (measured as rSO2) 

remains stable during rewarming (Peng et al. 2015), which was similar to the 

findings in our study. Slow increase in temperature appears to have no significant 

effect on cerebral oxygenation and thus on extraction of oxygen (Peng 2015, 
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Forman et al. 2017). Interestingly, lower systemic rSO2 variability during rewarming 

was associated with worse outcome following HIE (Shelhaas et al. 2013). 

 

7.6   Limitations 

The main limitation of this study is the small number of infants enrolled and the 

actual number of infants with severe brain injury. This might have played a role in 

the lack of difference noted in cerebral metabolism between the groups based on 

Lac/NAA cut off 0.3. We are also unsure about how the recordings of NIRS 

parameters over a long period of time have affected the relationship between 

different NIRS parameters ([e.g. [oxCCO] vs [HbD]). These datasets obtained from 

our highly sensitive purpose-built broadband NIRS system are prone to be affected 

by artefacts more over longer duration of time. Despite our best effort to remove 

artefacts and prepare the dataset for analysis, this might have affected our results. 

Also the effect of medications (e.g. sedation with morphine sulphate) on the 

electrical activity and NIRS parameters were not investigated. The relationship 

between [oxCCO] and [HbD] also needs to be evaluated in healthy term infants 

with normal EEG, which was beyond the scope this study. 

 

7.7  Conclusion 

Although the rewarming process can be complex and can produce haemodynamic 

instability, our study confirms that the current servo-controlled slow rewarming 

process over 14 hours’ period does not have any significant influence on the 

stability of cerebrovascular hemodynamics and metabolism. The mitochondrial 

metabolism-oxygenation coupling during rewarming is influenced by the initial 

severity of hypoxic ischemic brain injury, as evident on the initial aEEG/EEG on 
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presentation. This finding is based on a small group of infants and needs to be 

confirmed over a larger cohort.  
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Chapter 8: Changes in cerebral metabolism, oxygenation and 

haemodynamics during neonatal seizures following hypoxic 

ischaemic encephalopathy 

 

8.1 Introduction 

Seizures are common clinical manifestation of neurologic dysfunction in newborn 

infants and occur in approximately 75% of infants with hypoxic–ischemic 

encephalopathy (HIE) (Gluckman et al. 2005). Prolonged and frequent seizures in 

the developing brain have been shown to result in long-term neurological sequelae 

in preclinical studies (Ben-Ari et al. 2006). Clinical studies also suggest that 

neonatal seizures are independently associated with further neuronal injury (Miller 

et al. 2002) and poor outcome (Younkin 1986, Glass et al. 2009); however, the 

mechanisms for these harmful effects are not clear.	Interestingly, in a neonatal rat 

model (Wirrell et al. 2001) prolonged seizures triggered by proconvulsant drugs 

failed to cause neuropathological changes. However, when preceded by a 

hypoxic-ischemic insult, these drug-induced seizures were associated with 

significantly greater neuronal injury than hypoxia-ischemia alone.	 Among the 

mechanisms implicated in seizure-induced brain injury are disturbances in cerebral 

haemodynamics, oxygenation and metabolism. 

In the healthy brain, mitochondrial metabolism is closely related to neuronal 

activity. Studies using 31P MRS have revealed that high-energy phosphates 

decrease by one-third and mitochondrial oxidative phosphorylation increases by 

45% during neonatal seizures (Younkin et al. 1986), indicating a depleted cerebral 

energy state during seizures. 

Near-infrared spectroscopy (NIRS) measures concentration changes in 

oxygenated (Δ[HbO2]) and deoxygenated haemoglobin (Δ[HHb]). Derived changes 
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in total haemoglobin (Δ[HbT] = Δ[HbO2] + Δ[HHb]) and haemoglobin difference	

(Δ[HbD] = Δ[HbO2] − Δ[HHb]) reflect changes in cerebral blood volume and 

cerebral oxygenation, respectively. Broadband NIRS can also monitor changes in 

the oxidation state of cytochrome-c-oxidase (Δ[oxCCO]), indicating the state of 

mitochondrial oxidative metabolism.  

During sudden transient increase of brain activity during seizures, an increase in 

local consumption of glucose is expected along with hemodynamic and metabolic 

adaptations. Increased neuronal activity during seizures leads to an increase in 

the cerebral metabolic rate of oxygen (CMRO2) and glucose (CMRGluc) (Engel et 

al. 1982), leading to an expected increase in CBF.  Increase in cerebral blood flow 

velocity was documented during electrographic seizures in neonates indicating 

changes in cerebral oxidative metabolism (Boylan et al. 1999). A close relationship 

exists between local vasoreactivity and neuronal electrical activity (neurovascular 

coupling). Two major mechanisms have been described to play role in the 

neurovascular coupling - astrocyte mediated vascular modulation and effects 

caused by vasoactive metabolites produced during synaptic activation, both 

leading to changes in vasoreactivity. Previous NIRS studies during neonatal 

seizures have attempted to review cerebral haemodynamics and oxygenation 

(Wallois 2009 and 2010, Silas 2012, Singh et al. 2014), but direct assessment of 

cerebral mitochondrial oxygen metabolism using [oxCCO] has not been 

investigated in humans during seizures. Different types of hemodynamic changes 

during seizures have been described including hyper-metabolism and hypo-

metabolism, decrease and increase in CBF and CBV in newborn infants and 

children (Wallois et al. 2010). 

EEG monitors the changes in action potentials of a large group of synchronised 

cortical neuronal dendrites localised near the surface of the scalp and remains the 

gold standard tool for diagnosis of seizures. Amplitude-integrated EEG (aEEG) 



	

	
	

	

156 

uses a limited montage – typically 2–4 electrodes – and compresses the EEG 

information over time to provide a longer overview of cerebral activity. Both EEG 

and NIRS has high temporal resolution and when used together, can reveal the 

interactions between neuronal electrical activity and regional changes in cerebral 

haemodynamics and metabolism that are assumed to play a major role in 

maintaining normal physiological brain activity. 

 

In this observational study, we aimed to characterise changes in cerebral 

metabolism, oxygenation and haemodynamics in relation to electrical changes 

during neonatal seizures following hypoxic ischaemic encephalopathy. We 

hypothesised that cerebral metabolism monitored with [oxCCO] during seizures 

will reflect the increased metabolic demand during the ictal period and will identify 

any hypometabolic state following repeated seizures. 

 

8.2 Methods 

This prospective observational study was approved by the research ethics 

committee of University College London Hospital and London Bloomsbury REC. 

Informed written consent was taken from parents before each study.  

 

8.2.1 Patient characteristics 

Recurrent seizures were studied in two newborn infants with hypoxic ischaemic 

encephalopathy undergoing TH. Both infants were sedated, and muscle relaxed 

during TH as per the neonatal unit policy. All seizures were subclinical. 

Infant 1:  

Newborn infant born at 38+2 weeks, birth weight 3034 grams, delivered by 

emergency caesarean section after mother presented to hospital with placental 
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abruption (approximate blood loss 1litre). Infant was born white and floppy with no 

respiratory effort or heart rate, was intubated at 1 min of age and needed full 

cardiopulmonary resuscitation including drugs (three doses of adrenaline (1 in 

10,000), two doses of 4.2% sodium bicarbonate, 10% dextrose bolus) and two 

boluses of ~10mls/kg emergency O negative blood. Gasping noted at 10 minutes 

of age and audible heart rate documented at 15 minutes of age. Passive cooling 

was commenced on the resuscitaire. Apgar scores documented as 0 at 1 min, 0 at 

5 min and 0 at 10 min. Unfortunately, no cord gas was available. 

A neurological examination after admission to the neonatal unit revealed evidence 

of moderate to severe encephalopathy. The infant received 72 hours’ TH using a 

servo-controlled cooling machine (Tecotherm Neo, Inspiration Healthcare, UK) as 

part of the standard neuroprotective strategy following HIE. The initial EEG was 

very suppressed, but gradually recovered during TH. Rewarming commenced after 

72 hours’ TH, with an increase of body temperature of 0.50 C every 2 hours. At ~80 

hours of age, during rewarming, the infant developed recurrent seizures 

(electrographic seizures). This prompted commencement of further hypothermia 

treatment (temperature was reduced by 10 C and was maintained the same over 

next 4 hours) followed by slow rewarming (0.50 C increase every 4 hours) to 370 

C. The infant received a 20 mg/kg phenobarbitone bolus after the second seizure.  

 

Infant 2:  

Newborn infant born at 36+4 weeks weighing 2300 grams, delivered by emergency 

caesarean section following foetal bradycardia and a prolonged period (13 hours) 

of reduced foetal movements. Baby born pale with no detectable heart rate or 

respiratory effort, covered with meconium. Meconium suctioned from trachea 

before intubation at 2 minutes of age. The infant needed cardiopulmonary 

resuscitation including cardiac compression, resuscitation drugs (one dose of 
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adrenaline (1 in 10,000), one bolus of 4.2% sodium bicarbonate) and emergency 

O negative blood 10 mls/kg. First detectable heart rate documented at 7 minutes 

of age with first gasp noted at 9 minutes of age. Arterial cord gas result: pH 7.06, 

BE (base excess) -9.2 and the first venous blood gas during resuscitation revealed 

significant acidosis: pH 6.85, pCO2 12.6, pO2 5.2, BE -14 and lactate 18. Passive 

cooling was commenced on the resuscitaire with active cooling started on transfer 

to the neonatal unit. The infant received 72 hours’ TH. EEG was isoelectric initially 

and remained very suppressed during the entire duration of TH and rewarming.  

Repeated low amplitude electrical seizures were noted on day 1 for which the 

infant received phenobarbitone (total 40 mg/kg), phenytoin (20 mg/Kg) and 

midazolam bolus and infusion. 

 

8.2.2 Multimodal data collection 

Multimodal data from broadband NIRS, EEG, and systemic monitors were 

collected during seizures over a 90-min period. NIRS probes were placed on both 

sides of the forehead, collected data at 1 Hz using a 2.5 cm optode distance.  

Video-EEG and amplitude-integrated EEG (aEEG) data from a standard neonatal 

EEG montage was acquired from a Nicolet EEG monitor (Natus Medical, USA). 

Mean aEEG voltage was calculated from the mean of the upper and lower values 

of the aEEG band. Seizure onset and offset times were annotated from raw EEG 

jointly by myself and a neonatal neurophysiology scientist in University College 

London.  

Systemic data from the Intellivue Monitors (Philips Healthcare, UK) were collected 

using ixTrend software (ixellence, Germany), down-sampled and interpolated to 

the broadband NIRS data timeframe (1 Hz). 
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8.2.3 Magnetic resonance imaging and spectroscopy 

MRI and 1H MRS of brain were performed in the infants after rewarming between 

day 5 and 7 using a 3T Philips MRI scanner (Philips Healthcare, UK), as part of 

the standard assessment of injury severity and future prognostication of 

neurodevelopmental outcome. Thalamic Lac/NAA peak area ratio was calculated 

offline immediately after the scan and Lac/NAA <0.3 is associated with good 

neurodevelopmental outcome (Thayyil 2010).  

T1, T2-weighted imaging were obtained along with diffusion tensor imaging (DTI) 

in 32 directions of diffusion weighting. Apparent diffusion coefficient (ADC) and 

fractional anisotropy (FA) maps were reconstructed inline on the MRI scanner. All 

these sequences were reviewed and reported by a consultant paediatric 

neuroradiologist.  

 

8.2.4 Data analysis 

Similar changes were noted in NIRS data on both sides. NIRS data from left side 

of the brain were analysed along with mean aEEG data from F3-C3 (left front 

central region). Changes in [oxCCO], [HbO2], [HHb], mean aEEG and systemic 

variables were calculated during seizures. Relationships between Δ[oxCCO], 

Δ[HbD], Δ[HbT], and mean aEEG during seizures were analysed using principal 

component analysis (PCA). Results are presented as means ± SD unless 

otherwise indicated. Statistical analyses were performed using statistical software 

JMP 11 (SAS Institute, USA) and Prism 7 (GraphPad, USA). 

 

8.3 Results 

Data were collected from both infants over 90 minutes’ periods. During this period, 

5 electrographic subclinical seizures were recorded in infant 1 (figure 8.1 and 8.2) 
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and 10 electrographic subclinical seizures were recorded in infant 2 (figure 8.3 and 

8.4). Mean seizure duration was 5.03 minutes (3.53–8.36 minutes) in infant 1 and 

2.26 minutes (55 seconds – 3.38 minutes) in infant 2. The first two seizures in 

infant 1 originated from left posterior hemisphere and became generalised while 

the rest were generalized seizures. In infant 2, recurrent generalised low amplitude 

electrical seizures were noted from day 1 with entirely suppressed background. No 

significant recovery of cortical activity noted on EEG Changes in NIRS and 

systemic variables during seizures are presented in table 8.1. At the start of each 

seizure (as indicated by a rise in the baseline of the aEEG), the Δ[oxCCO] 

increased by 3.30 ± 1 μMol/L in infant 1 and 0.76 ± 0.25 μMol/L in infant 2. 

 

 

 
 

Figure 8.1.	EEG and aEEG changes during the seizures in infant 1. aEEG from F4–C4, 

F3–C3, T4–O2, and T3–O1 are presented in the upper panel with five seizure episodes 

marked in red underlines. EEG changes during the fourth seizure are presented in the 

lower panel, showing generalised rhythmic changes in all channels (Mitra et al. 2016). 

Reproduced with permission. 
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Figure 8.2. Electrical changes in infant 2 showing multiple seizure episodes on aEEG. 

Severely suppressed activity with very low amplitude seizures were evident on EEG.  

 

Following the peak of the aEEG activity, [oxCCO] started to fall in both infants and 

continued to fall after the end of each seizure to a progressively lower baseline in 

infant 1, which at the end of the study was at −4.19 μMol/L in infant 1 and was at -

0.97 μMol/L on infant 2 (figure 8.2 and 8.4).  
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Figure 8.3. Changes in broadband NIRS variables (Δ[HbD], Δ[HbT], and Δ[oxCCO]), aEEG 

(F3–C3), and systemic parameters (heart rate (HR), peripheral oxygen saturation (SpO2), 

mean arterial blood pressure (MABP), and rectal temperature (°C)) during five recurrent 

seizure episodes (S1, S2, S3, S4, and S5) in infant 1 (Mitra et al. 2016). Reproduced with 

permission. 
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In infant 1, Δ[HbT] and Δ[HbD] both decreased initially by 1.51 ± 0.77 and 1.50 ±  

0.69 μMol/L, respectively, but soon returned toward the baseline after the peak of 

the aEEG activity (figure 8.2 and 8.6). In infant 2, both Δ[HbT] and Δ[HbD] 

decreased very briefly at the start of the seizures, but very soon started to increase 

(final increase 1.8 ± 0.96 and 2.8 ± 1.24 μMol/L respectively) and followed the 

similar trajectory of Δ[oxCCO] during the rest of the seizures (figure 7.4 and 7.8). 

Δ[HHb] increased and Δ[HbO2] fell during seizures, but returned toward the 

baseline subsequently in both infants (figure 8.7 and 8.9), HR and MABP increased 

during seizures by 5 ± 1.1 beats/min and 5 ± 2.9 mm Hg in infant 1, 13.7 ± 3.5 

beats/min and 6.9 ± 3.4 mm Hg in infant 2 respectively, while SpO2 dropped by 3.2 

± 2.8% in infant 1 and increased by 2.4 ± 2.4% in infant 2. Rectal temperature 

during the study was reduced by 1°C in infant 1 (figure 8.2).  

 

 

 

 Infant 1 (5 seizures) Infant 2 (10 seizures) 

Δ[oxCCO] (μMol/L) 3.30 ± 1 0.76 ± 0.25 
Δ[HbT] (μMol/L) -1.51 ± 0.77 1.8 ± 0.96 
Δ[HbD] (μMol/L) -1.50 ± 0.69 2.8 ± 1.24 
HR (beats/min) 5 ± 1.1 13.7 ± 3.5 
MABP (mm Hg) 5 ± 2.9 6.9 ± 3.4 

Seizure duration (min) 5.03 (3.53–8.36) 2.26 (55–3.38) 
   

Table 8.1. Changes in broadband NIRS and systemic variables during seizures. 
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Figure 8.4. Changes in broadband NIRS, aEEG (F3–C3), and systemic variables during 10 

recurrent seizure episodes (marked in grey areas) in infant 2. Acute sharp changes in cerebral 

haemodynamics and metabolism were evident in NIRS variables despite very low amplitude 

changes in aEEG during seizures. 
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Brain MRI in infant 1 revealed mild to moderately abnormal appearances of basal 

ganglia, thalami and PLIC. The ADC map showed some exaggerated low signal 

intensity around the lateral thalamic nucleus (figure 8.5A, top). There was a 

generalised low signal intensity on the T1 weighted images and a high signal intensity 

on the T2 weighted images in the white matter. The white matter was likely to atrophy 

in future resulting in suboptimal head growth, the exact future significance of basal 

ganglia appearance was felt uncertain. The 1H MRS revealed a small Lac peak with 

Lac/NAA peak area ratio 0.29 (figure 8.5B, top). 

Infant 2 had evidence of global cerebral oedema and swelling with restricted diffusion 

in keeping with severe, irreversible global hypoxic ischaemic injury. This affected all 

the cerebral hemispheres, basal ganglia, thalami, posterior limb of internal capsule 

(PLICS), most of the brain stem and cerebellum (figure 8.5A, below). MRS revealed a 

high lactate peak, reduced NAA peak and split choline peak, indicating a severe 

hypoxic ischaemic injury (figure 8.5B, below). Lac/NAA ratio for infant 2 was 3.37.  

 

Mean aEEG was significantly correlated with Δ[oxCCO] in infant 1 (PCA correlation 

coefficient 0.51 ± 0.22, p<0.005) (figure 8.10). Both Δ[HbD] and Δ[HbT] were 

negatively correlated with mean aEEG (-0.53 ± 0.25, p<0.0001 and -0.54 ± 0.25, 

p<0.0001, respectively) and Δ[oxCCO] (-0.67 ± 0.12, p<0.0001 and -0.57 ± 0.20, 

p<0.004, respectively) (figure 8.10). 

In infant 2, mean aEEG didn’t show any significant relationship with Δ[oxCCO], Δ[HbD] 

and Δ[HbT] (PCA correlation 0.05 ± 0.16, 0.06 ± 0.15 and -0.01 ± 0.14 respectively).  

Δ[oxCCO] was correlated with Δ[HbD] and Δ[HbT] (PCA correlation 0.84 ± 0.14, 

p<0.0001 and 0.58 ± 0.47, p<0.0001 respectively) (figure 8.11). 
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Figure 8.5. MRI of Brain in infant 1 (top) revealed mild to moderate degree of injury to BGT 

area and PLIC (figure A, top), Lac/NAA ratio was 0.29 (Fig B, top). Infant 2 (below) had 

evidence of severe, irreversible global hypoxic ischaemic injury (figure A, below). MRS revealed 

a high lactate peak, reduced NAA peak and split choline peak (figure B, below). Lac/NAA ratio 

for infant 2 was 3.37. 
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Figure 8.6. Changes in mean aEEG, [oxCCO], [HbD] and [HbT] during seizures in infant 1. [oxCCO] increases along with an increase in mean aEEG 

baseline followed by a drop after peak electrical activity while [HbD] and [HbT] drop initially but soon starts increase towards baseline Pre-ictal changes 

are evident in [oxCCO] during seizures 4 and 5 along with Δ[HbD] and Δ[HbT] in 2,4 and 5. Changes in NIRS variables in seizure 1 were noted prior to 

the onset of electrographic seizure. 
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Figure 8.7. Peri-ictal changes in [HbO2] and [HHb] in infant 1. Similar ictal changes were noted in seizures 2-5, where [HbO2] decreased and [HHb] 

increased before returning towards baseline. Immediate pre-ictal changes in cerebral haemodynamics were also evident in seizure 2,4 and 5. 
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Figure 8.8. Continued next page… 
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Figure 8.8. Changes in mean aEEG, Δ[oxCCO], Δ[HbD] and Δ[HbT] during ten (A-J) seizures in infant 2. [oxCCO] increased at the start of the seizures 

and started to drop after seizure peak (like infant 1), despite of very minimal change on mean aEEG voltage. Changes in [HbD] and Δ[HbT] were different 

in this infant with both variables started increasing at the start of the seizures and gradually decreased after the seizure peak. Immediate pre-ictal changes 

in [oxCCO], [HbD] and [HbT] were noted in some of the seizure episodes (D, G, H and I).  
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Figure 8.9. Changes in [HbO2] and [HHb] during ictal and peri-ictal periods in infant 2 were like that noted in infant 1 (figure 7.7). [HbO2] increased and 

[HHb] decreased mostly during seizure (except seizure D, where [HHb] increased during the seizure).
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Figure 8.10. Matrix of correlation coefficients and corresponding data table for each seizure 

were analyzed with principal component analysis.	 Pairwise correlations between the 
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variables with 95% confidence interval (CI) are presented in the table with the significance 

level. Matrix of correlation coefficients summarizes the strength of the relationships 

between each pair of variables and colors the strength of each correlation on a scale from 

red (+1 strongest positive correlation) to blue (−1 strongest negative  

correlation). The closer it is toward 0, weaker the correlation and colour. Mean aEEG was 

significantly correlated positively with Δ[oxCCO]. Both Δ[HbD] and Δ[HbT] were negatively 

correlated with mean aEEG and Δ[oxCCO]. 

 

 

8.4 Discussion 

The changes in cerebral metabolism (as measured by [oxCCO]) and 

haemodynamics (as measured by Δ[HbD] and Δ[HbT]) during 15 episodes of 

neonatal seizures following hypoxic ischaemic injury in two neonates of different 

degree of injury severity, have been described in this study.  To our knowledge, 

this is the first review of Δ[oxCCO] during neonatal seizures following perinatal 

hypoxic–ischemic injury. Δ[oxCCO] reflected the changes in neuronal energy 

demand during seizures while the relationship between cerebral metabolism and 

oxygenation (as measured by Δ[oxCCO] and Δ[HbD] respectively) during seizures 

differed between two neonates with different injury severity (based on EEG, MRI 

and MRS results). 

Simultaneous recordings of EEG with broadband NIRS allow measuring 

hemodynamic and metabolic changes at the time of epileptic discharges detected 

on scalp EEG. Over the last 20 years, different groups have used EEG/NIRS to 

characterize hemodynamic changes in different types of seizures in neonates (9-

13) and to diagnose epilepsy in adults and children (Villringer 1995, Gallagher 

Steinhoff 1996, Adelson 1999, Sokol 2000, Haginoya 2002, Buchheim 2004, 

Munakata 2004, et al. 2008). The ability to monitor the metabolic changes along 
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Figure 8.11. Continued next page… 
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Figure 8.11. In infant 2, mean aEEG didn’t show any significant relationship with Δ[oxCCO], 

Δ[HbD] and Δ[HbT] (PCA correlation 0.05 ± 0.16, 0.06 ± 0.15 and -0.01 ± 0.14 

respectively).  Δ[oxCCO] was correlated with Δ[HbD] (PCA correlation 0.84 ± 0.14, 

p<0.0001 and 0.58 ± 0.47, p<0.0001 respectively). 
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with haemodynamic and electrical changes certainly provides an added advantage 

to understand and characterise the pathophysiological changes during neonatal 

seizures. 

Several neonatal studies have reported an association between electrographic 

seizures and worsened neurodevelopmental outcomes (Clancy 1991, Legido 

1991, McBride 2000, van Rooji et al. 2007) as well as evidence of brain injury on 

MRI following HIE (Glass et al. 2011). High seizure burden was associated with 

worsened outcome after adjusting for underlying brain injury severity (Glass et al 

2009 and 2011). Full-scale intelligence quotients at 4 years were lower (after 

adjustment of MRI based injury severity) in infants with more severe neonatal 

seizures after hypoxic ischaemic injury in a prospective study by Glass et al. 

(2009).  

In a longitudinal study following neonatal encephalopathy, neonatal status 

epilepticus was associated with increased risk for subsequent epilepsy (hazard 

ratio 35·8, 95% CI 6·5–196·5) after adjustment for the initial severity of clinical 

encephalopathy and the degree of brain injury on MRI (Glass et al. 2011). Even 

within a multivariable model, neonatal status epilepticus was associated with 

increased risk for adverse neurological outcomes (OR 20·3, 2·4– 170·7) and 

epilepsy (OR 6·5, 1·3–32·1) (Pisani et al. 2007). The CoolCap trial also reported 

that the absence of seizures was associated with better outcomes at 18 months 

after a multivariable analysis (OR 1·96, 1·02–3·74) in term infants with neonatal 

encephalopathy (Wyatt et al. 2007). 

 

A physiological link between neonatal electrographic seizures and poor outcome 

has been suggested by the results of studies showing impaired metabolism in 

neonates with seizures. Younkin et al. described a 50% reduction in the PCr/Pi 

(phosphocreatine-to-inorganic phosphate) ratio, with the reduction lateralised for  
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focal seizures and global for generalised seizures in four neonates who had 

seizures during nuclear magnetic resonance spectroscopy imaging (Younkin et al. 

1986), lending support to the hypothesis that an acute energy depletion occurs 

during seizures. Interestingly, the PCr/Pi ratio increased immediately in one 

neonate who received phenobarbitone, resulting in seizure cessation. Similarly, 

increased seizure severity was associated with increased lactate and reduced 

markers of neuronal integrity in neonates who had clinical seizures with perinatal 

asphyxia (Miller et al. 2002). These findings suggest that seizures are likely to 

induce a metabolic decompensation that could cause or exacerbate neonatal brain 

injury (Abend et al. 2013). These clinical findings have been strongly supported by 

preclinical findings suggesting that recurrent seizures and prolonged seizures 

damage the developing brain and affect outcome following brain injury (Duffy 1975, 

Holmes 2005, Ben-Ari 2006, et al.). A close relationship has been described 

between seizure induced neuronal injury and deficits in energy metabolism due to 

mitochondrial dysfunction (Milatovic et al. 2001). 

 

Cerebral metabolic rate significantly increases during seizures due to increased 

neuronal demand. This has been described in the measurements of oxygen 

consumption (CMRO2) and glucose uptake and metabolism (Meldrum 1976, 

Bainbridge 2014). The findings from both infants in this study with the increase of 

[oxCCO] at the onset of seizures and gradual decline following the peak of seizure 

reflects the increase in mitochondrial oxidative metabolism in response to massive 

increase in energy demand and presents the nature of the changes in neuronal 

activity during seizures. The different degree of increase in [oxCCO] (increased by 

3.30 ± 1 μMol/L in infant 1 and 0.76 ± 0.25 μMol/L in infant 2) also relate to the 

degree of changes in the electrical activity (as infant 2 had a very low voltage 

seizures). After the recurrent seizures, the progressive decease in the [oxCCO] 
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baseline indicated a drop in mitochondrial oxidative capacity and correlates with 

the drop in high energy metabolites following recurrent seizures. Broadband NIRS 

measured oxCCO signal follows the same trajectory and correlates with high-

energy phosphates during primary and secondary energy failure following 

hypoxic–ischemic brain injury, indicating its ability to represent the changes in 

mitochondrial energy state (Cooper 1997, Bainbridge 2014 et al.). An increase in 

the activity of cytochrome-c-oxidase during early seizures has also been 

demonstrated in kainic acid induced seizures (Chapman et al. 1985) in rats. 

Increased cerebral blood flow during the ictal phase of induced seizures was first 

demonstrated by Penfield et al. (Penfield et al. 1939). Subsequent studies also 

confirmed the increase in CBF during neonatal seizures (Boylan 1999, Perlman 

1985, Borch 1998, Vanderhaegen et al. 2009). Although this is a physiologic 

response to increased neuronal metabolic demand, the immediate increase in CBF 

can exceed or fall short in relation to change in the metabolic rate. This is reflected 

in different haemodynamic responses reported in many studies. During seizures, 

MABP increases along with a marked vasodilatation related to local release of NO 

and adenosine. When the increase in CBF exceeds CMRO2, the oxygen content 

of the venous blood is increased with an increase in TOI (Wallois et al. 2009). On 

the other hand, TOI and FTOE values decreased during other seizures indicating 

the increase in local blood flow did not fully compensate for the increase in oxygen 

consumption. In this study, [HbD] and [HbT] initially dropped briefly in infant 1 at 

the start of the seizures, indicating that the increase in cerebral blood flow was not 

adequate to meet the increasing oxygen metabolism, but soon [HbD] and [HbT] 

start to increase as the balance between the oxygen consumption and delivery re-

establishes. In comparison, the neuronal demand at the start of the seizures in 

infant 2 was likely to be less (as reflected in low voltage seizures), resulting in an 

increase in [HbD] and [HbT] from the beginning of seizure episodes. The rise in 
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CBF was clearly compensating for the increase in the metabolic rate during the 

seizures in infant 2. In most circumstances, tissue oxygen consumption during 

seizures is significantly higher than during normal neuronal activation e.g., during 

event related potential. Hence, an increase in [HHb] is evident when reactive 

increase in regional blood supply wasn’t enough, as demonstrated in infant 1. But, 

the increase in regional flow exceeds or able to meet the demand of increased 

metabolic demand in infant 2, leading to a drop in [HHb] and increase in [HbO2]. 

Different type of haemodynamic responses observed in neonates and children 

during seizures in previous studies have been eloquently summarised by Wallois 

et al. (Wallois et al. 2010). Patterns of different haemodynamic changes have also 

been used to differentiate between different types of epilepsies in children 

(Haginoya 2002, Roche-Labarbe et al. 2008) and adults (Sokol et al. 2000). 

 

In both infants, we noticed immediate pre-ictal (just prior to the onset of 

electrographically defined seizures) changes in frontal cerebral haemodynamics 

and metabolism during some (2,4 and 5 in infant 1 and   D, G, H, I in the 2nd infant) 

seizure episodes. This frontal pre-ictal change in haemodynamics have been 

described before in neonates (Wallois 2010, Singh et al. 2014), children (Roche-

Labarbe et al. 2008) and adults (Seyal et al. 2014). Three possible explanations 

been presented by Roche-Labarbe et al. (2008). First, neuronal activity changes 

started earlier than those picked up by scalp electrodes during seizures on EEG 

but were not synchronized in the beginning, therefore were not visible on the EEG, 

but changes in oxygen consumption had already been started. Second, although 

the deactivation started earlier and was synchronized, the number of neurons 

involved in the beginning was below the detection threshold of action potential on 

EEG. Third, neuronal deactivation started earlier, but the initial population was 

deep and thus not detected by the surface electrodes and wasn’t visible on EEG. 
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The difference in the depth and area sampled by EEG and NIRS may also be a 

contributing factor. It is also tempting to postulate that the changes are linked to 

the increased preictal cortical	excitability demonstrated with transcranial magnetic 

stimulation (Badawy et al. 2009). 

The relationship between the cerebral oxygenation and metabolism during the 

seizure episodes was very different among the two infants. The PCA correlation 

coefficient between [HbD] and [oxCCO] in infant 1 was -0.67 ± 0.12, p<0.0001, 

while they were positively correlated in infant 2 (0.84 ± 0.14, p<0.0001). This was 

most likely related to the higher degree of neuronal injury in the infant 2, reflected 

as suppressed EEG background with minimal voltage change during seizures, 

reduced metabolic changes and increased CBF in the brain.  

 

8.5 Limitations 

We were not able to comment whether [oxCCO] values would have returned 

toward baseline after seizure cessation as our recording stopped at 90 min in both 

cases. Our observed Δ[oxCCO] baseline drift during the study could be related to 

increased adenosine concentrations during seizures, resulting in suppression of 

mitochondrial metabolism. Excessive neuronal activation, as occurs during a 

seizure, leads to neuronal release of adenosine that acts on synapses (Lovatt 

2012, Ilie et al. 2012) and terminates seizures (Van Gompel et al. 2014). 

Interestingly, the EEG background remained suppressed for another 30 min after 

we stopped NIRS monitoring in infant 1 and remained very suppressed throughout 

TH for infant 2. A clinical decision was taken after the second seizure in infant 1 to 

stop rewarming, lower the body temperature by 1°C, and commence a bolus dose 

of phenobarbitone. Ictal changes in cerebral metabolism and haemodynamics 

followed a similar pattern before and after these changes. Ventilatory oxygen 
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delivery and transcutaneous CO2 readings remained stable during the study for 

both infants. 

 

8.6 Conclusion 

We present a set of novel bedside observations to monitor brain metabolism during 

seizures in the newborn brain after perinatal hypoxic–ischemic injury. A rapid 

increase in Δ[oxCCO], a non-invasive real-time measurement of mitochondrial 

oxidative metabolism, indicated an increase in neuronal activation and energy 

demand during seizures. The progressive fall in the Δ[oxCCO] baseline during 

repeated seizures indicated a decrease in mitochondrial oxidative metabolism, 

which may explain the exacerbation 

of brain injury after repeated or prolonged seizures. However, the interpretation of 

these measurements is complex, and it is unclear to what extent such changes 

contribute to long-term neurodevelopmental outcome. Acute sharp changes in 

[oxCCO] during seizures even in very low voltage seizure episodes raises the 

possibility of using this variable as part of a seizure detection protocol. Δ[oxCCO] 

together with Δ[HbD] and Δ[HbT] gave us an wonderful insight about the possible 

pathophysiological changes in newborn brain during seizures. 
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Chapter 9: Relationship between cerebral metabolism, oxygenation 

and haemodynamics with systemic blood pressure following hypoxic 

ischaemic encephalopathy 

 

9.1 Introduction 

Cerebral autoregulation (CA) maintains a constant cerebral blood flow (CBF) over 

a range of cerebral perfusion pressure and helps to protect the normal brain from 

hypo- and hyperperfusion (Griesen et al. 2014). This constant blood flow is 

maintained through neural, hormonal and metabolic mechanisms. Loss of 

pressure autoregulation following brain injury has been related to injury severity 

and outcome in adults following traumatic brain injury (Steiner 2008, Zweifel et al. 

2010), in children with traumatic brain injury (Brady et al. 2009) and both in preterm 

(Soul 2007, Gilmore et al. 2011) and term (Howlett et al. 2013) infants. Cerebral 

vasoparalysis leading to abnormal cerebral haemodynamics, oxygenation and 

impaired cerebral autoregulation following HIE has been suggested to contribute 

further to neuronal injury and was related to outcome in pre-hypothermic era (Pryds 

O 1990, Meek J et al. 1999). In recent years, further attempts have been made to 

re-examine the cerebrovascular pressure reactivity and its relationship with 

outcome in neonates who underwent therapeutic hypothermia after perinatal 

hypoxia-ischaemia. Massaro et al. (2015) demonstrated that measurements of 

spectral coherence between MABP and HbD, differ between newborns with HIE 

who die or have moderate to severe MRI brain injury and survivors with normal to 

mild injury. Infants with adverse outcomes had longer duration and higher 

magnitude of cerebral pressure passivity following hypoxia-ischemia. Burton et al. 

(2015) monitored the cerebral vasoreactivity based on hemoglobin volume index 

(HVx) and used it to identify the individual optimal mean arterial blood pressure 
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(MAPOPT) at which autoregulatory vasoreactivity is best. Children with poor 

neurodevelopmental outcome at 2years of age, had higher MAPOPT values, spent 

more time with MABP below MAPOPT, and had greater blood pressure deviation 

below MAPOPT during rewarming. Greater blood pressure deviation above MAPOPT 

during rewarming was associated with less disability and higher cognitive scores. 

 

Disturbances in cerebral oxidative metabolism following perinatal hypoxic 

ischaemic injury is also well known along with changes in cerebral oxygenation 

and haemodynamics. Clinical (Azzopardi et al. 1989) and preclinical (Lorek et al. 

1994) studies using phosphorus MRS (31P MRS) have elegantly documented the 

changes in brain energy state through primary and secondary energy failure. Toet 

et al. (2006) described the changes in cerebral oxidative metabolism along with 

cerebral oxygenation together following HIE in a group of 9 infants. A drop in 

fractional tissue oxygenation extraction (FTOE) and rise in regional cerebral 

oxygen saturation (rSO2) was noted around 24 hours of age in infants with an 

adverse neurodevelopmental outcome, indicating the development of secondary 

energy failure in the severe group of infants. A decrease of FTOE suggests less 

utilisation of oxygen by brain tissue in comparison to supply. This mismatch 

between CBF and oxygen consumption was implicated to an HIE-induced 

vasoparalysis of the resistance vessels of the cerebral vascular bed. In a group of 

adults following traumatic brain injury, Steiner et al. (2003) described a close 

relationship between disturbed pressure reactivity and cerebral metabolism, 

measured as cerebral metabolic rate for oxygen (CMRO2) obtained from positron 

emission tomography (PET). Both FTOE and CMRO2 are derived markers of 

cerebral metabolism while monitoring of ([oxCCO]) at cot side has the potential to 

directly monitor cerebral oxidative metabolism. Tisdall M et al. (2007) has recently 

shown that the broadband NIRS derived changes in the cerebral concentrations of 
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oxidized CCO ([oxCCO]) in adults correlate with estimated changes in cerebral 

oxygen delivery (ecDO2) calculated using pulse oximetry and transcranial Doppler 

ultrasonography.  

These findings further raise the importance of reviewing the role of a cot side 

metabolic reactivity index using [oxCCO] to identify the sicker infants with profound 

disturbance in cerebral metabolism following HIE and relate to 

neurodevelopmental outcome. 

We hypothesised that a metabolic reativity index based on an advanced signal 

processing technique with high time-frequency resolution between the slow wave 

oscillations of [oxCCO] and MABP early during therapeutic hypothermia after HIE, 

will – a) will be able to identify infants with severe HIE and differentiate them from 

infants with mild to moderate HIE, b) correlate with early biomarkers of outcome 

(1H MRS derived Lac/NAA obtained between D5-9). 

 

9.2 Previous methodologies and limitations 

Different methodologies have been used to assess cerebrovascular reactivity in 

newborn infants using Doppler (Mitra 2014, Rees et al. 2016) and NIRS. Multiple 

reactivity indices were investigated examining the relationship between the 

spontaneous oscillations in MABP, Doppler flow velocity (FV) (Mitra 2014), CBV 

(Howlett et al. 2013) and cerebral oxygenation (Caicedo et al. 2011). Cerebral 

oxygenation can be measured as haemoglobin difference (HbD=HbO2-Hb) (Soul 

et al. 2007) or as spatially resolved spectroscopy (SRS) based cerebral tissue 

oxygenation (Wong 2008) and regional oxygen saturation (Gilmore et al. 2011). 

Total haemoglobin is measured as a derivative of oxy- and deoxy-haemoglobin 

(HbT= HbO2+Hb) has been used as a surrogate marker of CBV (Howlett et al. 

2013).  
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Slow waves (0.003-0.05 Hz) in these NIRS variables and FV have been correlated 

with MABP over time to create non-invasive reactivity indices, based on a running 

correlation between two variables to assess autoregulation. Cerebral oximetry 

index (a running correlation between cerebral tissue oxygenation and MABP) 

(Gilmore et al. 2011) and mean flow velocity index (Mx) (derived from FV and 

MABP) (Zweifel et al. 2008) have been used as flow-based measurements while 

HVx (running correlation between HbT and BP) (Howlett et al. 2013) has been 

used as a volume based measurement. PRx, an invasive reactivity index is derived 

from intracranial pressure (ICP) and MABP and has been used in assessing 

cerebrovascular reactivity following hypoxia-ischaemia in pre-clinical model 

(Chakkarapani et al. 2013) and in children with traumatic brain injury (TBI) (Brady 

et al. 2009), as well as in adults following traumatic brain injury (Zweifel et al. 2008). 

Similarly, coherence and gain were measured in frequency domain analysis (Wong 

et al. 2008).  

The major limitation for these analysis techniques is the assumption of stationary 

relationship between cerebral and systemic variables. Cerebrovascular 

autoregulation is a dynamic and nonstationary phenomenon. All these signals vary 

both in time and frequency, particularly under pathological conditions (Panerai et 

al. 2014).  

 

9.3 Wavelet analysis 

Although wavelet transform analysis has been widely used in the field of 

geophysics and economics for a long time, it has been applied recently in traumatic 

brain injury (TBI) in adults (Kvandal 2013, Highton 2015, Liu et al. 2017) and in 

perinatal brain injury (Tian 2016, Chalak et al. 2017). It can overcome the 

drawbacks of traditional signal processing techniques and can characterise the 
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changes in reactivity with high time-frequency resolution. Wavelet based metrics 

of phase, gain and coherence can describe the dynamic relationship between 

MABP and cerebral oxygenation (SctO2) (Tian 2016 et al.). Cerebral autoregulation 

in infants with HIE was time-scale dependant in nature. Both in-phase and anti-

phase coherence were related to worse clinical outcome. This group then further 

used wavelet analysis to describe neurovascular coupling in neonatal 

encephalopathy with the assessment of coherence between SctO2 and amplitude 

integrated electroencephalogram (aEEG). The coherence was significantly low in 

encephalopathic infants and infants with abnormal neurodevelopmental outcome 

at 2 years of age (Chalak et al. 2017). In a review of 550 patients with TBI, Liu et 

al. has demonstrated that wavelet based wPRx has multiple advantages in 

comparison to traditional PRx. wPRx was more stable over time, presented more 

consistent recommendations for optimal cerebral perfusion pressure and revealed 

a stronger relationship with outcome (Liu et al. 2017).  

Wavelet analysis used in this study has been discussed in detail in the next section. 

 

9.4 Methods 

This prospective observational study was approved by the research ethics 

committee of University College London Hospital and London Bloomsbury REC. 

Informed written consent was taken from parents before each study. 

 

 

9.4.1 Study subjects and clinical care 

Stable term infants admitted to the neonatal unit in University College London 

Hospital for management of hypoxic ischaemic encephalopathy were approached 

for enrolment. All infants were undergoing therapeutic hypothermia. Unstable or 
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sick infants and infants with suspected congenital abnormality, were excluded. 

Clinical decisions including the implementation of therapeutic hypothermia and 

other supporting treatments were taken by the on duty clinical team in the neonatal 

intensive care. Whole body hypothermia with rectal temperature monitoring was 

commenced in the earliest opportunity in this group of infants after evidence of 

moderate to severe HIE, as per the guideline from National Institute for Health and 

Clinical Excellance (NICE 2010). The diagnosis of moderate to severe HIE was 

based on early clinical examination after birth, need and duration of resuscitation, 

umbilical cord gas results and initial electrophysiological findings on EEG and 

aEEG. All infants were commenced on 10 channel neonatal montage EEG soon 

after admission to the neonatal unit. We used a servo-controlled cooling machine 

(Techotherm Neo, Inspiration Healthcare, UK) to commence active cooling and 

maintain rectal temperature at 33.5oC for 72 h before increasing the temperature 

back to 37oC over a period of 14 h. 

 

 

9.4.2 Monitoring and data collection 

Broadband NIRS data along with physiological monitoring variables were collected 

over 2-4 hours from each infant. The most clinically stable 1 hr period from this 

monitoring period was selected for analysis. Emphasis was given to  

 



	

	
	

	

188 

 

 

Figure 9.1. Representative multimodal dataset collected over a 60-minute period from one 

infant. Systemic parameters (HR, SpO2, MABP and tcCO2) remained stable during the 

study period. 

 

 

choose the period during which transcutaneous CO2 (tcCO2) and pCO2 recordings 

were stable and within normal limit (figure 9.1) to avoid any change in 

the vasoreactivity during the study period. As part of the clinical care, all infants 

received continuous sedation (morphine sulphate 20-30 microgram/kg/hr) and 

muscle relaxant (atracurium 10 microgram/kg/min) during therapeutic 

hypothermia. All infants had umbilical lines and continuous invasive blood pressure 

was monitored, MABP was used for the analysis. Physiological monitoring 



	

	
	

	

189 

variables were collected from individual patient monitors (Philips Intellivue, Philips, 

UK) using ixTrend software (iexcellance, Germany), down sampled and 

synchronised with broadband NIRS data using spline interpolation on a MATLAB 

(MathWorks, Natick, MA, USA) based software. A customised software based on 

LabView (National Instruments, TX, USA) was developed to collect NIRS data. 

NIRS changes were similar from both left and right side, data from left side were 

taken for analysis with thalamic Lac/NAA as the thalamic voxel is always placed 

on the left side during 1H MRS. 

 

9.4.3 Broadband NIRS data collection 

A novel broadband NIRS system (as described in chapter 5) was used to collect 

data regarding the changes in cerebral metabolism ([oxCCO]) and oxygenation 

([HbD]) and haemodynamics ([HbT]) during the study period. Both HbD (HbO2-

HHb) and HbT (HbT=HHB+HbO2) were derived from HHb and HbO2 signals. 

 

9.4.4 Data processing 

Broadband NIRS data were visually inspected along with MABP to identify 

artefacts. Sudden changes in broadband NIRS variables greater than 15% from 

baseline and not consistent with other signals were identified as artefacts. 

Artefacts from broadband NIRS datasets were removed using a moving standard 

deviation and spline interpolation on a MATLAB based code (MARA), as described 

by Scholkmann et al. (2010). Broadband NIRS data was then further processed 

with an automatic wavelet de-noising function in MATLAB to reduce the high 

frequency noise, but keeping the trend information intact. Brief transient artefacts 

noted in MABP information were removed by single interpolation. 
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9.4.5 Slow wave analysis 

In view of the non-stationary nature of cerebral reactivity, slow waves (SW) in 

broadband NIRS signals ([oxCCO], [HbD] and [HbT]) and MABP were analysed 

using a MATLAB based wavelet analysis tool with an aim to achieve a high time- 

frequency resolution. For this study, a MATLAB based wavelet analysis toolbox  

 

 

 

 

Figure 9.2. Data collection, processing and wavelet analysis algorithm. Both systemic and 

NIRS data were checked initially for artefacts, which were removed before further 

processing to reduce the high frequency noise. Continuous wavelet transform was 

performed on both MABP and broadband NIRS data. The wavelet cross transform was 

then used between these wavelets transform to calculate the measures of power (wavelet 

coherence) and the instantaneous phase difference (wavelet semblance) (Mitra et al. 

2017). Reproduced with permission. 
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was adapted from the wavelet analysis technique described by Highton et al. 

(2015). A scheme of data collection, data processing and slow wavelet analysis 

using wavelet technique, is described in figure 9.2. 

The continuous wavelet transform (CWT) was used with the complex Morlet 

wavelet. CWT gives detailed information of each frequency component over a 

timeframe and is a powerful mathematical tool for time-frequency analysis for both 

stationary and non-stationary time series. 

The equation 1 below describes how continuous wavelet transform (Wx
n) presents 

the convolution of time series x, with a translated and scaled version of a mother 

wavelet (y), s indicates the scaling factor and h, a translational factor. 

 

 

The complex Morlet wavelet was used with a centre frequency (v0) 1 and scaling 

factor (h) 1 to enable a good localisation in respect to time and frequency (equation 

2 below). 

 

The continuous wavelet transform was performed from scales 1 to 150 on 1 Hz 

data points with respect to different time points (n). This created Wx
n, presenting 

the complex time series of broadband NIRS signals and MABP. The wavelet cross 

transform (Wxy) between these wavelet transforms (equation 3) were further used 

to calculate the measures of power and instantaneous phase difference (Df) 

(equation 4). 
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The wavelet semblance was calculated as a cosine of instantaneous phase 

difference (equation 5) between MABP and broadband NIRS variables. It created 

an index spreading from +1 to -1 to indicate whether the slow waves from two 

variables were completely in phase (+1) or 180o out of phase (+1).  This is similar 

to other reactivity indices (PRx, Mx, Cox) described in time domain previously. 

 

Wavelet coherence was calculated (equation 6) in the way described by Torrence 

and Compo, slightly modified to calculate co-efficient at each scale.  Smoothing 

was performed in respect to time and frequency (indicated by the brackets). 

Smoothing was performed in a Gaussian distribution defined by the footprint of 

Morlet wavelet at each scale. 

 

 

An example of the wavelet signal analysis demonstrating wavelet coherence and 

semblance between two variables is presented in figure 9.3. Haemodynamic 

(wavelet coherence and semblance between MABP and [HbD] and [HbT]) and 

metabolic (wavelet coherence and semblance between MABP and [oxCCO]) 

reactivity indices were calculated over 1h and mean values over this period were 

taken for further analysis. 
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Figure 9.3. Example of the wavelet analysis between two imaginary signals A and B with 

calculated coherence and semblance over time (marked on x-axis) (adapted from Highton 

et al. 2015). In segments from 1 to 3, the variables are synchronised and reduce gradually 

in frequency over segments. Coherence panel reveals high coherence in different 

frequency range marked in dark grey colour, with a 95% confidence limit marked by the 

black line around it. The signals are in also in phase in segments 1 and 2, producing a 

more positive value, indicated by the red colour. Although the waves are synchronised in 

segment 3, the variables do not change in same phase resulting a negative semblance 

value, indicated by a blue colour.  In segment 4, presence of random noise in the signals 

reveal no coherence or a pattern of semblance. Reproduced with permission. 
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9.4.6 Magnetic resonance imaging and spectroscopy 

MRI of brain is the imaging modality of choice following HIE and together with 

Lac/NAA peak area ratio from 1H MRS used for assessment of injury severity and 

future prognostication (Shankaran S 2015, Alderliesten T 2017). MRI and 1H MRS 

of brain were performed in this cohort after rewarming between day 5 and 7 using 

a 3T Philips MRI scanner (Philips Healthcare, UK). Lac/NAA peak area ratio <0.3 

was documented against good outcome while infants with Lac/NAA >=0.3 were 

included in the group with expected poor neurodevelopmental outcome (Thayyil 

2010).  

T1 and T2-weighted imaging was acquired along with diffusion tensor imaging in 

32 directions of diffusion. Apparent diffusion coefficient (ADC) and fractional 

anisotropy (FA) maps were reconstructed inline on the MRI scanner. All these 

sequences were reviewed and reported by a consultant neuroradiologist during 

regular neonatal neurology multidisciplinary team meetings and MRI images were 

scored together. NICHD neonatal MRI brain injury scoring system described by 

Shankaran et al. (2015) for prediction of neurodevelopmental outcome at six to 

seven years of age following HIE, was used for scoring. The scores are between 

0 and 3 indicating involvement of different structures (figure 9.4). Specific patterns 

of injury type 2B (basal ganglia thalamic (BGT), anterior or posterior limb of internal 

capsule (ALIC or PLIC), or watershed (WS) infarction and cerebral lesions) and 3 

(cerebral hemispheric devastation) in the multicenter NICHD study were highly 

predictive of death or IQ<70 at six to seven years of age. 

For thalamic 1H MRS, a single PRESS voxel of1.5X1.5X1.5 cm was positioned on 

the left thalamus avoiding overlap with any CSF space. then individually frequency 

and phase corrected before summation to produce the final full  
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Figure 9.4. NICHD scoring system for newborn brain MRI following HIE (Shankaran et al. 

2015). Reproduced with permission. 

 

 

spectrum (Bainbridge A 2013). Thalamic Lac/NAA peak area ratio <0.3 was used 

as a marker of normal outcome following HIE. 

 

9.4.7 Neurodevelopmental outcome 

All infants born in our hospital had regular neurodevelopmental follow-up after HIE 

and were assessed with Bayley Scales of Infant Development-III. Infants born in 

different hospitals and were transferred to us for management of HIE, were also 

offered the first assessment in our hospital and had the opportunity to choose 

further assessments in either our hospital or in their local units. A motor composite 

score of <85 at 12 months of age was considered as poor outcome (mean 100, 

SD±15). In this study, infants with poor neurodevelopmental outcome and death 
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were compared with the group who survived with a good outcome at one year of 

age. 

 

9.4.8. Blood pressure variability 

It was important to review the MABP variability in the SW spectrum (0.003–0.05 

Hz) and the relationship with outcome in the study population before commenting  

 

 

 

Figure 9.5. Examples of power spectral (PSD) analysis presented here in two different 

infants with poor outcome – Figure A and C represents the raw MABP signal and figure B 

and D present the power spectral density of respective MABP data. SW power and 

SW/Total power were 1.01 and 0.43 for the MABP signal in figure A, while SW power and 

SW/Total power were 18.68 and 0.96 respectively for MABP signal in figure C.        
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on the relationship between metabolic and haemodynamic reactivity with outcome. 

This was assessed in the frequency domain using established spectral analysis 

techniques (Tachtsidis 2004, Wong et al. 2012). Power spectral density (PSD) 

analysis was performed using Welch’s method to determine the power in the SW 

range and a power index calculated based on SW power/Total power using 

MATLAB. Examples of PSD analysis to review MABP variability in two infants with 

poor outcome are presented in figure 9.5.  

 

9.4.9 Statistical analysis 

Different indices and variables in this study has been documented using median, 

range or with mean±standard deviation as appropriate. All datasets were checked 

for normality using D’Agostino-Pearson omnibus normality test in Graphpad Prism 

6 (GraphPad, USA) before further statistical analysis. Welch’s correction was 

performed before comparison between groups when standard deviation was 

different. Statistical significance was considered as p<0.05. 

 

9.5 Results 

Twenty-three term newborn infants with moderate to severe HIE participated in the 

study while undergoing	HT. One hour datasets collected during stable periods at a 

mean age of 48 h were analysed during which tcCO2 remained stable. Brain MRI 

and thalamic MRS were performed between day 5 and 7 of life. Four infants died 

within the first year of life. Patient characteristics are presented in Table 9.1. No 

significant changes in ventilator support or systemic variables (heart rate, 

peripheral arterial oxygen saturation (SpO2) and MABP) were noted during the 

study periods. 
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Table 9.1. Patient characteristics in the study cohort (Mitra et al. 2017). Reproduced with 

permission. 

 

 

Wavelet coherence and semblance between oxCCO and MABP in this cohort were 

measures as 0.37±0.08 and 0.06±0.13, respectively. The wavelet coherence and 

semblance between HbD and MABP were 0.42±0.09 and 0.12±0.17, while HbT-

MABP coherence and semblance were 0.38±0.06 and 0.07±0.14. Thalamic 

Lac/NAA on 1H MRS ranged between 0.11 and 2.64. 

A significant correlation was noted between oxCCO-MABP semblance and 

thalamic Lac/NAA (r=0.48, p=0.02) (figure 9.6A). The relationships between 

thalamic Lac/NAA with HbD-MABP semblance (r=0.26, p=0.22) (figure 9.6B) and 

HbT-MABP semblance were non-significant (r=0.24, P=0.28) (figure 9.6C). No 

clear relationship between thalamic Lac/NAA and oxCCO-MABP wavelet 

coherence was noted (r=0.1, p=0.62) (figure 9.7A). This was similar also for the 

relationship between thalamic Lac/NAA and HbD-MABP coherence  
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Figure 9.6. Linear regression analysis between thalamic Lac/NAA and wavelet semblance 

indices between MABP and oxCCO (A), HbD (B) and HbT (C). Only MABP-oxCCO 

semblance revealed a significant relationship with thalamic Lac/NAA (Mitra et al. 2017). 

Reproduced with permission. 
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Figure 9.7. Linear regression analysis between thalamic Lac/NAA and wavelet coherence 

indices revealed no significant relationship (Mitra et al. 2017). Reproduced with permission. 
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(r=0.03, p=0.9) and HbT-MABP coherence (r=0.06, P=0.8) (figure 9.7 B and    

C) respectively. 

OxCCO-MABP semblance, was significantly different (two tailed p 0.04) between 

good and poor outcome groups of infants based on thalamic Lac/NAA cut off 0.3 

(cohorts with Lac/NAA<0.3 and Lac/NAA>=0.3) (figure 9.8 A). No significant 

differences were noted in the similar groups based on HbD-MABP and HbT-MABP 

semblance difference (two tailed p=0.18 and 0.51, respectively) (figure 9.8 B and 

C). 

Wavelet coherence indices for oxCCO-MABP, HbD-MABP and HbT-MABP in two 

outcome cohorts based on Lac/NAA cut off 0.3, were not different (two tailed 

p=0.96, 0.88 and 0.35, respectively) (figure 9.9). 

OxCCO-MABP semblance was further compared between two outcome groups 

based on the NICHD MRI scores <2B and =>2B. Nine infants in the study cohort 

had scores =>2B. A significant difference was noted (two tailed p=0.04, effect size 

(Cohen’s d) 0.94) between these two groups (figure 9.10). 

Neurodevelopmental follow up data were available for 11 infants up to 12 months 

of age. Four infants died within the first year. OxCCO-MABP semblance was 

significantly different when compared between two outcome groups - poor 

outcome (death or Bayley III motor composite score<85) and good outcome 

(Bayley III motor composite score=>85) (two tailed p=0.04, effect size (Cohen’s d) 

1.52) (figure 9.11). 

Wavelet analysis has the potential to present an excellent visualisation of the 

relationship between the variables being examined in individual infants.	Figures   

9.12 and 9.13 demonstrate examples of preserved and disturbed metabolic 

reactivity (oxCO-MABP semblance) in two infants with good and poor outcomes 

respectively following HIE. MRI images and the MRS thalamic spectra are also 

presented. 
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Figure   9.8. Boxplots showing wavelet semblance between MABP and broadband NIRS 

variables compared between two outcome groups based on thalamic Lac/NAA cut off 0.3. 

Only oxCCO-MABP semblance was significantly different between two groups (p=0.04) 

(Mitra et al. 2017). Reproduced with permission. 
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Figure 9.9. Box and whiskers plots for wavelet coherence indices in normal and poor 

outcome groups revealed no significant differences (two tailed p=0.96, 0.88 and 0.35, 

respectively) (Mitra et al. 2017). Reproduced with permission. 
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Figure 9.10.	Difference in oxCCO-MABP semblance in two groups of infants with MRI 

score<2B (grey) and =>2B (red) (Shankaran et al. 2016) indicating a significant difference 

(two tailed p=0.04) between the groups (mean and SEM presented) (Mitra et al. 2017). 

Reproduced with permission. 

 

 

 

Figure 9.11.	Relationship between the oxCCO-MABP semblance and neurodevelopmental 

outcome at 12 months of age following HIE. OxCCO-MABP semblance was compared 

between two groups of infants – death or motor disability at 12 months with Bayley III motor 

composite score<85 (red) and normal motor outcome with Bayley III motor composite 

score>85 (grey). Significant difference (two tailed p=0.04) noted between two groups of 

infants (Mitra et al. 2017). Reproduced with permission. 
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Figure 9.12. Individual example of wavelet coherence and semblance calculation between 

MABP and oxCCO in an infant admitted with moderate encephalopathy. The infant was 

born in poor condition following fetal bradycardia at 37+6 weeks by emergency caesarean 

section and was resuscitated at birth. Arterial cord revealed pH 6.99, pCO2 12.81 and BE 

-10.2 with Apgar score 1 at 1 min and 5 at 5 min. Infant completed 72 h of TH. Mean 

coherence and semblance for the study were 0.46 and -0.11 respectively (a). There was 

generalised low signal intensity was noted on the T1-weighted images and high signal 

intensity on the T2-weighted images on MRI on day 5, but no overt acquired pathology was 

noted (b). 1H MRS-derived Lac/NAA peak area ratio was measured 0.25 with normal 

choline (Ch), creatinine (Cr), N-acetyl aspartate (NAA) peak and a small lactate (Lac) peak 

(c) (Mitra et al. 2017). Reproduced with permission. 
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Figure 9.13. Example of passive oxCCO-MABP reactivity in an infant admitted with severe 

HIE. This infant was born at 41+2 weeks by emergency caesarean section following fetal 

bradycardia and evidence of thick meconium. Baby was born with no respiratory effort with 

a heart rate of <60/min and needed resuscitation. Arterial cord gas revealed pH 7.09. pCO2 

8.30. BE -12.30. Apgar scores were 2 and 3 at 1, 5 min. Baby received TH. Wavelet 

coherence and semblance between oxCCO and MABP – 0.54 and 0.37 (A). Note the 

difference in semblance colour map in contrast to figure 9.12. EEG remained significantly 

suppressed. MRI of brain on day 5 revealed global cerebral swelling and edema with 

restricted diffusion in keeping with global infarction (B). 1H MRS revealed a split choline 

peak, a smaller NAA peak and a raised Lac peak. Lac/NAA ratio was 1, indicating a severe 

degree of DGM injury (C). Metabolite concentrations are reduced in the thalami of neonates 

with severe HIE (Cheong JL 2006) compared to normal/mild outcomes. As a result, spectra 

acquired from the brains of neonates with severe HIE have a lower signal to noise ratio 

(SNR). This effect can be seen comparing with figure 9.12 (Mitra et al. 2017). Reproduced 

with permission. 
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Figure 9.14. Receiver operating characteristics curve for outcome prediction using oxCCO-

MABP wavelet semblance following HIE at 48 h of life during therapeutic hypothermia. Area 

under curve (AUC) was 0.72. 

 

 

The wavelet analysis with coherence and semblance plots between oxCCO and 

MABP for each infant have been presented in appendix A. 

The ability of oxCCO-MABP wavelet semblance in distinguishing between different 

outcomes was reviewed using receiver operating characteristics (ROC) curve 

(figure 9.14). Area under ROC (AUC) was 0.72. 

Power in the slow wave frequency range (0.003 – 0.5 Hz) and SW/Total power for 

MABP were compared between two outcome groups based on the Lac/NAA cut 

off 0.3. No significant difference was noted between the groups (p value 0.26 and 

0.93 respectively). 

 

9.6 Discussion 

Relationship between oxCCO and MABP after HIE during TH predicted outcome 

in this study. The metabolic reactivity index, defined as the wavelet semblance 
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between oxCCO and MABP at 48 h of life after HIE correlated with both short term 

outcome biomarker (thalamic Lac/NAA peak area ratio derived from 1H MRS 

between day 5-7 and NICHD MRI scores) and neurodevelopmental outcome at 1 

year of age. Blood pressure variability was not different in the two different outcome 

groups. 

 

9.6.1 Metabolic and haemodynamic reactivity indices 

Cerebral metabolic changes following HIE are well known, but the role of a 

metabolic reactivity index has not been reviewed so far. Altered cerebrovascular 

reactivity and outcome following newborn brain injury has been investigated so far 

in preterm and term infants using haemodynamic reactivity indices.  

OxCCO-MABP wavelet semblance representing the metabolic reactivity index in 

this study, most likely demonstrate the metabolic response to blood flow changes 

and substrate delivery following hypoxic ischaemic injury to developing brain and 

became a marker of mitochondrial function after HIE. It was clear from the findings 

that oxCCO-MABP semblance was identifying the group of infants where altered 

cerebral vasoreactivity was affecting the flow-metabolism coupling. This probably 

explains why it is more closely related to outcome in this study in comparison to 

HbD-MABP and HbT-MABP semblance. It was interesting to note that HbD-MABP 

performs better than HbT-MABP semblance in relation to short term outcome, 

though does not reach significance. This probably indicated the important role of 

cerebral oxygen delivery following HIE. 

Wavelet coherence over time indicates where signal power between two variables 

change together and indicate the changes in power and phase synchronisation, 

being measured between 0 to +1. In contrast, wavelet semblance gives a measure 

of the phase difference between two variables making it more suitable for use as 
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a cerebrovascular reactivity index. It is measured between -1 to +1, making it more 

intuitive and similar to all time domain reactivity indices used in newborn infants, 

children and adults. Wavelet semblance was superior to wavelet coherence in our 

study in relation to outcome prediction and this corroborates with the previous 

findings from adult and neonatal studies. Latka et al. (2005) demonstrated in 

healthy adult volunteers that phase dynamics between MABP and cerebral blood 

flow velocity (CBFV) reflected most of the linear and non-linear characteristics of 

cerebral autoregulation. In a group of elderly autonomic failure patients, Rowley et 

al. (2007) has shown that the estimation of phase relationship between the 

oscillations in MABP and NIRS derived HbO2 using wavelet transform was helpful 

for evaluating the dynamic properties of cerebral autoregulation. In a recent 

neonatal study (Tian et al. 2016), highest predictive accuracy for clinical outcome 

after HIE was achieved when in-phase and anti-phase measures of phase and 

gain from wavelet analysis were used. 

 

9.6.2 Wavelet analysis 

One of the major challenges for signal processing for cerebral and systemic slow 

waves analysis is the dynamic and non-stationary nature of these variables. A 

moving correlation over time between variables has been used by Gilmore et al. 

(2011) to investigate the relationship cerebral cortical tissue oxygenation and 

MABP. This technique in time domain analysis normally uses a moving 300 sec 

window to calculate the moving, linear correlation coefficient. A fixed time window 

limits the capacity to assess the cerebral reactivity over different time scales. The 

transfer function analysis models along with coherence function in the frequency 

domain (Wong F 2008, Tsuji M 2000, Soul J 2007) has been used extensively in 

preterm infants. Transfer function model is a linear input-output system which 
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considers MABP as the input and NIRS derived cerebral tissue oxygenation as the 

output.	The magnitude of the transfer function (gain) represents the magnitude of 

change in the output arising from a unit change in the input (MABP) at a given 

frequency. Coherence function characterises the frequency dependent correlation 

of MABP with cerebral oxygenation. High coherence (>0.5) indicates significant 

concordance between these two variables and is anticipated to represent impaired 

reactivity. The intrinsic problem in these analysis is the assumption that the 

changes in the variables are stationary, which is unlikely to be the case in newborn 

brain, particularly after injury. Wavelet analysis has been shown to overcome these 

limitations and can describe the changes in cerebral reactivity with better time-

frequency resolution. As described in the previous paragraph, a measure of phase 

difference from wavelet analysis can relate to outcome. 

 

The ability for oxCCO-MABP wavelet semblance in distinguishing the clinical 

outcome demonstrated by ROC analysis (AUC 0.72) following HIE at 48 h in this 

study (figure 9.15) was better than the ability of wavelet pressure reactivity index 

(wPRx) to predict favourable or unfavourable outcome following traumatic brain 

injury in adults (AUC 0.675) (Liu et al.2017). It is important to note that wPRx 

performed better than the traditional PRx, which is currently a standard monitoring 

tool in adult neurointensive care units following TBI. 

 

9.6.3 Pathophysiological changes related to study findings 

CBF and cerebral metabolism are tightly controlled in the healthy brain (Raichle et 

al. 1976), but this relationship is most likely to be disturbed following hypoxic 

ischaemic brain injury. Metabolic regulation of blood flow is well established and 

several mediators are known to be involved. Cerebral nitric oxide (NO) helps to 

maintain cerebrovascular tone by modulating CBF (Iadecola et al. 1994). In healthy 
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brain, intra-mitochondrial Ca++ activates mitochondrial phosphates, which in turn 

activates cytochrome c and cytochrome-c-oxidase. They increase mitochondrial 

respiration; restore ATP concentration and help in Ca++ homeostasis. Following 

hypoxic ischaemic insult, increased Ca++ influx inside cell stimulates a cascade of 

events that lead to mitochondrial impairment and oxidative stress. Ca++ activates 

neuronal nitric oxide synthase (nNOS) stimulating the production of nitric oxide 

(NO) from L-arginine and oxygen (Knowles et al. 1994). This oxygen free radical 

(NO) combines with superoxide and forms toxic peroxynitrite molecules. These 

molecules contribute to the production of hydroxyl radicals that cause lipid 

peroxidation of proteins and DNA/RNA fragmentation (Bagenholm 1998, Fraser M 

2008). NO disrupts the mitochondrial respiratory chain by impairing the function of 

complex 1 and cytochrome c oxidase within electron transport chain (ETC), 

resulting in increasing superoxide and peroxynitrite ions inside mitochondria (Tan 

1999, Starkov 2003, Blomgren 2006, Robertson 2009, Sanderson et al. 2013). 

These ions stimulate the entry of pro-apoptotic proteins across the outer 

mitochondrial membrane into the cytoplasm where they induce apoptosis. 

 

Nitric oxide (NO) mediated injury pathways can explain our findings of passive 

(zero to +1) cerebral metabolic reactivity (oxCCO/MABP semblance) in infants with 

severe perinatal brain injury and poor outcomes. It is likely that increase in cerebral 

NO production following hypoxic ischaemic injury is responsible for the 

haemodynamic changes as well as the secondary energy failure by inhibition of 

mitochondrial respiration at the level of CCO. Mitochondrial injury and apoptotic 

cell death have been shown to have a close relationship with nitric oxide mediated 

changes (Shimaoka et al. 1995). A reduction in the supply of reducing substrates 

from TCA cycle has been suggested by Yager et al. (1996), as the limiting factor 

in mitochondrial respiration following hypoxic injury.  
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Two periods of cerebral vasoparasis have been identified following HIE. The initial 

phase starts soon after the hypoxic ischaemic insult and the second phase 12-24 

hours later, the duration depends on the injury severity (Marks 1996, Meek 1999, 

Hassell et al. 2015). This second phase of increased cerebral perfusion is related 

to the secondary energy failure (Williams CE 1991, Hassell et al. 2015), during 

which an increase in extracellular concentration of citrulline (Tan et al. 1996) has 

been noted. Citrulline is produced during the production of NO from L-arginine by 

NOS, suggesting an increased production of NO during this period. NO induces 

cerebral vasodilation as well as neuronal death through free radical injury. 

Relationship of oxCCO/MABP semblance at 48 h with outcome most likely reflects 

the effect of established mitochondrial injury and vasoparesis at this point. It is 

interesting to note that inhibiting nitric oxide synthase (NOS) following cerebral 

ischaemia in fetal sheep increased cerebral injury (Marks et al. 1996), most likely 

by limiting the substrate delivery to electron transport chain (ETC) within the 

already compromised mitochondria (Iadecola 1993, Ilves et al. 2004). 

 

9.7 Limitation 

This study has several limitations. We wanted to review the role of a metabolic 

reactivity index as early as possible after admission to the neonatal unit following 

hypoxic ischaemic insult at birth. A significant proportion of infants admitted to our 

unit for management of HIE were transferred ex-utero from other local units. On 

many of these cases, mother was still under obstetric care and did not accompany 

the infants to our unit. We could not obtain consent for study on day 1 for these 

infants as parents were not available. Findings of this study represent the effect of 

hypoxic ischaemic injury on cerebral metabolism at 48 hours of life during TH.  We 
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aim to investigate early during the next phase of the study with the option for taking 

initial verbal consent over telephone and get a written consent once the parents 

are available. 

Cerebrovascular reactivity can be affected by changes in pCO2, arterial oxygen 

saturation, CBF, CBV and cerebral oxygen consumption. We have chosen periods 

of clinical stability with an assumption that these variables will remain stable during 

the study period.  

The neurodevelopmental outcome for all infants and neurodevelopmental follow 

up assessment at two years would have been ideal, but it was encouraging to note 

the clear relationship between the metabolic reactivity index at 48 h and 

neurodevelopmental outcome at one year of age in our cohort. We continue to 

follow up this cohort till 2 yrs of age. 

 

9.8 Conclusion 

This study demonstrate that a cot-side metabolic reactivity index can be helpful 

following HIE in relation to outcome prediction. Cerebral metabolic reactivity, as 

quantified by oxCCO-MABP semblance using wavelet analysis, characterised and 

quantified mitochondrial function in babies with HIE. OxCCO-MABP semblance 

correlated with outcome biomarkers used for early prognostication of outcome 

after HIE as well as the neurodevelopmental outcome indices measured at one 

year of age. These findings support the feasibility of wavelet-based assessment of 

dynamic changes in cerebral metabolism and haemodynamics in newborn infants 

following HIE and the role of oxCCO-MABP semblance as a useful cot side 

biomarker of outcome. 
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Chapter 10: Conclusion and future direction 

 
10.1 Summary of work 
 
A collaborative work between the UCL preclinical neonatal neuroprotection group 

and BORL identified that changes in cytochrome c oxidase measured by 

broadband NIRS correlate with 31P MRS biomarkers during and after hypoxic 

ischaemic insult (Bainbridge et al. 2014). My aim was to further investigate the 

predictive role of cytochrome c oxidase monitoring in perinatal brain injury and 

translate this promising neuromonitoring tool into a possible clinical biomarker in 

neonatal intensive care. 

I have used a novel broadband NIRS instrument purpose built for use in the clinical 

area along with other standard neonatal neuromonitoring tools and investigated a 

cohort of term infants with perinatal brain injury in the neonatal unit. Informed 

consent for all studies were taken by myself. The publications resulted from this 

work presents the first reports of the role of cytochrome c oxidase as a 

neuromonitoring tool in human neonates. Two periods following a suspected 

hypoxic ischaemic injury were reviewed – at 48 h during therapeutic hypothermia 

and at a later point during rewarming after completion of hypothermia. Using 

wavelet analysis, a reactivity index was created to investigate the phase 

relationship between changes in mean arterial blood pressure and oxCCO, in 

relation to outcome. Disturbed or passive metabolic reactivity at 48 h following HIE 

was associated with indicators of poor outcome at short term as well as the 

neurodevelopmental outcome measured in the clinics at 1 year of age. Infants with 

preserved metabolic reactivity at 48 h had good outcome. The relationship 

between cerebral metabolism and oxygenation during rewarming reflected the 
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injury severity identified by aEEG and EEG at initial presentation. These findings 

give us confidence that cytochrome c oxidase has the potential to become a useful 

biomarker in HIE. 

Asymmetric coupling of cerebral metabolism and hemodynamics were identified 

following neonatal stroke on day 1 at bedside, indicating unilateral brain injury. 

Broadband NIRS together with EEG at cot side can be an effective early diagnostic 

tool for infants with perinatal stroke. This needs to be explored in a larger cohort.  

The broadband NIRS findings in neonatal seizures could demonstrate the 

pathophysiological changes in neuronal metabolism and cerebral haemodynamics 

during seizures at cot side.  

 

10.2 Other relevant work 

Along with my own projects described in the previous chapters, I am also actively 

involved in other projects running in our group based on the data that I have 

collected in the neonatal intensive care. Two of these projects are presented here 

as they corroborate and support the findings that have been presented in this 

theses in earlier chapters. 

10.2.1 Cerebral metabolic response to spontaneous desaturation episodes 

We noticed repeated spontaneous desaturation episodes in ventilated infants 

undergoing therapeutic hypothermia. Although the exact etiology of these  



	

	
	

	

216 

 

Figure 10.1 Metabolic and haemodynamic responses during desaturation episodes in two 

infants with different injury severity. Changes in SpO2 (a), HbD, HbT and oxCCO (b), 

relationship between oxCCO and HbD (c) and T2 weighted MRI imaging are presented in 

an infant with moderate encephalopathy with Lac/NAA 0.2. Similar figures (e-h) are also 

presented in an infant with severe HIE and Lac/NAA 1.32. (Courtsey: Gemma Bale). 

 

 

episodes are still not very clear, these episodes were not related to neonatal care 

or seizures. A drop in SpO2 to below 85% from above 95% was selected as an 

‘event’. Fifty-four events in 24 infants were analysed and a clear difference was 
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cerebral noted in the cerebral metabolic response to these desaturation episodes, 

depending on the injury severity. A strong relationship between metabolism 

(oxCCO) and cerebral oxygenation (HbD) was associated with poor short term 

outcome biomarker on 1H MRS (Lac/NAA <0.3). This appears to be related to low 

metabolic rate following significant mitochondrial injury in infants with severe 

encephalopathy. This finding raises the possibility to be translated into a useful 

practical test with induced controlled desaturation in the clinical area to review the 

degree of injury (as well as the response to treatment) in infants with HIE 

undergoing TH. 

10.2.2 Use of a novel mathematical analytical technique 

Horizontal visibility algorithm (HVA), is a powerful, nonparametric method to 

analyse both univariate and multivariate time series data in a highly flexible manner 

(Zhu et al. 2014). HVA requires no priori assumptions about the dynamics of the 

input time series and is applicable to both linear and nonlinear processes. We 

hypothesised that a novel multivariate network analysis of broadband near infrared 

spectroscopy (NIRS) and systemic signals using HVA can be used to distinguish 

between neonates with good and poor outcome after HIE in a cohort of 25 infants. 

For each neonate, the multivariate signal was transformed into a multilayer 

network. (figure 10.2 and 10.3) using horizontal visibility network analysis 

performed with Python. The topological properties of each multilayer network were 

investigated by computing structural descriptors (average edge overlap and mutual 

information of degree distribution) using HVA from mathematical graph theory. 

Average edge overlap (AEO) is a measure of microstructure-correlation  
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Figure 10.2. Application of the horizontal visibility algorithm (HVA) to a short segment of 

mean arterial blood pressure (MABP) signal (courtesy Markus Dablander). 

 

 

 

 

 

	
Figure 10.3. Multilayer horizontal visibility network constructed from 3-dimensional input 

time series. The time series consists of a short segment of CCO, HbD and ABP data. Each 

component of the multivariate time series (left) gets transformed into one network-layer 

(right). These individual network layers then can be placed on the top of each other like the 

floors of a building (figure B) to build a multilayer network to investigate the relationship 

between these variables	(courtesy Markus Dablander). 
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between two signals. Mutual information of degree (MID) distribution is a measure 

of statistical dependence between two signals. HVA-based functional networks 

(HVA-FNs) that summarize quantitative relations between the available signals, 

were constructed. We further combined the HVA with transfer entropy of degree 

distribution (TED), an information theoretic measure for the assessment of 

predictive causality between pairs of time series. Both structural descriptors (AEO 

and MID) were increased in the poor outcome group for both hemodynamic 

(HbD/MABP) and metabolic reactivity (oxCCO/MABP). Significant differences 

were noted in both AEO and MID between the two outcome groups for the  

 

 

 

10.4. AEO and MID between the outcome groups were significantly different for metabolic 

reactivity (oxCCO/MABP). 

 

 

10.5. AEO and MID were significantly different for haemodynamic reactivity (HbD/MABP). 
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10.6. Example of AEO network maps between MABP and CCO in 2 different infants: fig A 

presents the map in an infant with moderate encephalopathy with thalamic Lac/NAA 0.16 

and a normal brain MRI, while the AEO network map in fig B presents an increased overlap 

(marked in red) for an infant with severe encephalopathy with thalamic Lac/NAA 0.43 and 

significant MRI changes in BGT region. 

 

 

 

 

10.7. Sensitivity and specificity of different SD’s for outcome prediction.  

 

 

 
relationship between oxCCO and MABP (p=0.048 and p=0.034) (figure 10.4) as 

well as between HbD and MABP (p=0.024 and p=006) (figure 10.5). Network maps 

revealed the differences in individual infants with different injury severity (figure 
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10.6). MID for both HbD/MABP and oxCCO/MABP had higher sensitivity and 

specificity (AUC 0.81 and 0.75) for outcome prediction (figure 10.7).  

Findings from this analysis was very similar to the findings from the wavelet 

analysis described before. A metabolic reactivity index between oxCCO and MABP 

appears to have the potential to become an effective biomarker in HIE. 

 

10.3 Conclusion 
 
The studies described in this thesis suggest that measurement of cytochrome c 

oxidase using a broadband near infrared spectroscopy has a huge potential to 

become a cot side biomarker of neonatal brain injury in term infants. It correlates 

with the other established biomarkers of injury (EEG, MRI and MRS) as well as the 

neurodevelopmental outcome monitored in the clinics. Broadband NIRS is easy to 

put on at the cot side and can provide continuous information regarding the 

cerebral haemodynamic and metabolic status. This can be a useful tool to assess 

both the severity of injury and response to treatment offered in the neonatal 

intensive care. 

 
 
10.4 Future direction 
 

This thesis presents a lot of encouraging results for better understanding of the 

pathophysiological changes and outcome prognostication in perinatal brain injury. 

It also opens possibilities for further investigations to answer important clinical 

questions in neonatal neurology and improvement in broadband NIRS 

instrumentation. 
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10.4.1 Early biomarker  
 
Metabolic reactivity index described in chapter 9 and 10 can identify infants with 

severe encephalopathy during TH at 48 h during treatment. Infants with severe 

HIE still have significant morbidity and mortality after TH and it is essential to 

identify these vulnerable infants early after a possible perinatal event. Several 

neuroprotective agents have shown promising results and it is only a matter of time 

before these agents will be added with TH based on stratification of injury severity 

to optimize neonatal neuroprotection. We plan to focus on the role of this reactivity 

index early after birth in infants with HIE. To avoid the delay in consenting process 

for the infants who come to UCLH neonatal unit on ex-utero transfer for 

management of HIE, we plan to include telephone consenting process in the next 

ethics application. 

 

10.4.2 Which seizures matter 
 
Preclinical studies indicate that prolonged or repeated neonatal seizures cause 

further injury, although clinical studies yet haven’t identified seizures which matter 

most in neonates and influences outcome. The case studies presented in this 

thesis demonstrate that oxCCO reflects the changes in cerebral metabolic state 

during neonatal seizures. Different haemodynamic changes noted during seizures 

in two infants were most likely related to the degree of injury. I aim to investigate 

this further in a larger cohort to identify the neonatal seizures that influence 

outcome irrespective of the background injury. This will further optimize the 

treatment of neonatal seizures. 
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10.4.3 Improvement in instrumentation 
 
it was clear from the analysis of the case studies in neonatal seizures that it is 

essential to also monitor CBF during neonatal seizures along with broadband NIRS 

to better understand the pathophysiological changes during seizures. Diffusion 

correlation spectroscopy (DCS) can monitor CBF and uses a single wavelength of 

NIR light that measures CBF by quantifying temporal fluctuations of light fields 

emerging from the tissue surface. Measurements of brain tissue CCO with 

Broadband NIRS and of CBF with DCS have been successfully but independently 

applied to monitor NE. For the first time, we aim to combine them and develop a 

novel optical instrumentation that will allow us a measurements of brain 

oxygenation, blood flow, metabolic rate of oxygen and mitochondrial function. 

 

10.4.4 Functional NIRS studies 
 
The haemodynamic response to functional activation is well-established in adults, 

with an observed increase in oxygenated haemoglobin (∆[HbO2]) and decrease in 

deoxygenated haemoglobin (∆[HHb]). However, functional studies in newborns 

have revealed a mixed response, particularly with ∆[HHb], where an inconsistent 

change in direction is often observed. This difference is most likely related to 

changes in brain physiology. We aim to investigate this further along with an 

assessment of metabolic response to functional activation in neonates using 

broadband NIRS. We hypothesize that following perinatal brain injury, the 

response to functional activation will relate to injury severity and future outcome. 
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Appendix A. Wavelet analysis of the study cohort presented in chapter 8 
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Figure A1. Visualisation of the individual wavelet analysis between oxCCO and MABP in 23 infants. Each study was conducted over 1 h period, mean 

semblance and coherence indices were calculated for the study period for each infant. X-axis indicates the time in seconds, changes in MABP and oxCCO 

values are indicated on y axis followed by the frequency range for wavelet coherence and semblance. 
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SYNOPSIS 

Title 
The UCH Baby Brain Study: Near infrared monitoring and 3T 
MRI/MRS in Babies with Acute Brain Injury 

Acronym Baby Brain Study 

Chief Investigator Nicola J Robertson, Professor of Perinatal Neuroscience and 
Honorary Consultant Neonatologist, University College London 

Objectives 

In term and preterm infants with acute brain injury 

1.What is the predictive value of intracellular brain pH (pHi) for 2-
year outcome? (primary outcome)
2. How does the bedside near Infrared spectroscopy (NIRS)
derived measurement of cytochrome oxidase relate to:

• brain pHi,
• brain lactate/N-acetyl aspartate ratio(Lac/NAA),
• brain perfusion using arterial spin labelling, and
• venous oxygenation using T2-relaxation-uder-spin-tagging

(TRUST)?
3. How does brain 31P-MRS pHi relate to pHi measured by
Chemical saturation transfer (CEST) ?
4. How does pHi relate to other measures obtained by MR
spectroscopy?
5. What are the predictive values of cytochrome oxidase and MRS
measures for information processing and short term memory over
the first postnatal year

Study Configuration Prospective cohort study 

Setting Neonatal unit and outpatient clinics 

Sample size estimate Prospective cohort study of 70 newborn babies born preterm and 
term with acute brain injury  

Number of 
participants 70 babies 

Eligibility criteria 
All term and preterm babies born at UCH or transferred to UCH for 
treatment of acute brain injury without life threatening congenital 
malformations and considered likely to survive 
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Description of 
interventions 

Alongside routine continuous EEG, babies will be monitored using 
NIRS, and receive 1 MRI scan at 5-14 days. This MRI scan is 
carried out routinely in babies with acute brain injury and lasts 45-
50 minutes. In those infants who remain stable, we will continue 
the acquisition of sequences for a total scanning time of 90 mins. 
A range of neurobehavioural tests will be undertaken over the first 
2 years after discharge home 

Duration of study 5 years from February 2013 

Outcome measures 

• NIRS cytochrome oxidase measurement  
• EEG background activity and seizures 
• Brain intracellular pHi and metabolite ratios on phosphorus-31 

(31P) and proton (1H) MR Spectroscopy  
• Structural MRI scan 
• Brain perfusion using arterial spin labelling 
• Brain venous oxygenation using T2-relaxation-uder-spin-

tagging (TRUST) 
• Brain pHi measured using Chemical saturation transfer (CEST) 

imaging 
• Neurodevelopmental assessment Bayley Scale of Infant and 

Toddler Development -3rd edition (BSID-III) 
 

Statistical methods 

Data will be compared between subgroups and over time using 
appropriate categorical or continuous statistical methods. Linear 
regression will be used to adjust associations for confounding 
variables. Two statistical software packages will be used, SPSS 
and Stata in their most up to date version at the completion of the 
study. 
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Neuro-monitoring and 3T MRI/MRS in Babies with Acute Brain Injury 

BACKGROUND 
Neonatal encephalopathy 

Neonatal encephalopathy (NE) occurs in 1-2 per 1000 live term births in the UK – with a 
term birth rate of 750,000 births in the UK, the number of affected infants is estimated to 
be 750-1125 infants annually in the UK. There is an unmet need for objective, 
quantitative cerebral magnetic resonance (MR) markers of perinatal brain injury for 
clinical trials of neuroprotection; such markers will improve our understanding of the 
tissue response to injury and may expedite clinical translation of novel neuroprotectants. 

As adjunct neuroprotective therapies evolve, we need more accurate MR biomarkers 
that can detect earlier and more subtle changes in brain structure and function than 
before. We believe that phosphorus MR spectroscopy (31P MRS) combined with the 
other state-of the art imaging techniques (e.g. Chemical Exchange Saturation Transfer 
(CEST) imaging and brain perfusion) developed by the co-applicants will provide the 
detail needed to enhance our care of infants undergoing neuroprotection.  

Magnetic resonance imaging and spectroscopy 

UCL has been a world leader in cerebral MRS for over 30 years. The first ever “in man” 
31P MR brain spectrum was obtained by Prof Reynolds and Mr Ernest Cady (co-
applicant) at UCL in 1982 in an infant with NE (1); this and later studies (2,3) were 
significant landmarks in the understanding of neuroprotection for the newborn and 
demonstrating the existence of a therapeutic window after hypoxia-ischaemia (see 
Figure 1). In 2010, the National Institute of Health and Clinical Excellence (NICE) 
endorsed therapeutic hypothermia as standard care for infants with moderate to severe 
encephalopathy (4). Currently with this treatment, for every 7 infants treated with 
cooling, one will escape an adverse outcome (5). More work is on-going at UCL and 
elsewhere to develop adjunct therapies that can further improve outcomes.  

Surrogate outcome measures or biomarkers are important as their use can expedite the 
translation of new therapies to the clinic. In 2002, Robertson et al., demonstrated that 
brain intracellular pH (pHi) was alkaline following perinatal hypoxia-ischaemia and the 
extent of the alkalosis was associated with neurodevelopmental outcome and brain 
injury severity on conventional MR imaging (MRI) (6). Dr Kendall (co-applicant) 
demonstrated the importance of brain pHi in the rodent brain (7) and Prof Robertson 
has shown that manipulation of brain pHi with amiloride is neuroprotective in the 
newborn piglet (8). Brain pHi is thus likely to be an important marker of injury, but no 
studies have been done in babies since the work done by Robertson et al in 2002 (6).  

An exciting development is that now we have the opportunity to develop and validate 
31P MRS brain biomarkers relative to other sophisticated MR imaging techniques 
developed by Prof Golay. Recently Prof Golay has developed a novel MRI method, 
called GlucoCEST, currently in press in Nature Medicine (9). This method uses the 
principles of chemical exchange to provide information on glucose uptake. We here 
propose to adapt this technique to the measurement of pHi, through the base-catalyzed 
chemical exchange between amide protons and surrounding water in the brain (10). 
This new MRI technique is safe, as it is similar to conventional magnetization transfer 
MRI, but has never been used in newborns.  

UCLH is a regional referral centre for term NE, recruiting around 45 infants per year; all 
infants undergo MRI and proton MRS aged 5-10 days. We have a very successful MRI 
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service (led by Dr Giles Kendall and Prof N Robertson) using a Philips 3T multinuclear 
(i.e. including 31P) MR scanner. 

Near infrared spectroscopy 

Another very exciting technique for neuromonitoring is NIRS. It is portable and NIR light 
is safe. It can therefore be used to monitor critically ill patients who cannot be moved 
out of an intensive care environment. NIRS is highly sensitive to both haemoglobin 
concentration, oxygenation and oxygen utilisation and can therefore provide information 
of brain tissue function. Such a system is ideally suited to monitor the brain of patients 
both adults and neonates.  

The MultiModal Spectroscopy (MMS) group in the Biomedical Optics Research 
Laboratory (BORL) at UCL, lead by Dr. Ilias Tachtsidis, has developed novel optical 
instrumentation and methods to investigate brain oxygen utilisation and regulation, 
during systemic provocations in infants (11) and adults. Ilias has recently developed 
equipment and methodologies that allow simultaneous NIRS and MRI/MRS 
measurements (12) hence providing novel data on brain tissue haemodynamic patterns, 
oxygenation and mitochondrial metabolism (redox state of cytochrome-c-oxidase). 

Between 2004 and 2008 Dr Tachtsidis has used NIRS systems to characterise cerebral 
oxygen delivery and oxygen utilisation in different groups of adult patients. The study in 
eight TBI patients with traumatic brain injury (TBI) has demonstrated, for the first time, a 
correlation between the NIRS monitored oxCCO and the cerebral lactate pyruvate ratio 
(measured invasively with cerebral microdialysis) (13). This study confirms that oxCCO 
may be used as a surrogate marker of cellular oxygen metabolism and help identify 
treatment strategies in brain injured patients (such as hyperoxygenation). 

Recently Dr Tachtsidis have completed studies in over 50 volunteers in order to explore 
the applicability of NIRS to monitor brain tissue physiology and metabolism, suggesting 
that physiological challenges (such as hypercapnia and hyperoxia) can be used to 
increase cerebral oxygen metabolism (14,15). In a separate study, during controlled 
isocapnic hypoxia in healthy adults, estimated cerebral oxygen delivery and oxCCO 
were linearly correlated (16). Clearly the combination of brain tissue measurements of 
changes in haemoglobin concentration and intracellular oxCCO can identify 
relationships between brain tissue haemodynamics and tissue oxygen utilisation, which 
can be used to understand the coupling between tissue oxygenation and cell 
metabolism; while also helping us define thresholds for brain wellbeing. 

Dr Tachtsidis group in collaboration with Prof Nicola Robertson and Prof Xavier Golay 
have recently developed a novel methodology that combines spectroscopic data from 
broadband NIRS and magnetic resonance spectroscopy (MRS) that provides 
information on the brain vasculature haemodynamics, brain tissue oxygenation, brain 
tissue biochemistry and importantly mitochondrial metabolism. They completed a set of 
experiments investigating in a neonatal preclinical model brain metabolism during and 
following hypoxic-ischemia (HI) and demonstrated for the first time through the 
synchronous measurements of oxCCO (by broadband NIRS) and Lac/NAA (by 1H 
MRS) mitochondrial impairment following hypoxic-ischemia (12). It therefore is a 
potential clinical marker of the balance between mitochondrial oxygen delivery and 
utilization. 
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Outcome following neonatal encephalopathy 

Despite improvements in care for babies with encephalopathy and the introduction of 
therapeutic hypothermia, up to 40% of babies with moderate or severe encephalopathy 
will still die or have serious impairment at follow up. For survivors it is critically important 
that we identify babies who will develop disability in neuromotor or cognitive domains, 
as these are the two commonest outcomes.  We currently use a structured neurological 
examination and assessment of General Movements at term and 3 months of age to 
support early diagnosis, but there are no early indicators of cognitive impairments other 
than routine clinical developmental assessment, which is poorly predictive.   

Over the past year we have developed a range of infant assessment protocols for very 
preterm children over the first year (UCH Preterm Development Project [Funding 
SPARKS; Sponsor UCL 10/0312; REC approval NW London REC 2 10/H0720/80]).  
We would like now to extend these investigations to include this high-risk group using 
the same protocol at the same ages (preterms are assessed at post-term age 
equivalents).  This includes 3 visits at 3, 6 and 12 months timed to coincide with routine 
follow up evaluations.   

PLAN OF INVESTIGATION 

We will recruit a cohort of term and preterm infants at risk of acute brain injury. These 
infants might have a diagnosis of neonatal encephalopathy, seizures or require a clinical 
MRI study for any indication.  

These children will be recruited into a longitudinal follow-up study with routine 
neurodevelopmental assessment using the Bayley Scale of Infants and Toddler 
Development – 3rd edition (BSID – III) at 2 years. 

Term and preterm babies at risk of acute neurological injury admitted to the neonatal 
unit will be assessed by the clinical team. A member of the neuro-clinical research team 
will approach the parents for consent for entry into the extended neuromonitoring and 
neuroimaging study within the first 24h.  

It is routine for babies at risk of acute neurological injury to undergo EEG monitoring 
immediately after admission and stabilisation. Following the EEG application we will 
request consent for extended neuromonitoring using NIRS. This will involve an 
additional probe to be gently fixed to the side of the scalp and another small machine 
(NIRS system) to be beside the baby's cot. The NIRS monitoring will continue for up to 
5 days and can be done intermittently if the baby requires moving or during routine 
cranial ultrasound scanning. This technique is safe for the newborn as far as we know. 
The application of the probes on the scalp is similar to the EEG electrodes – part of the 
clinical care. 

Some infants who, after assessment with EEG, are eligible for entry into the TOBY 
Xenon study will have a further consent for entry into this study. We will make it clear 
that the MR imaging and spectroscopy (MRI/MRS) study is a routine part of the care of 
the baby whether he or she is eligible or ineligible for the TOBY Xenon study. What we 
are requesting in the extended neuromonitoring and neuroimaging study is a slightly 
longer period in the MRI scanner when the scan is done between day 5-14.  
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During the time the baby is in the neonatal intensive care unit, there will be a close 
contact between the nursing, clinical and research staff and the parents. Cranial 
ultrasound imaging and continuous EEG will occur as part of the routine care of the 
baby. The NIRS monitoring will continue alongside these routine investigations.  

One to two days before the MRI/MRS scan the clinical research team will discuss the 
consent for the extended imaging study. We will explain again that the routine scan time 
for both clinical or Toby Xenon scans is 45-50min and only if the baby remains settled 
and stable will be acquire more sequences up to 90 minutes time in the magnet.  

MRI/MRS assessment is routinely carried out on day 5-14 after birth in infants at risk of 
acute brain injury. At least one hour before the scan, a paediatrician and a nurse 
prepare the baby for the MRI according to our protocol.  We double check all the steps: 
safety checks, metal checks, noise protection and monitoring equipment in the MRI 
conditional Lammers Neonatal incubator. The fluid infusions for the MRI conditional 
Braun system are also prepared. All the babies are monitored throughout the scan with 
similar monitoring equipment to that used in the NICU. 

In ventilated babies we will continue their routine sedation (usually intravenous 
morphine). In non-ventilated inpatient babies, we will sedate for the MRI scan if 
necessary with Chloral Hydrate orally 50 mg/kg. This is already our current practice for 
most MR scans in babies with acute brain injury. 

If the baby is an outpatient, we prepare him as well at least one hour before the scan. 
We will try to avoid sedation if he goes to sleep through a feed-and-wrap technique. If 
we need to give sedation (Chloral Hydrate), we will need to keep the baby monitored 
until he's awake and he managed to do a good feed. 

In case of the baby being unstable in the scanner, there is a safety protocol in place. A 
resuscitation trolley and emergency equipment is in place adjacent to the 3T-MRI suite. 
At least one senior Registrar and a nurse or Advanced Nurse Neonatal Practitioner 
(ANNP) accompany the baby to and from the scanner and are present in the control 
room monitoring the baby throughout the scan. 

Parents are welcome to accompany their baby in the Lammers Incubator over to the 
MRI ante-room to see where the scan is going to take place, see the facilities, 
monitoring, etc. They will then be asked to wait in the waiting room until the scan is 
finished. 

If the baby wakes up, is unsettled or unstable, we will bring the baby out of the scanner 
and attend to the issue.  

If the baby becomes unsettled before the end of the clinical scan, we will try to settle 
him down to be able to complete the sequences that are necessary for clinical 
information.  

There are no specific risks for the newborn associated to the extra-sequences that this 
study involves as far as we know. The inconvenience is that the time of the scan 
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becomes slightly longer. If the baby wakes up during the extended scanner sequences, 
we will stop the scan and take the baby back to the neonatal unit. Parents will be kept 
informed at all times. 

We will collect all the data acquired clinically as well as the extra neuromonitoring and 
neuroimaging sequences and analyse these.  

Babies are routinely followed up and undergo assessment with Dr Angela Huertas-
Ceballos at 3, 6, 12 and 24 months each with a formal Bayley III assessment. At the 
infancy visits we will also evaluate the following outcomes in the BabyLab – based in 
the Clinical Research Facility on the ground floor of the EGA Wing adjacent to 
outpatients: 

Outcome	   Test	   Age	  (Corrected)	   Examiner	   Time	   Location	  

Neuropsychology	   Visual	  attention	  test	   3m	   + Psychologist 20minζ	   Baby	  Lab	  

(Memory,	  attention,	  
inhibition,	  planning	  
and/or	  processing	  
speed)	  

ERP	   6m	   + Psychologist 15	  min	   Baby	  Lab	  
Delayed-‐response	  task	   6m	   + Psychologist 10	  min	   Baby	  Lab	  
A-‐not-‐B	  task	   12m	   + Psychologist 5min	   Baby	  Lab	  
Means-‐End	  task	   12m	   + Psychologist 5min	   Baby	  Lab	  
Deferred	  Imitation	  task	   12m	   + Psychologist 10min	   Baby	  Lab	  

Language/motor	  skills	   Questionnaire	   12m	   + Parent 20min	   Baby	  Lab	  

Full details are included in the UCH PDP protocol (attached); please note this is a 
restricted set of assessments from the full BabyLab protocol. 

The primary outcome is the Bayley composite scores (in Language, Motor and 
Cognition) at two years We will record all this data anonymously and analyse the 
relation between the early NIRS, MRI and MRS biomarkers and outcome. In further 
work we will evaluate our new measures made in infancy against the 2-year outcomes 
to determine if we can improve the predictive value of the neonatally acquired 
biomarkers. 
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The routine scanning protocol will comprise: 

Sequence Approx time to acquire 

• High-resolution T1weighted 3D anatomical
scan: MP-RAGE or other standard clinical acquisition for
structural imaging

6 minutes 

• T2w imaging anatomical scans: TSE or standard
clinical acquisition for structural imaging

7.5 – 15 minutes (single or 
multiple orientations) 

• Multi-direction Diffusion tensor-like imaging:
standard clinical acquisition. Indices derived from DTI-like
acquisition are thought to be sensitive to ischemia and to
be correlated with outcome.

6-8 minutes

• Single voxel proton spectroscopy (PRESS):
allows measurement of lactate in a small localised section
of tissue.

6-8 minutes

• Additional positioning anatomical scans for MRS 1 minute 

The total time taken for this is around 40 minutes 

Additional sequences will include: 

Sequence Approx time to acquire 

• Localised Phosphorus (31P) MRS (ISIS):
Measurements of energy metabolites and pH.

12 min 

• Additional positioning anatomical scans for 31P
MRS

1 minute 

• Quantitative measurement of perfusion (ASL):
standard sequence to measure brain perfusion and/or
angiography to assess blood delivery to the brain.

7-10 minutes

• Quantitative measurement of oxygen extraction
fraction (e.g. TRUST): assessment of oxygen
metabolism

8-10 minutes

• Long and short T2 mobile proton exchange
measurements (e.g. CEST): assessment of brain
maturation (myelin), glucose metabolism and pH

10-15 minutes

The total time taken for this is around 45 mins 
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Feedback to parents:  All MRI/MRS scans and EEG traces are reported by a 
clinical radiologist/physicists/neurophysiologist respectively.  Feedback of relevant 
clinical information to parents occurs as part of the routine clinical care and is led by the 
attending neonatologist; this is recorded in the clinical case-record.  

Outputs: 
These data will be presented at national and international paediatric and 

radiological research meetings and written up for publication in peer-reviewed journals. 

Study written and electronic records 
• Each participant will be assigned a study identity code number, for use on all paper

records, other study documents and the electronic database. The documents and
database will also use the date of birth as a second identifier.

• All written records will be treated as confidential documents and held securely in
accordance with regulations. The investigator will make a separate confidential
record of the participant’s name, date of birth, local hospital number or NHS number,
and Participant Study Number, to permit identification of all participants enrolled in
the study, for the purposes of later follow-up.

• All paper forms will be completed using black ballpoint pen. Errors shall be lined out
but not obliterated by using correction fluid and the correction inserted, initialled and
dated.

• The person completing each paper form shall sign and date each form.

Quality assurance & audit 
Insurance and indemnity 

• University College London holds insurance against claims from participants for harm 
caused by their participation in this clinical study. Participants may be able to claim 
compensation if they can prove that UCL has been negligent. However, if this clinical 
study is being carried out in a hospital, the hospital continues to have a duty of care 
to the participant of the clinical study. University College London does not accept 
liability for any breach in the hospital’s duty of care, or any negligence on the part of 
hospital employees. This applies whether the hospital is an NHS Trust or otherwise.

• Insurance and indemnity for clinical study participants and study staff is covered 
within the NHS Indemnity Arrangements for clinical negligence claims in the NHS, 
issued under cover of HSG (96)48. There are no special compensation 
arrangements, but study participants may have recourse through the NHS complaints 
procedures.

Reporting Serious Unexpected Adverse Events
• All Serious Unexpected Adverse Events to a research subject in the study must be 

reported immediately to the sponsor using the following email address research-
incidents@ucl.ac.uk.

• A Serious Adverse Event:
o Results in death
o Is life Threatening
o Requires Hospitalisation or prolongation of hospitalisation 
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o Results in persistent or significant disability or incapacity
o Consists of a congenital anomaly or birth defect
o Any other serious medical occurrence

• Serious Adverse Events will be documented from the point of enrolment until the 
patient is exited from study. Information recorded and reported shall include

o A description of the event
o The date of event onset
o The relatedness of the event to the procedure
o The expectedness of the event
o The outcome of the event
o The date the event was first noticed by, or reported to the investigator

• All ongoing Serious Adverse Events will be followed-up until the last study visit. 

Reporting Incidents
• All incidents must be reported through the appropriate Trust incidents reporting 

system. Where no Trust is involved the incident should be reported by completing 
form at http://www.ucl.ac.uk/jro/postapproval

• Where the study is being conducted at UCLH then the incidents should be reported 
through Datix.

• An incident in a research study is:
o Something that should not have happened OR
o Something that should have happened but didn't ,

which significantly effects any of the following:
§ the rights and well being of the research subject
§ the scientific value of the study
§ the compliance of the study with all relevant legal rules or ethics 

guidance including the Data Protection Act and the Human Tissue Act
§ The reputation of UCL 

Conduct of the Study 
• Study conduct will be subject to systems audit for inclusion of essential documents;

permissions to conduct the study; CVs of study staff and training received; local
document control procedures; consent procedures and recruitment logs; adherence
to procedures defined in the protocol (e.g. inclusion / exclusion criteria, timeliness of
visits); and accountability of study materials.

• Monitoring of study data shall include confirmation of informed consent; source data
verification; data storage and data transfer procedures; local quality control checks
and procedures, back-up and disaster recovery of any local databases and
validation of data manipulation. The Study manager, or where required, a nominated
designee of the Sponsor, shall carry out monitoring of study data as an ongoing
activity.

• Data will be effectively double entered using SPSS Data Entry continuous
comparison techniques to ensure accurate electronic data records

• Study data and evidence of monitoring and systems audits will be made available for
inspection by the REC as required.

Data Management and analysis 
• Access to all study documents is limited to the study personnel (see below)

excepting that the CRF and all source documents will be made be available at all
times for review by the Chief Investigator, Sponsor’s designee and inspection by



14	  of	  16	  
	  

relevant regulatory authorities. 
• All study staff and investigators will endeavour to protect the rights of the study’s

participants to privacy and informed consent, and will adhere to the Data Protection
Act, 1998. The Assessment procedures will only collect the minimum required
information for the purposes of the trial. All records will be held securely, in a locked
room, and a locked cabinet. Access to the information will be limited to the trial staff
and investigators and any relevant regulatory authorities. Computer held data
including the study database will be held securely and password protected. All data
will be stored on a secure dedicated web server. Access will be restricted by user
identifiers and passwords (encrypted using a one way encryption method).
• Information about the study in the participant’s medical records / hospital notes

will be treated confidentially in the same way as all other confidential medical
information.

• A Neonatal Fellow and postdoctoral fellow (Physics and Bioengineering Dept),
will carry out data analysis under supervision from the co-investigators.  Where
off-line analysis of data is undertaken these data are managed anonymously
using a unique study identifier.  Summary data are then returned to the main
study database, which is again anonymised to maintain confidentiality.

• Electronic data will be backed up every 24 hours to both local and remote media
in encrypted format.

• Data will be entered onto study forms and posted back to the study centre where
they will be encoded for computer analysis using SPSS Data Entry and SPSS for
Windows

• Data will be analysed using appropriate categorical and continuous comparisons
using SPSS and STATA statistical software packages.  Regression analyses will
be performed.

• Electronic data will be archived at the completion of the study for a period of 25
years to allow for later follow up of this unique population. Paper records will be
kept for 10 years after the last assessment is carried out on the population.

24.1.13_ v4.0 
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Dear Professor Robertson 

Study title: 3T magnetic resonance imaging, spectroscopy (31P and 
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in term and preterm newborn infants. 
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Project ID: 13/0013 
REC Ref: 13/LO/0225 

Patient Identification 
Number for this trial: 

Name of Researcher: Professor Nicola J Robertson 

THE UCH BABY BRAIN STUDY

Neonatal Services 
NNU Medical Secretaries 

2
nd

Floor, North Wing 
250 Euston Road 

London NW1 2PG 

Telephone: 0203 456 7890 
Consultants’ PA: 0203 447 8094 

FORM FOR PARENTAL CONSENT 

1. I confirm that I have read and understand the information sheet dated 15 March 2013 (version.
4.1) for the above study. I have had the opportunity to consider the information, ask questions
and have had these answered satisfactorily.

2. I understand that the participation of my baby in this study (NIRS monitoring and extra sequences
during MRI/MRS) is independent from other studies and I can withdraw from
any of them separately at any time.

3. I understand that the participation of my baby is voluntary and that I am free to withdraw at any
time without giving any reason, without the medical care or legal rights of my baby being
affected.

4. I understand that relevant sections of my baby’s medical notes and data collected during the
study may be looked at by individuals from regulatory authorities or from the NHS Trust from the
sponsor’s representative from UCL, where it is relevant to my baby taking part in this research. I
give permission for these individuals to have access to my baby’s records.

5. I agree that the NIRS, MRI/MRS and other MR sequences data, video recordings and EEG tracings
can be used for further research and teaching purposes; the material will always be used
anonymously and my child will not be identifiable in the data used.

6. I understand that I will be invited back for 3 assessments over the first year after my child was
born and a last assessment will be performed at 2 years of age.

Please initial 
each box 

7. I agree that my baby may take part in the above study.

Name of Child: 

Name of Parent: Date Signature 

Name of Person taking consent: Date Signature 

3 copies:  one to be retained by parent, one placed in the clinical notes and one retained by the study office. 
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UCL Hospitals is an NHS Foundation Trust comprising: The Eastman Dental Hospital, The Heart 
Hospital, Hospital for Tropical Diseases, National Hospital for Neurology and Neurosurgery, The 
Royal London Homoeopathic Hospital and University College Hospital (incorporating the former 
Middlesex and Elizabeth Garrett Anderson Hospitals). 
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Pressure passivity of cerebral
mitochondrial metabolism is associated
with poor outcome following perinatal
hypoxic ischemic brain injury

Subhabrata Mitra1, Gemma Bale2, David Highton3,
Roxanna Gunny4, Cristina Uria-Avellanal1, Alan Bainbridge5,
Magdalena Sokolska5, David Price5, Angela Huertas-Ceballos6,
Giles S Kendall6, Judith Meek1, Ilias Tachtsidis2 and
Nicola J Robertson1

Abstract

Hypoxic ischemic encephalopathy (HIE) leads to significant morbidity and mortality. Impaired autoregulation after

hypoxia-ischaemia has been suggested to contribute further to injury. Thalamic lactate/N-Acetylasperate (Lac/NAA)

peak area ratio of> 0.3 on proton (1H) magnetic resonance spectroscopy (MRS) is associated with poor neurodevelop-

ment outcome following HIE. Cytochrome-c-oxidase (CCO) plays a central role in mitochondrial oxidative metabolism

and ATP synthesis. Using a novel broadband NIRS system, we investigated the impact of pressure passivity of cerebral

metabolism (CCO), oxygenation (haemoglobin difference (HbD)) and cerebral blood volume (total haemoglobin (HbT))

in 23 term infants following HIE during therapeutic hypothermia (HT). Sixty-minute epochs of data from each infant were

studied using wavelet analysis at a mean age of 48 h. Wavelet semblance (a measure of phase difference) was calculated to

compare reactivity between mean arterial blood pressure (MABP) with oxCCO, HbD and HbT. OxCCO-MABP semb-

lance correlated with thalamic Lac/NAA (r¼ 0.48, p¼ 0.02). OxCCO-MABP semblance also differed between groups of

infants with mild to moderate and severe injury measured using brain MRI score (p¼ 0.04), thalamic Lac/NAA (p¼ 0.04)

and neurodevelopmental outcome at one year (p¼ 0.04). Pressure passive changes in cerebral metabolism were asso-

ciated with injury severity indicated by thalamic Lac/NAA, MRI scores and neurodevelopmental assessment at one year

of age.

Keywords
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Introduction

Intrapartum hypoxic-ischemic injury leading to
hypoxic ischaemic encephalopathy (HIE) is a signifi-
cant cause of neonatal morbidity and mortality. Each
year across the world, approximately 1 million babies
die following intrapartum complications.1 Although
therapeutic hypothermia improves neurodevelopmental
outcome in HIE,2 40–79% of cooled infants die or
develop significant disability in the developed
world.3–5 The evolution of injury following hypoxia-
ischaemia has been studied using magnetic resonance
spectroscopy (MRS); despite the initial recovery of
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cerebral energetics after resuscitation, there is a decline
in energy state with increased thalamic lactate and
reduced N acetyl aspartate (NAA) over the hours and
days following birth. These metabolic changes have
been termed secondary energy failure. These MRS stu-
dies were important for the concept that interventions
such as cooling ameliorate the subsequent secondary
energy failure.6–9 Currently, thalamic lactate/NAA
peak area ratio acquired between day 5 and 14 predicts
outcome in HIE using a cut off threshold of 0.3;10 this
ratio is used with conventional MRI for counselling
and prognosis.11

There has been recent interest in the use of blood
biomarkers12 and monitoring cerebral autoregulation
following HIE,13–17 but direct assessment of cerebral
mitochondrial function in relation to cerebrovascular
reactivity has not been investigated so far.

Cytochrome-c-oxidase (CCO) is the terminal
electron acceptor inside the mitochondrial electron
transport chain (ETC). It plays a crucial role in mito-
chondrial oxidative metabolism and is responsible for
more than 95% of ATP synthesis.18 Using a broadband
NIRS system, concentration changes in the oxidation
state of CCO (oxCCO) can be measured along with
changes in oxy- and deoxy-haemoglobin (HbO2 and
Hb), with derived changes in haemoglobin difference
(HbD¼HbO2�Hb) and total haemoglobin
((HbT¼HbO2þHb).19 Changes in [oxCCO] indicate
the status of the mitochondrial function and has been
used to monitor the cerebral energy state following HIE
in preclinical20,21 and clinical studies.22–24

Cerebral autoregulation (CA) maintains a constant
cerebral blood flow (CBF) over a range of cerebral per-
fusion pressure and protects the brain from hypo- and
hyperperfusion. Cerebrovascular circulatory function is
controlled through neural, myogenic and metabolic
mechanisms. Cerebral vasoparalysis leading to
abnormal cerebral haemodynamics and impaired CA
following HIE was associated with poor outcome in
pre-hypothermic era.25–27 In recent years, further
attempts have been made to examine the cerebrovascu-
lar reactivity status of the brain and its relationship
with outcome in neonates with HIE who underwent
therapeutic hypothermia, using NIRS-based haemo-
dynamic indices.13–16 A close relationship between dis-
autoregulation and abnormal cerebral metabolism has
been described in adults after traumatic brain injury
but pressure passivity was not related to CBF.28

Disturbances in cerebral oxidative metabolism fol-
lowing HIE are well documented.7–8 Both preclinical
and clinical studies using phosphorus magnetic reson-
ance spectroscopy (31P MRS) have demonstrated the
depletion in cerebral energy state immediately after
the HI insult (primary energy failure) followed by a
further phase of deterioration 6–24 h after HI

(secondary energy failure). During this secondary
phase, phosphocreatinine (PCr) and neucleotide tri-
phosphate (NTP) fell and inorganic phosphate
increased (Pi) despite maintenance of adequate oxygen-
ation and circulation. The secondary phase marked by
the onset of seizures, cytotoxic oedema, accumulation
of cytokines and mitochondrial failure that leads to
further call death.29 The degree of energy failure influ-
ences the type of cell death.30,31 These findings further
raise the importance of reviewing the relationship of a
metabolic reactivity index with outcome following HIE.
A cot side metabolic reactivity index using CCO has
never been examined before. This is particularly intri-
guing in the current era, in view of the influence of HT
on other early prognostic biomarkers. The predictive
ability of amplitude integrated EEG32 and the neuro-
logical examination at 72 h are influenced by hypother-
mia.33 Thoresen and coworkers34,35 also demonstrated
that the cerebral resistance index (RI) on Doppler
ultrasound has lost the predictive value during HT. In
the pre-HT era, resistance index (RI)< 0.55 was found
to be a predictor of adverse outcome at 18 months fol-
lowing HIE in 84% of normothermic infants while it
predicted outcome in only 60% on infants on day 2
during HT.35

Several methodologies have been used to assess cere-
brovascular reactivity in both term and preterm
infants.36,37 Both transcranial Doppler and NIRS-
derived reactivity indices examined the relationship
between spontaneous slow wave oscillations (0.003–
0.05Hz) in mean arterial blood pressure (MABP),
Doppler flow velocity,37 cerebral blood volume
(CBV)16 and cerebral oxygenation38–42 in the time
domain. Similarly, coherence and gain have been used
in frequency domain analysis.43 One of the major
limitations for these techniques is the assumption of
stationary relationship between the variables.
Cerebrovascular autoregulation is dynamic, nonsta-
tionary and the signals vary both in time and frequency,
more under pathological conditions.44 Wavelet-based
analysis can overcome this issue and characterise auto-
regulation with improved time–frequency resolution
following brain injury both in adults45,46 and the
newborn.17

We hypothesised that a metabolic reactivity index
based on wavelet analysis of slow wave (SW) oscilla-
tions of oxCCO and MABP measured at 48 h after
birth – (a) will correlate with thalamic lactate/NAA
peak area ratio on 1H MRS, (b) will be able to identify
infants with severe HIE, and (c) will be able to differ-
entiate the infants with severe HIE from the group with
mild to moderate HIE based on both early biomarker
and neurodevelopmental assessment at one year of age.

We aimed to investigate the effects of disturbances in
brain metabolism following HIE on outcome, using a
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metabolic reactivity index derived from wavelet ana-
lysis between oxCCO and MABP in a cohort of infants
undergoing hypothermia (HT) following HIE.

Material and methods

This prospective observational study (Baby Brain
Study) was approved by the Research Ethics
Committee (REC) of University College London
Hospital and London Bloomsbury REC (reference:
13/LO/0106) in accordance with the declaration of
Helsinki. Written informed consent was obtained
from parents before each study.

Patients and clinical care

Stable term infants admitted to the neonatal unit in
University College London Hospital for HT following
HIE were eligible for the study. Unstable and sick
infants or infants with congenital abnormalities were
excluded from the study. Clinical decisions regarding
the care of the infant were taken by the intensive care
team in line with the local and national guidelines.
Whole body HT with intracorporeal temperature moni-
toring was instituted in infants with evidence of
moderate to severe HIE as early as possible after
birth as per the National Institute for Health and
Clinical Excellence (NICE) guidance.47 This diagnosis
was confirmed by clinical examination, umbilical cord
gas acidosis and abnormal electrical activity on electro-
encephalogram (EEG) or amplitude-integrated electro-
encephalogram (aEEG). A servo-controlled cooling
machine (Tecotherm neo, Inspiration healthcare, UK)
was used to maintain the temperature at 33.5�C for 72 h
before gradually increasing the temperature to 37�C
over 14 h.

Monitoring and data collection

Physiological and broadband NIRS data were collected
over 2–4 h, from which a 60-min period from each
infant during periods of clinical stability was selected
for this analysis. All infants were sedated (continuous
intravenous infusion of morphine sulphate), muscle-
relaxed (atracurium intravenous infusion) and venti-
lated during HT. Invasive blood pressure recording
was collected continuously from indwelling umbilical
arterial catheter. Physiological data from individual
patient monitors (Intellivue monitors, Philips
Healthcare, UK) were captured using ixTrend software
(ixcellence, Germany), down-sampled and synchronised
with broadband NIRS timeframe using a MATLAB
(MathWorks, Natick, MA)-based software using
spline interpolation. NIRS data were collected using a
customised software developed in LabView (National

Instruments, TX, USA). Figure 1 represents a scheme
of data processing and wavelet analysis. NIRS data
from both left and right sides revealed similar changes
and data from the left side were used for further ana-
lysis as thalamic Lac/NAA from MRS were obtained
using a single voxel positioned on left thalamus.

Broadband near infrared spectroscopy

CCO contains four active metal redox centres; one of
them, the CuA is a dominant near-infrared (NIR)
chromophore and the primary contributor for the
NIR spectral signature. Detection of CCO using
NIRS is more difficult than other chromophores as its
in-vivo concentration is less than 10% of that of
haemoglobin and has a broad spectral signature.
Broadband NIRS can accurately resolve the spectral
changes due to oxCCO without crosstalk from the
haemoglobin chromophores. We have recently devel-
oped a new broadband NIRS system,19,22–24 which is
capable of monitoring �[oxCCO] as well as �[HbO2]
and �[HHb] in the neonatal brain with improved signal
quality measured over 136 wavelengths. The system
consists of an optical fibre illuminator (ORIEL 77501,

Figure 1. Scheme of data processing and wavelet analysis. Both

systemic and NIRS data were checked for artefact after data

collection. Artefacts were removed before further processing to

reduce the high frequency noise maintaining the trend informa-

tion. Continuous wavelet transform was performed on both

MABP and NIRS data. The wavelet cross transform was then

used between these wavelets transform to calculate the meas-

ures of power (wavelet coherence) and the instantaneous phase

difference (wavelet semblance).
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Newport, UK) with a stable white light source. The
source is coupled to two optical fibre bundles which
illuminate the tissue. Four detector bundles collect the
attenuated light emerging from the tissue at increasing
distances from each source (1.5, 2, 2.5, 3 cm). The opti-
cal fibres are held to the tissue in a custom 3D printed
holder. At the detection end, a lens-based spectrometer
(LS785, Princeton Instruments, USA) and a front-illu-
minated CCD camera (PIXIS 512f, Princeton
Instruments, USA) resolve the intensity spectrum
across 770–906 nm for the eight detectors simultan-
eously. The longest source-detector distance of 3 cm
was chosen to ensure an optimal depth penetration
and the differential path length (DPF) of 4.99 was
used48 to calculate the concentration changes of differ-
ent chromophores using UCLn algorithm.19

Data processing

MABP and NIRS data were visually inspected for any
artefacts. Sudden changes in NIRS variables greater
than 15% from baseline and not consistent over all
the signals were identified as artefacts. Brief transient
artefacts in MABP were removed by simple
interpolation. Artefacts in NIRS data were removed
by using moving standard deviation and spline inter-
polation in MATLAB.49 After artefact removal, NIRS
data were processed with an automatic wavelet de-nois-
ing function in MATLAB to reduce the high frequency
noise but maintain the trend information.

Slow wave analysis

Keeping in mind the non-stationary aspect of CA, SWs
in MABP and NIRS signals were analysed using wave-
let-based techniques to achieve high time-frequency
resolution. The continuous wavelet transform (CWT)
with the complex Morlet wavelet has been shown50–54

to be a powerful mathematical tool for time-frequency
analysis for both stationary and non-stationary time
series. Our group have used this technique in multiple
studies54–55 including a recent study to illustrate and
characterise changes in cerebrovascular reactivity fol-
lowing adult brain injury.46 Tian et al.17 has also sug-
gested a potential clinical use of this technique to assess
the dynamic CA following HIE.

We have used the same MATLAB-based tools
described by Highton et al.46 to determine wavelet
coherence and semblance. Wavelet coherence based
on CWT was calculated as a measure of similarity in
spectral power and dynamic relationship between spon-
taneous oscillations in MABP and NIRS variables
(oxCCO and HbD). Wavelet coherence varies from 0
to þ1 depending on the strength of relationship
between the variables. Wavelet semblance was

calculated as a measure of instantaneous phase
difference and creates an index from þ 1 (when the
signals vary with close alignment) to �1 (when the sig-
nals are completely in antiphase). Wavelet semblance
bears a similarity to previously described time-domain
indices (PRx, Mx)28,57 and gives us the opportunity to
assess the cerebrovascular and cerebral metabolic
reactivity in a similar fashion.

The haemodynamic (semblance of MABP and HbD
or HbT) and metabolic (semblance of MABP with
oxCCO) reactivity indices were calculated across a 60-
min study period for each infant and the mean values
were used for comparison. Indices and variables were
documented using median, range or with mean� stand-
ard deviation as appropriate. Datasets were checked for
normality using D’Agostino-Pearson omnibus normal-
ity test before further statistical analysis in Graphpad
Prism 6 (GraphPad, USA). Welch’s correction was per-
formed while comparing between groups when stand-
ard deviation was different. Statistical significance was
considered as p< 0.05.

Magnetic resonance imaging and spectroscopy

MRI of brain is the imaging modality of choice follow-
ing HIE and together with MRS, clinically used to
assess the injury severity and for prognostication.11,58

Thalamic Lac/NAA peak area ratio obtained from 1H
MRS is a robust quantitative measurement within the
neonatal period for prediction of neurodevelopmental
outcome following HIE.10 Lac/NAA< 0.3 indicated
good motor outcome following HIE in this systematic
review and meta-analysis. We have used the NICHD
neonatal MRI brain injury scoring system described by
Shankaran et al.11 for prediction of neurodevelopmen-
tal outcome at six to seven years of age following
HIE. Specific patterns of MRI brain injury 2B (basal
ganglia thalamic (BGT), anterior or posterior limb
of internal capsule (ALIC or PLIC), or watershed
(WS) infarction and cerebral lesions) and three
(cerebral hemispheric devastation) in this study were
highly predictive of death or IQ< 70 at six to seven
years of age.

MRI and 1H MRS were performed between day 5
and 7 using a 3T Philips MRI scanner (Philips
Healthcare, UK). T1-weighted imaging was acquired
using an inversion-recovery prepared spoiled gradient
echo (inversion time¼ 1465ms; TR¼ 17ms;
TE¼ 4.6ms; excitation flip angle¼ 13�). T2-weighted
imaging was acquired using 2D fast spin echo (axial
and coronal sections; TR¼ 10721ms, TE¼ 130ms),
Diffusion tensor imaging was acquired with 32 direc-
tions of diffusion weighting with b-values of 0 and 750.
Apparent diffusion coefficient (ADC) and fractional
anisotropy (FA) maps were reconstructed inline on
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the scanner. For MRS, a single PRESS voxel of
1.5� 1.5� 1.5 cm was positioned to encompass as
much of left thalamus as possible while avoiding over-
lap with CSF (TR¼ 2288ms, TE¼ 288ms, 2048 data-
points with spectral bandwidth of 4000Hz; water
suppression was performed using chemical shift select-
ive suppression pulses; automated shimming was per-
formed by the scanner before each acquisition). A
dynamic series of 16 subspectra were acquired, each
with eight averages. These subspectra were subse-
quently and individually frequency and phase corrected
before summation to yield the final full spectrum.59

This methodology allows for any subspectra corrupted
by patient motion to be removed from the final sum-
mation. NAA, choline, creatine and lactate peaks were
identified at 2.02, 3.02, 3.24 and 1.33 ppm, respectively.
Spectra were fitted using AMARES60 as implemented
in the jMRUI magnetic resonance software package.61

A paediatric neuroradiologist (RG) scored all MRI
images.

Neurodevelopmental follow up

All infants born in our hospital had regular neurodeve-
lopmental follow-up andwere assessedwithBayley Scales
of Infant Development-III. Infants born in other hos-
pitals and were transferred to us for management of
HIE were also offered the first assessment in our hospital
and had the opportunity to choose further assessments in
either our hospital or in their local units. A score of <85
was considered adverse outcome (mean 100, SD� 15). In
this study, infants with adverse neurodevelopmental out-
come and death were compared with the group who sur-
vived with a good outcome at one year of age.

Blood pressure variability

MABP variability in the SW spectrum (0.003–0.05Hz)
and the relationship with outcome biomarkers were
reviewed in the study population. It was important to
identify whether MABP variability was directly related
to outcome in this cohort and might have influenced
the relationship of metabolic reactivity index from
wavelet analysis with outcome. This was performed
in the frequency domain using established spectral
analysis techniques.62,63 Power spectral density (PSD)
analysis was performed using Welch’s method to
determine the power in the SW range and a power
index calculated based on SW power/Total power
using MATLAB.

Results

Twenty-three term newborn infants with moderate to
severe HIE participated in the study while undergoing

HT. Sixty-minute datasets collected during stable peri-
ods at a mean age of 48 h were analysed during which
transcutaneous CO2 (tcCO2) remained stable. All
infants had MRI and MRS of brain between day 5
and 7 of life. Four infants died either in the neonatal
period or within the first year of life. Patient character-
istics are presented in Table 1. No significant changes in
ventilatory requirements or systemic observations
(heart rate, peripheral arterial oxygen saturation
(SpO2) and MABP) were noted during the study
periods.

Wavelet coherence and semblance between oxCCO
and MABP were calculated as 0.37� 0.08 and
0.06� 0.13, respectively. HbD-MABP wavelet coher-
ence and semblance were 0.42� 0.09 and 0.12� 0.17,
while HbT-MABP coherence and semblance were
0.38� 0.06 and 0.07� 0.14. Thalamic Lac/NAA on
MRS varied between 0.11 and 2.64.

A significant correlation was noted between oxCCO-
MABP semblance and thalamic Lac/NAA (r¼ 0.48, r2

0.23, p¼ 0.02) (Figures 1(b) and 2(d)). oxCCO-MABP
coherence revealed poor correlation with thalamic Lac/
NAA (r¼ 0.1, r2 0.01, p¼ 0.62) (Figure 2(a)). The rela-
tionships of thalamic Lac/NAA with HbD-MABP
semblance and HbT-MABP semblance were non-signif-
icant (r¼ 0.26, r2 0.07, p¼ 0.22 and r¼ 0.24, r2 0.06,
p¼ 0.28) (Figure 2(e) and (f)). Wavelet coherence of
HbD-MABP and HbT-MABP did not correlate with
thalamic Lac/NAA (r¼ 0.03, r2 0.0009, p¼ 0.9 and
r¼ 0.06, r2 0.004, P¼ 0.8) (Figure 2(b) and (c)).

Metabolic reactivity as expressed by oxCCO-MABP
semblance, was significantly different between mild to
moderate and severe groups of infants (based on Lac/
NAA< 0.3 and Lac/NAA� 0.3) (two tailed p 0.04
(Figure 3(d)). HbD-MABP and HbT-MABP semblance
difference between groups were non-significant (two
tailed p¼ 0.18 and 0.51, respectively) (Figure 3(e) and

Table 1. Patient characteristics.

Gestational age (weeksþdays) 39 (34þ2–41þ6)

Age at study in hours 48�12

Sex (Male: Female) 1.5:1

Birth weight (g) 3137�426

Arterial cord pH 6.94�0.2

Base deficit 16.05�6.24

Apgar score at 1 min 2�2

Apgar score at 5 min 4�3

Apgar score at 10 min 5�3

Age at study in hours 48�12

Age at MRI (days) 5–7

Note: Gestational age is presented as mean (range) while other param-

eters are presented as mean� s.d. MRI: magnetic resonance imaging.
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Figure 2. Linear regression analysis between thalamic Lac/NAA and wavelet indices. Note that coherence indices did not reveal any

clear correlation with thalamic Lac/NAA (a to c). oxCCO-MABP semblance correlated well with thalamic Lac/NAA (Pearson cor-

relation 0.48, r2 0.23, p¼ 0.02) (d). Correlation of thalamic Lac/NAA with HbD-MABP semblance and HbT-MABP semblance were

non-significant (r¼ 0.26, r2 0.07, p¼ 0.22 and r¼ 0.24, r2 0.06, p¼ 0.28) (e, f).

Figure 3. Box and whiskers plots for comparison of mild to moderate and severe groups of infants based on the MRS biomarker

(Lac/NAA< 0.3 and Lac/NAA> 0.30) for the wavelet indices. OxCCO-MABP semblance was significantly different between two

groups (two tailed p 0.04) (d). HbD-MABP and HbT-MABP semblance difference between the groups were non-significant (two tailed

p¼ 0.18 and 0.51, respectively) (e, f). Wavelet coherence difference between the groups were also non-significant for oxCCO-MABP

(a), HbD-MABP (b) and HbT-MABP coherence (c) (two tailed p¼ 0.96, 0.88 and 0.35, respectively).
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(f)). Wavelet coherence difference between the groups
was also non-significant for oxCCO-MABP, HbD-
MABP and HbT-MABP coherence (two tailed
p¼ 0.96, 0.88 and 0.35, respectively) (Figure 3(a) to (c)).

OxCCO-MABP semblance compared between two
groups based on MRI score (MRI score< 2B
and� 2B) demonstrated a significant difference (two
tailed p¼ 0.04, effect size (Cohen’s d) 0.94) between
the groups (Figure 4(a)). Nine infants in this cohort
had an MRI score of 2B or more.

Neurodevelopmental outcome data were available
up to 12 months of age for 11 infants. Four infants
died within the first year. Mean oxCCO-MABP semb-
lance was significant different between two groups
(death or Bayley III motor composite score< 85 and
Bayley III motor composite score� 85) (two tailed
p¼ 0.04, effect size (Cohen’s d) 1.52) (Figure 4(b)).

A strength of wavelet analysis is the possibility to
investigate the relationships between MABP and
NIRS indices in detail for individual studies.
Figures 5 and 6 demonstrate examples of preserved
and disturbed metabolic reactivity in two infants with
good and adverse outcomes respectively following HIE.
MRI images and the MRS spectra for calculation of
Lac/NAA are also presented.

The power spectral density analysis of MABP
waveform was performed in all infants. Average
power in the SW frequency range (0.003–0.5Hz)
with SW/total power index was calculated. No signifi-
cant differences were noted (two-tailed p value 0.26
and 0.93 respectively, Mann–Whitney test) between
groups of infants with normal or poor outcome
(based on Lac/NAA< 0.3 and Lac/NAA� 0.3,
respectively).

Discussion

This study demonstrates that the metabolic reactivity
index, defined as the semblance of oxCCO and MABP
at 48 h of age calculated using wavelet transformation,
predicted outcome following HIE. This relationship
was demonstrated both for short-term outcome bio-
marker based on MRS-derived Lac/NAA between
days 5 and 7 and neurodevelopmental outcome
measured at one year. Infants with preserved cerebral
metabolic reactivity (low wavelet semblance ranging
from 0 to –1) had better outcome compared to infants
with disturbed metabolic reactivity (high wavelet
semblance 0 to þ1). Variability of MABP itself did
not influence the relationship of oxCCO-MABP
semblance with outcome. OxCCO-MABP wavelet
coherence as well as other wavelet indices between
MABP and haemoglobin-based indices (HbD and
HbT) did not correlate with outcome biomarkers
and did not differ among groups of newborn infants
with death or poor outcome and normal outcome.
Metabolic reactivity index (oxCCO-MABP semb-
lance) appears to be a promising cot side indicator
of outcome following HIE.

OxCCO-MABP semblance is likely to reflect the
metabolic response to blood flow changes and substrate
delivery to mitochondria and as a result becomes a
marker of metabolic reactivity. Our findings suggest
that oxCCO-MABP semblance can identify those neo-
nates where impaired CA is compromising flow-meta-
bolism coupling. Therefore, it is related to outcome
more closely than HbD and HbT indices from wavelet
analysis. Wavelet coherence indicates where signal
powers vary together between the variables and reflects

Figure 4. (a) Difference in oxCCO-MABP semblance in two groups of infants with MRI score< 2B (grey) and� 2B (red) (Shankaran

et al. 2016) indicating a significant difference (two tailed p¼ 0.04) between the groups (mean and SEM presented). (b) Relationship

between the oxCCO-MABP semblance and neurodevelopmental outcome at 12 months of age following HIE. OxCCO-MABP

semblance was presented for two groups of infants – death or motor disability at 12 months with Bayley III motor composite

score< 85 (red) and normal motor outcome with Bayley III motor composite score> 85 (grey). Significant difference (two tailed

p¼ 0.04) noted in oxCCO-MABP semblance between two groups of infants.
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change in power and synchronisation of phase. In con-
trast, wavelet semblance gives a measure of phase dif-
ference, making it a more effective index for assessment
of cerebral reactivity and autoregulation. The phase
dynamics derived from wavelet analysis between
MABP and cerebral blood flow velocity (CBFV)
reflected most of the linear and non-stationary
characteristics of CA in a study by Latka et al.53 This
corroborates with our findings of oxCCO-MABP wave-
let semblance being a superior index of reactivity com-
pared to wavelet coherence.

CA in the newborn brain attempts to maintain a
constant CBF over a range of perfusion pressure and
a key protective mechanism.64 Pressure passivity of the
cerebral circulation has been documented in sick term16

and preterm29 infants and has been related to outcome
in both newborns14 and adults.65 Recent studies in new-
born term infants following perinatal brain injury have

suggested the importance of early identification of loss
of autoregulation indicating the need for continuous
monitoring with appropriate indices of cerebrovascular
reactivity.13–17

Metabolic regulation of blood flow is well
established. CBF and cerebral metabolism are tightly
controlled in the healthy brain,66 but this relationship is
likely to be disturbed following HIE. Cerebral nitric
oxide (NO) maintains cerebrovascular tone by
modulating CBF.67 Under normal conditions, intra-
mitochondrial Caþþ activates mitochondrial phos-
phates, which in turn activates cytochrome c and
CCO. Following HIE, increased Caþþ influx inside
cell activates neuronal nitric oxide synthase (nNOS)
stimulating the production of NO from L-arginine
and oxygen.68 NO disrupts the mitochondrial respira-
tory chain by impairing the function of CCO (complex
4) and complex 1 and induce apoptosis.69–73

Figure 5. Individual example of wavelet coherence and semblance calculation in an infant admitted with moderate encephalopathy.

Mean coherence and semblance for the study were 0.46 and �0.11 respectively ((a). The infant was born in poor condition following

fetal bradycardia at 37þ6 weeks by emergency caesarean section and was resuscitated at birth. Arterial cord revealed pH 6.99, pCO2

12.81 and BE �10.2 with Apgar score 1 ant 1 min and 5 at 5 min. Infant completed 72 h of HT. There was generalised low signal

intensity was noted on the T1-weighted images and high signal intensity on the T2-weighted images on MRI on day 5, but no overt

acquired pathology was noted (b). 1H MRS-derived Lac/NAA peak area ratio was measured 0.25 with normal choline (Ch), creatinine

(Cr), N-acetyl aspartate (NAA) peak and a small lactate (Lac) peak (c).
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NO-mediated injury pathways may explain our
findings of passive (zero to þ1) cerebral metabolic
reactivity (oxCCO-MABP semblance) in infants with
severe perinatal brain injury and poor outcomes. It is
likely that increase in cerebral NO production follow-
ing hypoxic ischaemic injury is responsible for the
haemodynamic changes as well as the secondary
energy failure by inhibition of mitochondrial respir-
ation at the level of CCO.

Two periods of vasoparasis have been identified fol-
lowing HIE. The initial phase happens soon after the
hypoxic ischaemic insult and the second phase 12–24 h
later, which continues for hours or days depending on
the injury severity.27,29,74,75 This second phase of
increased cerebral perfusion is related to the secondary

energy failure,29,76 during which an increase in extracel-
lular concentration of citrulline77 has been documented
in late gestation fetal sheep. Citrulline is produced
during the production of NO from L-arginine by
NOS, suggesting an increased production of NO
during this period. NO induces cerebral vasodilation
as well as neuronal death through free radical injury.
Relationship of oxCCO-MABP semblance at 48 h with
outcome most likely reflects the effect of established
mitochondrial injury and vasoparasis at this point. It
is interesting to note that inhibiting NOS following
cerebral ischaemia in fetal sheep increased cerebral
injury,78 most likely by limiting the substrate delivery
to ETC within the already compromised
mitochondria.79,80

Figure 6. Example of passive oxCCO-MABP reactivity in an infant admitted with severe HIE. (a) Demonstrates calculation of

wavelet coherence and semblance between oxCCO and MABP – 0.54 and 0.37, respectively. Note the difference in semblance colour

map in contrast to the previous example with intact metabolic reactivity (Figure 6). This infant was born at 41þ2 weeks by emergency

caesarean section following fetal bradycardia and evidence of thick meconium. Baby was born with no respiratory effort with a heart

rate of �60/min and needed resuscitation. Arterial cord gas revealed pH 7.09. PCO2 8.30. BE �12.30 and Apgar score was 2 at 1 min,

3 at 5 min. Baby received HT. EEG throughout this period remained significantly suppressed). MRI of brain on day 5 revealed global

cerebral swelling and edema with restricted diffusion in keeping with global infarction due to severe HIE (b). 1H MRS revealed a split

choline peak, a smaller NAA peak and a raised Lac peak. Lac/NAA ratio was 1, also indicating a severe degree of deep grey matter

injury (c). Metabolite concentrations are reduced in the thalami of neonates with severe HIE.88 compared to normal/mild outcomes.

As a result, spectra acquired from the brains of neonates with severe HIE have a lower SNR. This effect can be seen by comparison of

Figures 5 and 6.
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Monitoring cerebrovascular reactivity and assessing
its relation to outcome has been an important focus
following newborn brain injury. A series of different
methodologies have been used to directly measure
CBF – Doppler ultrasound,81 Xenon-133 clearance,82

(positron emission tomography (PET),83 single photon
emission computed topography (SPECT)84 and perfu-
sion-weighted MRI.85 But these techniques are not suit-
able for continuous monitoring at cot side in the
neonatal intensive care. NIRS has emerged as an alter-
native tool for monitoring cerebrovascular reactivity at
the cot side.13–17 Identification of an optimal blood
pressure was examined in a group of infants with
HIE to find the optimal vasoreactivity.16 Infants with
significant injury following HIE spent a greater propor-
tion of time below optimal mean arterial blood pressure
(MAPOPT) and had a greater deviation from MAPOPT

compared to infants with normal outcome. Time spent
below MAPOPT was also associated with neurodevelop-
mental impairment at two years. Massaro et al.15

demonstrated a similar relationship using pressure pas-
sivity index (PPI), an indicator of duration of pressure
passive circulation.15 These methodologies were based
either in time or frequency domain. Several studies have
looked at the cerebrovascular reactivity but the meta-
bolic regulation or metabolic reactivity indices has long
been overlooked.

One of the major challenges for signal-processing for
analysis of CA is the dynamic and non-stationary
nature of cerebral slow-waves. Our group and recently
Tian et al.17 have demonstrated that using wavelet-
based tools, it is possible to characterise CA better.
Tian et al. described the time-scale-dependant nature
of CA with demonstration of in-phase and antiphase
coherence and their relationship to outcome following
HIE. Wavelet semblance in this study examined the
phase differences between MABP and NIRS indices.
It is the cosine of the instantaneous phase difference
and varies toward þ1 when signals are closely aligned
in phase and toward �1 when they are in antiphase.
Wavelet semblance46 being in a scale of �1 to þ1 can
be used more intuitively, like time domain-based
reactivity indices.45,86 The individual colour maps for
wavelet coherence and semblance also help to under-
stand the cerebral physiological changes over time in
individual cases (Figures 5(a) and 6(a)). Recently real-
time wavelet analysis has been used to study neurovas-
cular coupling (NVC) in neonatal encephalopathy.
NVC coherence between NIRS measured cerebral
tissue oxygenation and EEG was lower in cooled ence-
phalopathic infants compared to the non-encephalo-
pathic group. The coherence was also significantly
lower in the poor outcome group compared to those
with a normal outcome.87 Although the broadband
NIRS-derived marker of mitochondrial metabolism

(oxCCO) and EEG are two different physiological
measurements and a direct comparison between them
is not possible based on our study, it is interesting to
note that both wavelet approaches were able to differ-
entiate between the poor and normal outcome groups
after HIE.

Limitations

A significant proportion of infants admitted to our unit
for management for HIE were transferred ex-utero
from other local units. We could not obtain consent
for study on day 1 for these infants as parents were
not available. Findings of this study represent the
effect of hypoxic ischaemic injury on cerebral metabol-
ism at 48 h of life during HT. To interrogate the role of
this metabolic reactivity index for understanding of the
pathophysiological changes following HIE, measure-
ments need to be taken early after hypoxia ischaemia
and at regular intervals during HT and rewarming.
Cerebrovascular reactivity can be affected by changes in
pCO2, arterial oxygen saturation,CBF,CBVand cerebral
oxygen consumption. We have tried to keep these vari-
ables constant by choosing periods of clinical stability.We
have measured transcutaneous CO2, SpO2 and other sys-
temic variables continuously during the studies and
selected 60-min epochs when these variables remained
mostly stable with minimal changes. We also did not
have the neurodevelopmental outcome for all infants
and follow up at two years would be optimal, but it was
encouraging to note the clear relationship between the
metabolic reactivity index at 48 h and neurodevelopmen-
tal outcome at one year of age in our cohort.

Conclusion

Cerebral metabolic reactivity following HIE, as
quantified by oxCCO-MABP semblance using wavelet
analysis characterised and quantified cerebral meta-
bolic changes in babies with HIE. This reactivity
index, oxCCO-MABP semblance was associated with
outcome biomarkers used for early prognostication of
outcome after HIE as well as the neurodevelopmental
outcome measured at one year of age. These findings
support the feasibility of wavelet-based assessment of
dynamic changes in cerebral metabolism and haemo-
dynamics in newborn infants and the role of oxCCO-
MABP semblance as a useful cot side biomarker to
differentiate between the infants with good and poor
outcome following HIE.
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Oxygen dependency of mitochondrial
metabolism indicates outcome of
newborn brain injury
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Abstract

There is a need for a method of real-time assessment of brain metabolism during neonatal hypoxic-ischaemic enceph-

alopathy (HIE). We have used broadband near-infrared spectroscopy (NIRS) to monitor cerebral oxygenation and

metabolic changes in 50 neonates with HIE undergoing therapeutic hypothermia treatment. In 24 neonates, 54 episodes

of spontaneous decreases in peripheral oxygen saturation (desaturations) were recorded between 6 and 81 h after birth.

We observed differences in the cerebral metabolic response to these episodes that were related to the predicted

outcome of the injury, as determined by subsequent magnetic resonance spectroscopy derived lactate/N-acetyl-

aspartate. We demonstrated that a strong relationship between cerebral metabolism (broadband NIRS-measured

cytochrome-c-oxidase (CCO) and cerebral oxygenation was associated with the unfavourable outcome; this is

likely to be due to a lower cerebral metabolic rate and mitochondrial dysfunction in severe encephalopathy.

Specifically, a decrease in the brain tissue oxidation state of CCO greater than 0.06 mM per 1 mM brain haemoglobin

oxygenation drop was able to predict the outcome with 64% sensitivity and 79% specificity (receiver operating charac-

teristic area under the curve¼ 0.73). With further work on the implementation of this methodology, broadband NIRS

has the potential to provide an early, cotside, non-invasive, clinically relevant metabolic marker of perinatal hypoxic-

ischaemic injury.
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Introduction

Hypoxic-ischaemic encephalopathy (HIE) is respon-
sible for a quarter of neonatal deaths globally1 and is
the second most common cause of preventable child-
hood disability.2 In developed countries, the incidence
of HIE is around 1.5 per 1000 live births, with 5- to 10-
fold higher rates in mid and low resource settings.3

Following resuscitation after perinatal hypoxia-
ischaemia (HI), the neonatal brain evolves through a
period of partial recovery, followed by a latent phase
(the probable therapeutic window).4 Following this,
a secondary phase of energy failure may occur which
is associated with cytotoxic oedema, cell death due to
mitochondrial injury and clinical deterioration often

with seizures.5 Therapeutic hypothermia (HT) started
during the latent phase reduces secondary energy
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failure, cell death and improves outcome at 18–24
months and at school age.6–8 Although HT has been
standard care for babies with moderate to severe HIE,
around 50% of treated infants have adverse outcomes.
Research into adjunct neuroprotective therapies is cur-
rently an area of focus,4,9 so a continuous monitor of
brain tissue health is highly desirable.

The progression of the brain health during HIE can
be characterised in terms of the metabolism. The meta-
bolic changes during and after a hypoxic-ischaemic
insult in an animal model have been measured using
proton (1H) magnetic resonance spectroscopy (MRS).10

An increase in lactic acid occurs during hypoxia-ischae-
mia (produced as a result of anaerobic respiration).
Following resuscitation and return of oxygen and sub-
strate supply, aerobic respiration resumes and the brain
lactate (Lac) returns to almost normal levels during the
latent phase. However, a secondary rise in brain lactate
and reduction in N-acetyl-aspartate (NAA), suggesting
mitochondrial dysfunction and loss of neuronal integ-
rity, occurs during the secondary energy failure due to
an evolving cascade of injury.10 The 1H MRS derived
thalamic Lac/NAA peak area ratio is a robust predictor
of neurodevelopmental outcome in babies with HIE11,12

and has been used as surrogate outcome measures in
clinical neuroprotection studies of HIE.13 This metabolic
information is vital for prognostication and counselling,
but only gives a snapshot of the cerebral injury at a
particular time point, usually after subacute secondary
energy failure phase. Identification of worsening brain
injury and potential unfavourable outcome with a bed-
side tool during treatment could improve outcome of
these patients.

Broadband near-infrared spectroscopy

Near-infrared spectroscopy (NIRS) can yield informa-
tion about cerebral haemodynamics (via oxy- and
deoxy-haemoglobin: HbO2 and HHb, respectively)
and tissue oxygenation at the cotside. The use of
NIRS systems to monitor the haemodynamics of HIE
has been demonstrated by many research teams over
the past 20 years,14–25 yet none has identified a differ-
ence in the levels of injury. Measurement of cerebral
metabolism, which is related to neuronal activity, is
likely to be more sensitive to different severities of
injury.17,18,21,26,27

Broadband NIRS additionally monitors changes in
the activity of cytochrome-c-oxidase (CCO) and has the
potential to provide a metabolic marker. CCO is the
terminal electron acceptor in the electron transport
chain (ETC): the final stage of oxidative metabolism.26

A unique copper dimer (Copper A) in the enzyme has
an absorption peak around 835 nm in its oxidised form
(oxCCO), but not in its reduced state. A change in the

redox state represents a change in oxidative cellular
metabolism. To accurately resolve changes in oxCCO,
many wavelengths (broadband) are required as the con-
centration of CCO is 10% of the in vivo haemoglobin
concentration.28,29 Broadband NIRS-measured oxCCO
changes are associated with acute changes in metabol-
ism following hypoxia-ischaemia;26,30–33 see Bale
et al.28 for a detailed review.

Aim

Our aim was to determine whether broadband NIRS
can distinguish injury severity in HIE in the first 4 days
after birth. It has been established that a disruption of
the cerebral metabolic rate is associated with severe
brain injury.17,18,20,21,26 Probing this relationship fur-
ther, we assessed the metabolic and haemodynamic
responses to spontaneous episodes of hypoxia (desatur-
ations) in newborns with favourable to unfavourable
outcome after HIE. We hypothesised that the relation-
ship between cerebral tissue oxygenation and mito-
chondrial function would indicate the severity of the
injury; whereby in brain injury resulting in an
unfavourable outcome, mitochondrial function is
more dependent on oxygenation.

Materials and methods

Study participants and protocol

This prospective observational study (Baby Brain
Study) was approved by the Research Ethics
Committee (REC) of University College London
Hospital and London Bloomsbury REC (reference:
13/LO/0106) in accordance with the Helsinki
Declaration. Written, informed consent was obtained
from parents before each study. Parents of term infants
born at or transferred to UCLH for treatment of HIE
were approached for informed consent; we excluded
babies with congenital malformations. As per the
national guideline (NICE Guidelines) infants deter-
mined to have moderate to severe HIE were cooled to
33.5�C for 72 h as soon as possible after birth.
Rewarming was started after 72 h, increasing 0.5�C
every 2 h over a period of 14 h. All infants were intu-
bated and ventilated during HT, and received continu-
ous morphine and atracurium infusions, as is standard
policy in the UCLH NICU. Data were collected from
50 infants with HIE over the first 4 days of life during
HT and rewarming; specifically, the neonates were
monitored from as early as 5 h until 96 h after birth.
The total duration of the monitoring varied between
infants and ranged from 8 to 78 h (see Table 1).

Continuous systemic data from bedside Intellivue
Monitors (Philips Healthcare, UK) were collected
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simultaneously with the NIRS data using an applica-
tion called ixTrend (ixellence GmbH, Germany).
Signals recorded include oxygen saturation (SpO2),
heart rate, respiratory rate and mean arterial blood
pressure.

Magnetic resonance imaging and spectroscopy

MRI scans with 1H MRS were performed between days
5 and 10 using a 3T Philips MRI scanner (Philips
Healthcare) and processed with jMRUI (v4). T1 and
T2 weighted imaging sequences were obtained along
with diffusion-weighted imaging sequences. A single
voxel of 1.5 cm� 1.5 cm� 1.5 cm was positioned to
encompass as much of left thalamus as possible whilst
avoiding overlap with CSF to obtain MRS spectra.
Thalamic Lac/N-acetyl aspartate peak area ratio
obtained from 1H MRS is the most accurate quantita-
tive MR biomarker within the neonatal period for pre-
diction of neurodevelopmental outcome following
HIE;11 Lac/NAA< 0.3 was noted to indicate good out-
come in this meta-analysis.

Broadband NIRS instrumentation and processing

The broadband NIRS device used in this study has
been previously described.34 Briefly, the system consists
of an optical fibre illuminator (ORIEL 77501,
Newport, UK) and a lens-based spectrometer (LS785,
Princeton Instruments) with a front-illuminated CCD
camera (PIXIS 512f, Princeton Instruments) (see Figure
1(a)). An optical fibre bundle carries light to the tissue,
and another detector bundle collects the attenuated
light emerging from the tissue; the fibres are held
onto the head with a 3D printed fibre holder. All meas-
urements were taken on the forehead over the right
hemisphere of the frontal lobe with a source-detector
separation of 30mm (see Figure 1(b)).

Detected intensity data were collected at 1Hz using
custom-built software (LabVIEW 2011, National
Instruments). Attenuation changes across the 770–
905 nm wavelength range were used to resolve concen-
tration changes in HbO2, HHb and oxCCO using the
UCLn algorithm.28,35 A constant pathlength was
assumed with a differential pathlength factor of 4.9936

Table 1. Details of neonates studied with desaturation events eligible for analysis.

Neonate Gender

GA

(weeks)

Birth

weight (g) Lac/NAA

Outcome

prediction

Duration

(hours)

No. of

events Time of events (hours from birth)

2 F 38.0 1770 0.87 Unfavourable 29.0 1 37

3 F 41.0 3800 0.2 Favourable 47.1 9 23, 71, 71, 71, 72, 72, 75, 76, 78

6 M 40.3 3110 0.39 Unfavourable 29.1 2 56, 62

7 M 39.7 3640 1.32 Unfavourable 24.7 2 67, 68

8 F 41.9 3498 0.17 Favourable 26.8 1 51

9 M 38.9 2850 0.16 Favourable 35.3 5 34, 35, 36

11 F 40.6 3580 0.08 Favourable 77.5 1 37

14 M 37.7 3750 0.25 Favourable 30.9 2 14, 54

15 F 39.6 3240 0.15 Favourable 36.4 3 16, 70, 78

17 F 37.4 3160 0.35 Unfavourable 50.2 2 13, 37

19 F 39.4 3700 0.16 Favourable 28.9 1 18

20 M 40.9 3190 0.11 Favourable 48.7 2 40, 66

21 M 36.4 2440 0.2 Favourable 41.1 3 33, 41, 81

25 M 41.9 4940 0.4 Unfavourable 8.1 1 78

35 F 38.7 3150 0.14 Favourable 12.0 1 18

37 F 39.4 3330 0.2 Favourable 10.1 2 12, 14

47 F 41.7 3390 0.41 Unfavourable 16.9 1 51

48 M 39.0 3340 2.64 Unfavourable 29.0 1 69

51 M 38.1 3070 0.18 Favourable 15.6 2 58, 58

53 F 37.6 3020 0.17 Favourable 16.9 2 17, 34

56 M 40 3365 0.34 Unfavourable 13.5 1 29

59 M 41.1 3990 0.16 Favourable 15.5 3 17, 43, 44

60 F 40.7 2754 0.15 Favourable 15.7 3 6, 7, 9

62 F 40 3442 0.21 Favourable 25.8 3 30, 53, 58
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which was corrected for the wavelength dependency of
the pathlength.37

Data analysis

All data analysis was done in MATLAB 2013b
(Mathworks). Automatic synchronisation of the broad-
band NIRS data with the systemic data was performed.

Data from during the therapeutic hypothermia
period was included in the analysis; that is events occur-
ring on postnatal days 1–3 during hypothermia
(33.5�C) and day 4 during the rewarming period but
still at hypothermic temperatures (<35�C).

Multimodal data were examined during clinically
stable periods (no seizure activity), and desaturation

events were selected. A drop in SpO2 to below 85%
from above 95% was selected as a hypoxic event (see
examples in Figure 2(a) and (e)). If there were no hyp-
oxic events identified in their data, the neonate was
excluded from this analysis. In cases where there were
multiple events per baby, the events were averaged
before the group analysis. After event selection, NIRS
data were filtered using a third order Savitzky–Golay
filter and normalised to 0 mM at the event start time. As
each event has a different duration and SpO2 decrease,
the NIRS and systemic data were averaged per each 5%
change in SpO2.

1H MRS derived thalamic Lac/NAA was used as a
clinical biomarker as a prognostic measure of out-
come.11 Favourable outcome was predicted by

Figure 1. (a) Experimental set up demonstrating the integration of the broadband NIRS system within the multimodal monitoring

environment in the NICU: broadband NIRS system is on the left with optical fibres (black) entering the cot. (b) The baby in the cot

being monitored during treatment for HIE with broadband NIRS (black optical fibre cables), EEG, transcutaneous monitors, blood

pressure catheter, respirator and ECG.

4 Journal of Cerebral Blood Flow & Metabolism



Lac/NAA< 0.3. It was not possible to observe the
severity of the original injury because a significant pro-
portion of the neonates were transferred ex utero from
different local units for management of HIE and were

already on medication on arrival at our NICU. The
median and interquartile range of the signals was cal-
culated for each NIRS and the systemic signal at each
5% SpO2 for each group (minimum of four events).

Figure 2. Examples of broadband NIRS and MR data from two infants with different HI injury severities. (a–d) Neonate 021 with the

favourable outcome: (a) pulse oximeter recording of SpO2 during desaturation event (grey). (b) NIRS recording of HbD, HbT and

oxCCO during same desaturation event (grey) as in (a). Note that oxCCO is plotted on the right axis. (c) Change in oxCCO against

HbD during desaturation period from (a) and (b) showing a gradient of �0.01. (d) T2 weighted MRI on day 7 revealed high signal

intensity in the white matter (WM) with normal deep grey matter (DGM). Lac/NAA was 0.2. (e–h) Neonate 007 with unfavourable

outcome. (e) Pulse oximeter recording of SpO2 during desaturation event (grey). (f) NIRS recording of HbD, HbTand oxCCO during

same desaturation event (grey) as in (e). Note that oxCCO is plotted on the right axis. (g) Change in oxCCO against HbD during

desaturation period from (e) and (f) showing a gradient of 0.14. (h) T2 weighted MRI on day 5 revealed widespread signal intensities

both in WM and DGM. Lac/NAA was 1.32.
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Statistical analysis

The significance of the difference between the group
NIRS variables and baseline was assessed using
Kruskal–Wallis tests (p< 0.05 was considered statistic-
ally significant).

The gradients of oxCCO against the HbD, HbT and
SpO2 changes during each desaturation were found for
each event, and receiver operating characteristic (ROC)
curves were used to illustrate the performance of the
gradients of the events as classifiers of injury.

Results

A total of 54 arterial desaturation events were recorded
in 24 neonates (8 unfavourable and 16 favourable out-
comes after HIE, as determined by MRS-measured
Lac/NAA) out of 50 neonates monitored with broad-
band NIRS; data from 26 neonates were excluded. All
events were recorded over postnatal days 1–4 during
hypothermia: the first event was recorded 6 h after
birth, and the last event was at 81 h. Table 1 shows
the clinical details of the infants included in this ana-
lysis, and the number and timing of events recorded per
infant (see online Supplementary Table 1 for clinical
details for all infants studied, including those without
desaturation events eligible for analysis). Table 2 shows
the mean changes in the systemic parameters measured
during the desaturation event periods. The average
desaturation period occurred over 131� 97 s, with a
range from 13 to 455 s. The average SpO2 nadir was
65%� 21%, with a range from 8% to 85%. The mean
birth weight was 3.3� 0.6 kg, and the mean GA was
39.6� 1.5 weeks; 13 neonates were female. A total of
54 events were identified: 11 from neonates with
unfavourable outcome (predicted by MRS measured
Lac/NAA> 0.3) and 43 from neonates with a favour-
able outcome.

Three cerebral signals were monitored using
broadband NIRS during the desaturation events:
cerebral oxygenation, as haemoglobin difference
(HbD¼HbO2�HHb), cerebral blood volume, as total

haemoglobin (HbT¼HbO2þHHb), and metabolism
via oxCCO (see examples in Figure 2(b) and (f)).
Figure 3 shows the group changes in each broadband
NIRS variable with SpO2 during desaturations for the
favourable and unfavourable outcome groups. At the
lowest SpO2 level (75–79%), there was a significantly
larger decrease in oxCCO for neonates with unfavour-
able outcome compared to a favourable outcome
(p¼ 0.04) despite no difference in the cerebral oxygen-
ation and blood volume changes (p> 0.05). There was
no difference between the changes in the haemoglobin
signals between the favourable and unfavourable out-
come groups. Further, the changes in metabolism from
baseline were different between the two groups: there
was no change in oxCCO from baseline in the favour-
able outcome group during desaturation (p> 0.05), but
there was a large decrease in oxCCO from baseline in
the unfavourable outcome group (p¼ 0.04). Across the
4 days, there were no significant temporal relationships
observed in the desaturation responses of HbD, HbT or
oxCCO, this is true both intra-subject (when there were
multiple events) and across the group. In addition,
there was no significant relationship of the oxCCO/
HbD response with time.

Focussing solely on the cerebral changes occurring
during desaturation, Figure 4 shows the group changes
in cerebral metabolism with cerebral oxygenation and
blood volume, respectively; individual examples are
shown in Figure 2(c) and (g). The ROC curves for
oxCCO/SpO2, oxCCO/HbD and oxCCO/HbT gradi-
ents had areas under the curves of 0.41, 0.73 and
0.36, respectively (Figure 5). This showed that
oxCCO/HbD gradient was a ‘good’ classifier of out-
come: a change in oxCCO of greater than 0.06mM
per 1 mM HbD change indicates unfavourable outcome
with 64% sensitivity and 79% specificity.

Discussion

Cotside assessment of HIE using broadband NIRS can
identify differences in the outcome of injury in the first
days of life. These data show that the cerebral oxidative

Table 2. Mean� standard deviation of the systemic parameters during baseline and nadir of desaturation events.

Baseline Nadir

Outcome Favourable Unfavourable Favourable Unfavourable

SpO2 (%) 95.94� 2.20 97.35� 2.03 66.74� 21.92 78.17� 5.35

MABP (mm Hg) 52.27� 10.09 50.25� 9.01 50.25� 9.78 50.54� 8.03

HR (bpm) 114.23� 18.03* 130.88� 18.47* 115.29� 18.88* 130.54� 18.86*

RR (r/min) 29.83� 10.31 25.04� 12.19 31.37� 9.79 34.06� 18.75

Note: Asterisks show a significant difference between the groups (p< 0.05).

SpO2: oxygen saturation; MABP: mean arterial blood pressure, HR: heart rate, RR: respiratory rate.
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metabolism in newborn brain injury behaves differently
depending on injury severity; in unfavourable outcome
cases of HIE, there is a higher oxygen dependency of
mitochondrial metabolism than in favourable outcome
cases. This assessment is cotside and provides earlier
information than that obtained with MRS on days
5–10; the earliest event recorded was 6 h postpartum.

The HI brain injury severity was not found to impact
on the performance of the cerebral haemodynamics or
oxygenation. In contrast, the changes in mitochondrial
activity during desaturation were related to injury
severity. In the favourable outcome group, despite a
significant drop in systemic arterial saturation and cere-
bral tissue oxygenation, there was no change in the
metabolic signal (oxCCO). Conversely, a similar oxy-
genation decrease caused a significant decrease in
oxCCO in severely injured neonates (with the
unfavourable outcome) indicating a reduction in cere-
bral metabolism with oxygenation. To put the oxCCO
concentration change in perspective, the nadir of the

median change in oxCCO was �1.29 mM in the
unfavourable outcome group while the total CCO con-
centration is assumed to be �5.5mM in human brain
tissue28 (although this is potentially lower in the new-
born brain).38 Thus, this represents a �20% change in
the oxidation state of CCO in the brain tissue. These
results suggest that cerebral metabolism in severe HI
injury is more oxygenation dependent and further,
that metabolism becomes oxygen limited at higher oxy-
genation levels than in HI injury with a favourable out-
come. This link between cerebral oxygenation/
metabolism and injury implies there is a mismatch
between oxygenation and metabolism at the cellular
level in HIE with an unfavourable outcome that is
not present in cases with a favourable outcome.

The aetiology of the desaturation events is unknown;
however, there was no relationship between the number
of/absence of/length/depth of the desaturation events
and outcome (see Table 1), only the cerebral response
to desaturation was injury dependent. The cause of

Figure 3. Boxplot showing the change in broadband NIRS measured (a, d) HbD, (b, e) HbTand (c, f) oxCCO with decrease in SpO2

during desaturation events in 24 infants: (a–c) 16 favourable outcome, (d–f) 8 unfavourable outcome HIE. Note that the y-axis scales

are different. The boxplot presents the median and interquartile range, the whiskers show the extreme data points and outliers are

presented as crosses. The shaded boxes show a significant difference (p< 0.05) from the baseline. The asterisk shows there was a

significant difference (p¼ 0.04) in the change in oxCCO between the favourable and unfavourable outcome groups at 75–80% SpO2,

there was no significant difference in any other variables between the groups.
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desaturations is unclear as the data was collected
during clinically stable periods. The desaturations
were not related to seizures as confirmed by continuous
EEG and aEEG. In this NICU, the alarm limit is set to
SpO2 89–95% and the clinical team responded if (1)
SpO2 did not spontaneously recover or (2) the desatur-
ation was associated with significant changes in other
systemic parameters. Despite these babies being

optimally ventilated with indicators of gaseous
exchange within normal limits (normal blood gases)
and carefully monitored with standard physiological
monitoring, these spontaneous episodes of desaturation
(mostly self-limiting) were noticed. However, the most
interesting outcome of this study was not the occur-
rence of desaturation events, but rather the cerebral
response to these events.

Mitochondrial metabolism and injury severity

The mechanism behind this effect is likely a decrease in
cerebral metabolic rate more severe brain injury. There
is a progressive increase in mitochondrial dysfunction
during secondary energy failure,10 and therefore,
infants with worse outcomes and who are more likely
to have experienced SEF will have reduced metabolic
capacity. This is supported by MRS studies which have
shown that in neonates with severe HIE, there is a
larger disturbance of cerebral metabolism than infants
with less severe HIE.39,40 NIRS studies of neonatal HIE
support the hypothesis that HI injury results in a
reduced cerebral metabolic rate: Wintermark et al.20

observed a lower cerebral metabolic rate of oxygen
(CMRO2) in moderate compared to severe HI injury;
Lemmers et al.22 observed a lower cerebral fractional
tissue oxygen extraction (FTOE) in infants with adverse
outcome; and van Bel et al.17 saw a decrease in oxCCO
with time from birth in severe HIE (without therapeutic
hypothermia), suggesting that the rate of metabolism

Figure 4. Group cerebral changes during desaturation. (a) Mean change in HbD against mean change in oxCCO per SpO2 per-

centage change for each group. The mean gradients for oxCCO/HbD were �0.004 � 0.012 (R2 
¼ 0.032) and 0.21 � 0.03 (R2 

¼ 0.93) 
for the favourable and unfavourable outcome groups, respectively. For patients who experienced multiple desaturation events, the

gradients of oxCCO/HbD were consistent across events. For example, patient 021 (favourable outcome) experienced three desat-

uration events with gradients of �0.008, �0.008 and �0.002 on days 2, 2 and 3, respectively, and patient 007 (unfavourable outcome)
had two events with gradients of 0.18 and 0.14 on day 3. (b) Mean change in HbT against mean change in oxCCO per SpO2 percentage

change for each group. For oxCCO/HbT the mean gradients were 0.026 � 0.051 (R2 
¼ 0.078) and �0.54 � 0.75 (R2 

¼ 0.15) for 
favourable and unfavourable outcome groups, respectively.

Figure 5. ROC curve for the SpO2, HbD and HbT versus

oxCCO gradients as biomarkers of outcome. Areas under the

curves are 0.41, 0.73 and 0.36 for SpO2, HbD and HbT,

respectively.
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decreases as the injury progresses. Other studies on this
cohort using broadband NIRS have shown a link
between metabolic response and injury during systemic
changes in HIE,41,42 rewarming in HIE,43 and stroke.44

Further, the response of oxCCO during seizures has
been recorded and shown to be unique from the haemo-
dynamic response and potentially related to brain
injury.45 The mechanism behind this lower metabolic
rate in HIE resulting in unfavourable outcome is poten-
tially due to more damage in the mitochondrial respira-
tory chain from either the initial injury or SEF,46 which
will result in a lower metabolic rate that is more
oxygen-dependent at higher tissue saturation.47

Evidence that HIE infants have impaired energy
metabolism is also present in other measures of metab-
olism. HIE results in a reduced cerebral ratio of
phosphocreatine to inorganic phosphate (PCr/Pi)46

the level of which is predictive of the subsequent neuro-
logical outcome.26,39 More significantly, lactate is also
seen to increase during secondary energy failure48 sug-
gesting that impairment in mitochondrial energy
metabolism is directly responsible for the secondary
fall in PCr and ATP levels. Progressive mitochondrial
impairment and impaired oxidative metabolism are
thought to be central to the brain lactate increase; the
disruption in the balance between cytosolic and mito-
chondrial ATP-producing metabolic pathways and
upregulation of cell membrane transporters such as
the sodium-proton exchanger contribute to brain lac-
tate increases acutely.11 It has also been shown that
there is an increase in apoptosis during SEF which
will reduce the available mitochondria.49

It is known that therapeutic hypothermia reduces
cerebral metabolism.15,50,51 This analysis was careful
to include only desaturation events occurring at hypo-
thermic temperatures to avoid confounding the ana-
lysis; the differences between the injury severities still
exist so are additional to, and independent of, the
decrease in metabolic rate due to HT. The effect of
temperature on oxCCO during rewarming has been
analysed separately;43 an impaired relationship between
cerebral oxygenation and metabolism was related to
unfavourable outcome.

Factors that can reduce the activity of CCO have
been discussed previously52,53 and include: uncoupling
of metabolism (when oxygen intake is dependent on the
presence of ADP and phosphate) which can be caused
by a disruption of the mitochondria;47 presence of
inhibitors (such as nitric oxide which is known to be
associated with HIE); and increased intracellular pH.26

A mathematical model of physiology found that mito-
chondrial uncoupling and the death of brain tissue are
the most important factors in understanding the
decrease in metabolism after severe HIE.54

Interestingly, the extent of brain injury has been

shown to be associated with an intracellular alkaline
pH;55 therefore, a likely hypothesis is that increased
pH is a factor in the observed increased dependence
of oxCCO on oxygenation in HIE resulting in
unfavourable outcome.

Oxygen dependency of mitochondrial metabolism
indicates injury severity

The reduced mitochondrial function can alter cellular
oxygen dependency. A reduction in arterial oxygen-
ation will decrease oxygen delivery (as observed in the
reduction of HbD during the desaturations) eventually
decreasing oxidative metabolism once the tissue partial
pressure of oxygen has decreased. Mitochondria in mild
to moderate brain injury have a lower oxygen satur-
ation threshold or ‘critical mitochondrial oxygenation’;
that is in less severe brain injury the oxygen tension in
the majority of mitochondria is above the value at
which their redox state becomes oxygen dependent,
and it is not until there is a substantial fall in oxygen
tension that a sufficiently large population of mitochon-
dria have an oxygen tension low enough to affect the
measured CCO oxidation state.30 This might be
because impaired mitochondria require a higher tissue
oxygenation to function, or because an increased
oxygen tension gradient is required to drive oxygen
across oedematous tissue to reach the mitochondria.32

Banaji et al.53 predicted how the oxCCO signal should
respond during an oxygen desaturation using a math-
ematical model of brain circulation and energy metab-
olism: during hypoxia in a healthy brain there is an
approximately linear relationship with HbO2; when
CMRO2 is lowered by 60%, however, the relationship
becomes biphasic and much larger changes in the
oxCCO signal can occur for similar saturation changes.
In HIE with an unfavourable outcome, we observed the
oxygenation threshold of metabolism is reached at a
higher oxygenation level than in HIE with a favourable
outcome.

A biphasic oxCCO change has also been seen in
animal models of HI.30,56,57 Bainbridge et al.56 inter-
preted the decrease in oxCCO as an impairment of the
ETC, which in turn results in failure of ATP production
through ATP synthase.56 The threshold point in the
double-linear fit of the data has been interpreted as the
point at which ATP manufacture in oxidative metabol-
ism is almost completely suppressed. Springett et al.30

present a biphasic oxCCO response during anoxia in
piglets, further demonstrating a shift in the threshold if
the animal is hypercapnic.30 The authors postulate that
the point at which oxCCO suddenly decreases is caused
when the ETC becomes oxygen limited. Cooper et al.57

also reported a biphasic relationship between metabol-
ism and perfusion (via CMRO2 and CBF) in a piglet
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artery occlusion model measured using NIRS.
Additionally, hyperoxia in acute brain injury patients
suggested a change in mitochondrial redox status and
the presence of oxygen-dependent metabolism above
traditionally described ischaemic thresholds.58

Healthy adult studies of hypoxemia have not
observed a biphasic oxCCO relationship with changes
in oxygen saturation.33 One study reported a linear cor-
relation between oxCCO and cerebral oxygen delivery
during the oxygen desaturations but did not find a rela-
tionship between oxCCO and HbD.59 It is possible that
the lack of threshold observed is because the saturation
cannot be safely and ethically brought low enough to
reach CCO reduction in healthy adult volunteers.

Further evidence that the coupling between oxygen-
ation and metabolism is related to metabolic rate is
presented by Wilson et al.47 The authors found that
at high oxygen tensions, the redox state of CCO is inde-
pendent of oxygen tension and determined by the meta-
bolic state and the activity of the tricarboxylic acid
cycle. As oxygen tension reduced to zero, all the com-
ponents of the ETC became reduced, and the point at
which oxidation changes are first observed in CCO
depends on the metabolic state. The measured depend-
ences of the rate of mitochondrial metabolism and of
the reduction of the ETC components on oxygen con-
centration are not constant but change dramatically
with changes in metabolic status.

Limitations and future directions

The next step for this work is to evaluate the prognostic
utility of the oxCCO signal in the first hours after
injury; a central goal of cotside monitoring is to identify
high-risk infants in the first 6 h after injury when further
interventions or adjunct therapies might be beneficial.
Due to difficulties with obtaining consent, it was very
difficult to monitor every neonate as early as 6 h post-
partum (it was only possible in one case, neonate 60,
where we were able to begin monitoring at 5 h postpar-
tum) but with the promise of broadband NIRS shown
in this study and others,42 it is now essential that we
investigate the signal as an early biomarker of tissue
health. A further goal would be to monitor the progres-
sion of tissue metabolism from the first hours of injury,
throughout hypothermia and re-warming to assess
tissue health throughout treatment. This would require
continuous monitoring but would give insight into the
mitochondrial injury, metabolic dysfunction and cell
death associated with SEF in real-time.

Combining the broadband NIRS oxCCO signal with
other cotside monitors of metabolism, such as FTOE60

or CMRO2
15 would give additional information

regarding the initial metabolic status of the brain
before the desaturation events and would confirm our

hypothesis that the more severely injured brain has a
lower metabolic rate. The instrument presented here is
customisable and can be upgraded to measure FTOE
via tissue saturation measured by spatially resolved
spectroscopy61 or broadband spectrum fitting.62

Finally, as many neonates with HIE experience seiz-
ures and abnormal electrical activity, it is interesting to
assess the relationship between oxCCO and EEG. This
has been done in a case study of an infant with multiple
seizure events,45 and it is being investigated further in
seizures and during clinically stable periods. We know
that there was no seizure activity during the desatur-
ations events analysed here, but it will be interesting to
see if there are any changes in electrical activity asso-
ciated with the events or the metabolic response to elec-
trical activity.

Conclusion

In conclusion, we have shown that the cerebral oxida-
tive metabolism in newborn brain injury behaves differ-
ently depending on injury severity. In particular, we
have shown that in HIE with the unfavourable outcome
there is a higher mitochondrial dependence on oxygen-
ation. We postulate that this is due to mitochondrial
dysfunction and reduction in cerebral metabolic rate as
a result of severe encephalopathy. In addition, uniquely
we have obtained these results using a non-invasive
bedside technique, broadband NIRS, in the first 4
days of life, which is earlier than it is possible to per-
form MRS, the gold standard marker of outcome.
While further work on the implementation and applic-
ability of the broadband NIRS technique is needed, the
combined measurement of changes in haemoglobin
oxygenation and CCO oxidation have the potential to
provide a non-invasive and cotside marker of neurode-
velopmental outcome following neonatal HI injury.
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Seizures are common following hypoxic–ischemic brain injury in newborn infants. 
Prolonged or recurrent seizures have been shown to exacerbate neuronal damage in the 
developing brain; however, the precise mechanism is not fully understood. Cytochrome-
c-oxidase is responsible for more than 90% of ATP production inside mitochondria. 
Using a novel broadband near-infrared spectroscopy system, we measured the concen-
tration changes in the oxidation state of cerebral cytochrome-c-oxidase (Δ[oxCCO]) and 
hemodynamics during recurrent neonatal seizures following hypoxic–ischemic enceph-
alopathy in a newborn infant. A rapid increase in Δ[oxCCO] was noted at the onset of 
seizures along with a rise in the baseline of amplitude-integrated electroencephalogram. 
Cerebral oxygenation and cerebral blood volume fell just prior to the seizure onset but 
recovered rapidly during seizures. Δ[oxCCO] during seizures correlated with changes 
in mean electroencephalogram voltage indicating an increase in neuronal activation 
and energy demand. The progressive decline in the Δ[oxCCO] baseline during seizures 
suggests a progressive decrease of mitochondrial oxidative metabolism.

Keywords: near-infrared spectroscopy, cytochrome-c-oxidase, hypoxic–ischemic encephalopathy, seizures, 
electroencephalography

INtRoDUCtIoN

Seizures occur in ~75% of infants with hypoxic–ischemic encephalopathy (HIE) (1). Animal studies 
have indicated that prolonged and frequent seizures in the developing brain result in long-term 
neurological sequelae (2). Clinical studies also suggest that neonatal seizures are independently 
associated with further neuronal injury (3) and poor outcome (4, 5); however, the mechanisms for 
these harmful effects are not clear.

Mitochondrial metabolism is closely related to neuronal activity. Studies using phosphorus-31 
magnetic resonance spectroscopy (31P MRS) have revealed that high-energy phosphates decrease 
by one-third and mitochondrial oxidative phosphorylation increases by 45% during neonatal 
seizures (5), indicating a depleted cerebral energy state during seizures.

Near-infrared spectroscopy (NIRS) measures concentration changes in oxygenated (Δ[HbO2]) 
and deoxygenated hemoglobin (Δ[HHb]) which can be used to derive changes in total hemoglobin 

Abbreviation: oxCCO, cytochrome-c-oxidase oxidation state.
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FIGURe 1 | electrographic changes during the seizures. Amplitude-integrated electroencephalogram (aEEG) recording from F4–C4, F3–C3, T4–O2, and T3–O1 are 
presented in the upper panel with five seizure episodes marked in red. Electroencephalographic (EEG) changes during the fourth seizure are presented in the lower panel.
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(Δ[HbT]  =  Δ[HbO2]  +  Δ[HHb]) and hemoglobin difference 
(Δ[HbD] = Δ[HbO2] − Δ[HHb]). Changes in [HbT] and [HbD] 
reflect changes in cerebral blood volume and brain oxygenation, 
respectively. Broadband NIRS can measure the changes in the 
oxidation state of cytochrome-c-oxidase (Δ[oxCCO]), which 
indicate fluxes in mitochondrial oxidative metabolism. Previous 
NIRS studies during neonatal seizures have described cerebral 
hemodynamics and oxygenation (6–9), but changes in cerebral 
mitochondrial [oxCCO] have not yet been assessed in humans 
during seizures.

Cytochrome-c-oxidase is the terminal electron acceptor 
in the electron transport chain (ETC). It plays a crucial role in 
mitochondrial oxidative metabolism and ATP synthesis. CCO 
contains four active metal redox centers; one of them, the 
CuA is a dominant near infrared (NIR) chromophore and the 
primary contributor for the NIR spectral signature (10). As the 
total concentration of CCO is assumed constant, the changes 
in oxCCO concentration indicate changes in CCO oxidation 
state in cerebral tissue, representing the status of mitochondrial 
oxidative metabolism. Several previous studies have indicated 
that cytochrome-c-oxidase has the potential to monitor mito-
chondrial activity and cerebral metabolism (11, 12). Our group 
has previously described a significant association between the 
oxidation state of cerebral mitochondrial cytochrome-c-oxidase 
(Δ[oxCCO]) and 31P metabolite peak-area ratios during and after 
transient cerebral hypoxia-ischemia (HI) in newborn piglets (13).

Broadband NIRS can accurately resolve spectral changes due 
to oxCCO without cross talk from the hemoglobin chromophores. 
We have recently developed a new broadband NIRS system, 
which is capable of measuring Δ[oxCCO] as well as Δ[HbO2], 
and Δ[HHb] in the neonatal brain (14). In this report, we evaluate 
the changes in cerebral mitochondrial oxidative metabolism syn-
chronously with changes in cerebral oxygenation, hemodynam-
ics, and electroencephalogram (EEG) during neonatal seizures 
following hypoxic–ischemic brain injury.

BaCKGRoUND

subject
Ethical approval from the local Research Ethics Center and 
informed parental consent were obtained. Recurrent seizures 
were studied in a term infant (born at 38 + 2 weeks, birth weight 
3034 g), delivered by emergency Cesarean section after placental 
abruption. A neurological examination with Sarnat staging indi-
cated moderate encephalopathy. The infant received therapeutic 
hypothermia (body temperature reduced to 33.5°C and was 
maintained same for 72 h) as part of the standard neuroprotective 
strategy following HIE. Rewarming was commenced following 
this with servo-controlled increase in body temperature of 0.5°C 
over every 2  h. During rewarming (at ~80  h of age), the baby 
developed recurrent seizures (only electrographic seizures were 
noted, no clinical changes seen) (Figure  1), which prompted 
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FIGURe 2 | Changes in NIRs variables (Δ[HbD], Δ[Hbt], and 
Δ[oxCCo]), aeeG (F3–C3), and systemic parameters [heart rate (HR), 
peripheral oxygen saturation (spo2), mean blood pressure (Bp mean), 
and rectal temperature (°C)] during five recurrent seizure episodes 
(s1, s2, s3, s4, and s5).
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further hypothermic treatment (temperature was reduced by 
1°C and was maintained same for 4 h) followed by slow rewarm-
ing (increase of 0.5°C over every 4 h) to 37°C. A bolus dose of 
phenobarbitone was commenced after the second seizure, and 
the infant remained seizure-free after this episode of five recur-
rent seizures. The infant was ventilated for first 6  days of life 
and needed inotropic support on day 1. MRI of brain on day 
6 revealed abnormal appearances to the basal ganglia, thalami, 
and posterior limb of internal capsule with some exaggerated 
low signal intensity around lateral thalamic nucleus on diffusion 
map. At the time of discharge, the infant was noted to be slightly 
hypotonic in both upper and lower limbs but had good sucking 
reflex and established breastfeeding.

Multimodal Data Collection
Multimodal data were collected from broadband NIRS, EEG, 
and systemic monitors over 90 min. NIRS probes placed on both 
sides of the forehead, collected data at 1 Hz using a 2.5 cm optode 
distance. Both NIRS channels measured similar changes over the 
left and right side of the forehead.

A 10-channel neonatal EEG was acquired on a Nicolet EEG 
monitor (Natus Medical, USA), and amplitude-integrated EEG 
(aEEG) trends were derived. Mean aEEG was calculated from the 
mean of the upper and lower values of the aEEG band. Seizure 
onset and offset times were annotated from EEG. Systemic 
data from the Intellivue Monitors (Philips Healthcare, UK) 
were collected using ixTrend software (ixellence, Germany), 
down-sampled and interpolated to the broadband NIRS data 
timeframe (1 Hz).

Data analysis
Relationships between Δ[oxCCO], Δ[HbD], Δ[HbT], and mean 
aEEG during seizures were analyzed by principal component 
analysis (PCA). Results are presented as means ± SD unless oth-
erwise indicated. Statistical analyses were performed using JMP 
11 (SAS Institute, USA) and Prism 6 (GraphPad, USA).

Results
During the 90-min data collection, 5 subclinical seizures were 
recorded (Figures 1 and 2). Mean seizure duration was 5.03 min 
(3.53–8.36  min). At the start of each seizure on the aEEG 
(indicated by a rise in the baseline of the aEEG), the Δ[oxCCO] 
increased by 3.30 ± 1 μMol/L. Following the peak of the aEEG 
activity, the Δ[oxCCO] started to fall and continued to fall even 
after the end of each seizure to a progressively lower baseline, 
which at the end of the study was at −4.19 μMol/L (Figure 2). 
Δ[HbT] and Δ[HbD] both decreased initially by 1.51  ±  0.77 
and 1.50 ± 0.69 μMol/L, respectively, but soon returned toward 
baseline after the peak of the aEEG activity (Figure 3). Δ[HHb] 
increased and Δ[HbO2] fell during seizures, but returned 
toward the baseline subsequently (Figure  4). Heart rate (HR) 
and mean arterial blood pressure (MABP) increased during 
seizures by 5 ± 1.1 beats/min and 5 ± 2.9 mm Hg, respectively, 
while peripheral arterial oxygen saturation (SpO2) dropped by 
3.2 ± 2.8%. Rectal temperature during the study was reduced by 
1°C (Figure 2).

Broadband NIRS measured Δ[oxCCO] was closely related to 
the mean aEEG changes (PCA correlation coefficient 0.51 ± 0.22 
during all seizures, p  <  0.005) (Figure  3). Both Δ[HbD] 
and Δ[HbT] were negatively correlated with mean aEEG 
(−0.53 ± 0.25, p < 0.0001 and −0.54 ± 0.25, p < 0.0001, respec-
tively) and Δ[oxCCO] (PCA correlation coefficient −0.67 ± 0.12, 
p < 0.0001 and −0.57 ± 0.20, p < 0.004, respectively) (Figure 5).

DIsCUssIoN

This is the first report of Δ[oxCCO] fluxes during recurrent sei-
zures in the neonatal brain following perinatal hypoxic–ischemic 
injury. These fluxes are described relative to changes in cerebral 
oxygenation, hemodynamics, and electrophysiology. Neuronal 
energy demand rapidly increased at the onset of seizures reflected 
by a rapid increase in the mean aEEG activity coinciding with 
a rise in Δ[oxCCO]. These changes in [oxCCO] occurred even 
when cerebral tissue oxygenation and hemodynamics were com-
promised (both Δ[HbD] and Δ[HbT] started to fall before the 
onset of seizures). After the peak of the seizure activity, energy 
consumption decreased and Δ[oxCCO] returned toward and 
below baseline.
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Preclinical studies show that broadband NIRS measured 
CCO signal follows the same trajectory and correlates with high-
energy phosphates during primary and secondary energy failure 
following hypoxic–ischemic brain injury, indicating its ability 
to represent the changes in mitochondrial energy state (13, 15). 
High-energy phosphate stores have also been shown to decline 
during seizures in both clinical and preclinical studies (5, 16). Our 
observed increase in mitochondrial oxidative metabolism during 

neonatal seizures concurs with these findings and the progressive 
decrease in [oxCCO] baseline with recurrent seizures in our study 
indicated a decrease in mitochondrial oxidative metabolism. As 
cerebral glycogen stores and NADH decline during seizures (16), 
this fall in substrate supply further leads to the increase in the 
oxidation of cytochrome-c-oxidase (17).

Cerebral oxygenation fell rapidly before the onset of elec-
trographic seizures but soon recovered in parallel with cerebral 

FIGURe 4 | Changes in oxy- and deoxy hemoglobin ([Hbo2] and [HHb]) during seizures. [HHb] increases and decreases during ictal period while [HbO2] 
follows opposite trend.

FIGURe 3 | Changes in mean aeeG, Δ[oxCCo], Δ[HbD], and Δ[Hbt] during seizures. Mean aEEG was calculated from F3–C3 channel. NIRS variables have 
been adjusted to start from 0 on each occasion to reflect the true changes. Periods of electrographic seizures on EEG have been marked in gray and each variable 
has been marked in red during the seizures. Seizures 2–5 show similar pattern of changes in aEEG, Δ[oxCCO], Δ[HbD], and Δ[HbT]. Δ[oxCCO] increases along with 
an increase in mean aEEG baseline followed by a drop after peak electrical activity while Δ[HbD] and Δ[HbT] drop early in the preictal period (seizures 2, 4, and 5) 
and subsequently recover toward baseline. Δ[oxCCO] drops initially in seizures 4 and 5 along with Δ[HbD] and Δ[HbT] but increases with the rise of mean aEEG 
baseline. Changes in NIRS variables in seizure 1 was similar to other seizures but were noted prior to the onset of electrographic seizure. The first two seizures 
originated from left posterior hemisphere; the rest were generalized seizures.
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FIGURe 5 | Matrix of correlation coefficients and corresponding data table for each seizure were analyzed with principal component analysis.  

(Continued)
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blood volume. Both parameters continued to increase during the 
ictal period. Although the cerebral blood volume and oxygena-
tion stabilized, the Δ[oxCCO] continued to drop in the postictal 
period. A similar mismatch between cerebral hemodynamics and 
metabolism during post-asphyxial seizures has been described in 
near-term fetal sheep (18). Frontal preictal hemodynamics (fall in 
Δ[HbD] and Δ[HbT] during seizures 2, 4, and 5) and metabolic 
changes (fall in Δ[oxCCO] during seizures 4 and 5) were noted 
prior to the onset of seizures (Figure 3). Preictal frontal hemody-
namic changes have been previously described in a neonate (9) 
and in adults (19). These preictal changes indicate an imminent 
electrographic seizure. The early preictal drop in Δ[oxCCO] 
coinciding with a drop in cerebral oxygenation during seizures 4 
and 5 indicates a more linear oxygen dependency of Δ[oxCCO] 
[compared with an initial metabolic buffering period noted dur-
ing transient anoxia in newborn piglet brain (20)]. This becomes 
more evident with decreasing mitochondrial energy production 
following repeated seizures. Oxygenation along with changes in 
substrate supply and the energy demand are the most important 
physiological stimuli to influence the redox state of CCO within 
the ETC. Availability of oxygen relates to oxidation state of CCO 
in an asymptotic fashion (20, 21).

Our clinical data complement and extend the previous 
preclinical studies, which have shown intraneuronal depletion 
of ATP and increase of ADP (22), decrease in cortical tissue pH 
(16), increased glycolytic flux (16), increased cerebral oxygen 
consumption, and oxidation of intramitochondrial NADH dur-
ing seizures (23).

We are not able to comment whether [oxCCO] baseline would 
have returned toward baseline after seizure cessation as our 
recording stopped at 90 min. However, our observed Δ[oxCCO] 
baseline drift during the study could be related to increased 
adenosine concentrations, resulting in suppression of mitochon-
drial metabolism. Excessive neuronal activation, as occurs during 
a seizure, leads to neuronal release of adenosine that acts on 
synapses (24, 25) and terminates seizures (26). Interestingly, the 
EEG background remained suppressed for another 30 min after 
we stopped NIRS monitoring. A clinical decision was taken after 

the second seizure to stop rewarming, lower the body tempera-
ture by 1°C, and commence a bolus dose of phenobarbitone. Ictal 
changes in cerebral metabolism and hemodynamics followed 
similar pattern before and after these changes. Ventilatory oxygen 
delivery and transcutaneous CO2 readings remained stable dur-
ing the study.

CoNCLUDING ReMaRKs

We present a set of novel bedside observations related to brain 
metabolism during seizures in the newborn brain after perinatal 
hypoxic–ischemic injury. A rapid increase in Δ[oxCCO], a 
non-invasive real-time measurement of mitochondrial oxidative 
metabolism, at the onset of seizures correlated with changes in 
mean EEG voltage indicating an increase in neuronal activation 
and energy demand. The progressive fall in the Δ[oxCCO] base-
line during repeated seizures indicated a decrease in mitochon-
drial oxidative metabolism, which could explain the exacerbation 
of brain injury after repeated or prolonged seizures. However, the 
interpretation of these measurements is complex, and it is unclear 
to what extent such changes contribute to long-term neurodevel-
opmental outcome.
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In Vivo Measurement of Cerebral
Mitochondrial Metabolism Using Broadband
Near Infrared Spectroscopy Following
Neonatal Stroke

Subhabrata Mitra, Gemma Bale, Judith Meek, Sean Mathieson,

Cristina Uria, Giles Kendall, Nicola J. Robertson, and Ilias Tachtsidis

Abstract Neonatal stroke presents with features of encephalopathy and can result
in significant morbidity and mortality. We investigated the cerebral metabolic and
haemodynamic changes following neonatal stroke in a term infant at 24 h of life.
Changes in oxidation state of cytochrome-c-oxidase (oxCCO) concentration were
monitored along with changes in oxy- and deoxy- haemoglobin using a new
broadband near-infrared spectroscopy (NIRS) system. Repeated transient changes
in cerebral haemodynamics and metabolism were noted over a 3-h study period
with decrease in oxyhaemoglobin (HbO2), deoxy haemoglobin (HHb) and oxCCO
in both cerebral hemispheres without significant changes in systemic observations.
A clear asymmetry was noted in the degree of change between the two cerebral
hemispheres. Changes in cerebral oxygenation (measured as HbDiff ¼ HbO2 � HHb) 
and cerebral metabolism (measured as oxCCO) were highly coupled on the injured
side of the brain.

Keywords Broadband NIRS • Cytochrome c oxidase • Mitochondrial

metabolism • Cerebral hemodynamics • Neonatal stroke

1 Introduction

Perinatal stroke commonly presents with features of encephalopathy, seizures, or
neurologic deficit during the early neonatal period. It can result in significant
morbidity and severe long-term neurologic and cognitive deficits, including
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cerebral palsy, epilepsy and behavioural disorders. The incidence is high and has 
been estimated at 1 in 1600–5000 live births with estimated annual mortality rate of 
3.49 per 100,000 live births [1]. Although seizures can be monitored with cerebral 
function monitor (CFM) or electroencephalography (EEG), the diagnosis of cere-
bral injury is typically confirmed on brain magnetic resonance imaging (MRI) once 
the infant becomes clinically stable [2, 3].

In contrast to adult stroke, the initial presentation of stroke in neonates can be 
subtle and non-specific. Neonates can present with lethargy, poor feeding, apnoea 
and hypotonia. This often delays the diagnosis and can influence the outcome. Any 
improvement in bedside non-invasive monitoring to aid early diagnosis and man-

agement would greatly benefit this group of infants.
Near-infrared spectroscopy (NIRS) is a non-invasive tool that has been widely 

used for continuous bedside monitoring of cerebral oxygenation and 
haemodynamic changes. NIRS can measure the concentration changes of oxygen-
ated (Δ[HbO2]) and deoxygenated haemoglobin (Δ[HHb]) which in turn can be 
used to derive changes in total haemoglobin (Δ[HbT] ¼ Δ[HbO2] +  Δ[HHb]) and 
haemoglobin difference (Δ[HbDiff] ¼ Δ[HbO2] � Δ[HHb]). HbT and HbDiff are 
indicative of cerebral blood volume and brain oxygenation, respectively. These 
measurements have been widely used to assess the haemodynamic changes in the 
cerebral tissue, but a clear assessment of cerebral metabolism during the same 
period is absolutely essential for a better understanding of the pathophysiology of 
cerebral injury and its management.

Cytochrome-c-oxidase (CCO) is the terminal electron acceptor in the mitochon-

drial electron transport chain (ETC). It plays a crucial role in mitochondrial 
oxidative metabolism and ATP synthesis and is responsible for more than 95 %
of oxygen metabolism in the body [4]. CCO contains four redox centres, one of 
which—copper A (CuA)—has a broad absorption peak in the near-infrared (NIR) 
spectrum, which changes depending on its redox state [5]. As the total concentra-
tion of CCO is assumed constant, the changes in the NIRS-measured oxCCO 
concentration are indicative of the changes in CCO redox state in cerebral tissue, 
representing the status of cerebral mitochondrial oxidative metabolism.

Our group has recently demonstrated that brain mitochondrial oxidative metab-

494 S. Mitra et al.

olism measured by Δ[oxCCO] using broadband NIRS system during and after 
cerebral hypoxia-ischemia correlates well with simultaneous phosphorus magnetic 
resonance spectroscopy parameters of cerebral energetics in a preclinical model [6].

We have recently developed a new broadband NIRS system which is capable of
absolute measurements of optical absorption and scattering to quantify Δ[oxCCO] 
as well as Δ[HbO2] and Δ[HHb] in neonatal brain [7]. In this study, we present the 
haemodynamic and metabolic changes following neonatal stroke. Our aim was to 
compare the haemodynamic and metabolic responses between the injured and 
non-injured side of the brain following neonatal stroke, using broadband NIRS 
measurement of changes in oxCCO.
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2 Methods

Ethical approval for the Baby Brain Study at University College London Hospitals 
NHS Foundation Trust (UCLH) was obtained from the North West Research Ethics 
Centre (REC reference: 13/LO/0106). We studied a term (40 weeks 6 days) new-
born infant (birth weight 3370 g), admitted with clinical seizures. Seizures were 
first noted at 9 h of age and stopped at 17 h of age after treatment with multiple 
anticonvulsants (phenobarbitone, phenytoin, midazolam and paraldehyde). Sei-
zures initially involved only the right upper and lower limbs. EEG recordings 
revealed repeated seizure episodes originating from the left hemisphere.

NIRS monitoring was commenced at 24 h of age. One NIRS channel was placed 
on either side of the forehead and data were collected at 1 Hz. Four detector optodes 
were placed horizontally against each source optode on either side with source-
detector separations of 1.0, 1.5, 2.0 and 2.5 cm for multi-distance measurements. 
The longest optode source-detector distance of 2.5 cm was chosen to ensure a better 
depth penetration [8]. Differential path length (DPF) was chosen as 4.99 [9].

A program was created in LabVIEW 2011 (National Instruments, USA) to 
control the charge-coupled device (CCD), collect the raw data and calculate the 
corresponding concentrations. The changes in chromophore concentrations were 
calculated from the measured changes in broadband NIR light attenuation using the 
modified Beer-Lambert law as applied with the UCLn algorithm [10] across 136 
wavelengths (770–906 nm). Systemic data from the Intellivue Monitors (Philips 
Healthcare, UK) were collected using ixTrend software (ixellence GmbH, 
Germany). Systemic and EEG data were synchronised with the NIRS data. 
Electroencephalography (EEG) data was collected using a Nicolet EEG monitor 
(Natus Medical, Incorporated, USA). Brain magnetic resonance imaging (MRI) and 
venography were performed on day 5 using a 3T Philips MRI scanner (Philips 
Healthcare, UK) on day 5. T1 and T2 weighted images with an apparent diffusion 
coefficient (ADC) map were obtained on MRI.

3 Data Analysis

Initial data analysis was carried out in MATLAB R2013a (Mathworks, USA). 
NIRS data were visually checked and were processed with an automatic wavelet 
de-noising function, which reduces the high frequency noise but maintains the trend 
information. Systemic data were down-sampled and interpolated to the NIRS data 
timeframe (1 Hz). Artefacts from movement or changes in external lighting were 
removed using the method suggested by Scholkmann et al. [11]. This method also 
corrects shifts in the baseline due to artefact. All statistical analysis was performed 
using GraphPad Prism 6 (GraphPad Software, USA).



Fig. 62.1 NIRSsignals from each side of the brain during all events (each coloured line represents
a single event). Δ[HbO2], Δ[HbT], and Δ[HbDiff] reflect higher changes on the left side, but
Δ[oxCCO] revealed minimal change on the injured left side compared to the right side
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4 Results

NIRS data were collected over a 3-h period without any clinical or electrographical 
seizure noted during this period. Synchronous and repeated transient changes in
Δ[HbO2], Δ[HHb] and Δ[oxCCO] were noted on both sides (Fig. 62.1). Following 
an acute drop in these parameters, signals returned slowly towards baseline. These
changes were noted over an average duration of 90 s. A change in Δ[HbT] of more 
than 2 μM was considered a significant event and 16 similar events were identified 
and analysed during the study.

A significant difference was noted between right and left sides in both cerebral

metabolism, oxygenation and their relationship. Δ[HbO2], Δ[HbT] and Δ[HbDiff] 
were higher on the left (injured) side. However changes in [oxCCO] were more 
prominent on the right side during the events (Fig. 62.1). During the events,
maximum concentration changes (fall) in Δ[HbO2], Δ[HbT], Δ[HbDiff] and 
Δ[oxCCO] were significantly different between the two sides (Table 62.1) but 
Δ[HHb] did not show any significant difference between the sides. Δ[oxCCO] 
responded differently to changes in Δ[HbDiff] between the left side (slope 0.64, r2 

0.5) and right side (slope �0.21, r2 0.05) (Fig. 62.2).
MRI of brain on day 5 revealed low signal intensity on TI weighted images and 

high signal intensity on T2 weighted images in the left parieto-occipital region

Table 62.1 Differences in the maximum change between the left and right sides. Mean � standard 
deviations of changes on both sides are presented with two-tailed p values

Left Right p value

Δ[HbO2] (mmolar) �0.0032� 0.0002 �0.0018� 0.0002 0.0002

Δ[HHb] (mmolar) �0.0020� 0.0001 �0.0020� 0.0002 0.9933

Δ[HbT] (mmolar) �0.0049� 0.0004 �0.0036� 0.0003 0.0315

Δ[HbDiff] (mmolar) �0.0016� 0.0001 �0.0008� 0.0001 0.0012

Δ[oxCCO] (mmolar) �0.0011� 0.0001 �0.0021� 0.0001 0.0003

Fig. 62.2 Linear regression analysis between Δ[oxCCO] with Δ[HbDiff] on both sides on day

1. Each coloured and different shaped point represents an event
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Fig. 62.3 MRI scan taken at 3T on day 5. (a) T1 weighted axial image demonstrating generalised 
low signal intensity in the left parieto-occipital region with T1 shortening, (b) T2 weighted axial 
image demonstrating high signal intensity in the affected region with loss of cortical ribbon, (c) 
Apparent diffusion coefficient (ADC) map showing restricted diffusion in the affected area

indicating a left sided neonatal stroke. Apparent diffusion coefficient (ADC) map 
demonstrated restricted diffusion in the same area on the left side (Fig. 62.3).

5 Discussion

Spontaneous transient changes in NIRS parameters were recorded repeatedly from 
both cerebral hemispheres; a clear asymmetry was evident in these spontaneous 
haemodynamic and metabolic changes between the injured left side and the right 
side. The origin of these events is unclear. Similar events have been described 
previously following seizures using a different optical system [12]. We did not find 
any significant changes in systemic observations and electrical activity on EEG 
during the events in our study. Absolute band power in EEG was suppressed on the 
injured left side when compared to the right side during the study. It is possible that 
neuronal metabolic changes following seizures were driving the haemodynamic 
changes. Cerebral oxygenation (measured as HbDiff) and cerebral metabolism 
(measured as oxCCO) were tightly coupled on the injured side (left).

Following stroke, a persistent reduction in blood flow leads to a decrease in both 
substrate supply and oxygenation on the injured side [13]. These changes have

opposite effects on Δ[oxCCO]. A decrease in substrate supply would lead to a 
change in redox state towards oxidation whereas a decrease in oxygenation will 
lead to a reduced redox state. These changes in redox state in opposite directions
may explain why the Δ[oxCCO] response on the left side during these events was 
attenuated compared to the right side. The oxygenation and haemodynamic 
responses were however more exaggerated on the injured side. This restricted 
oxCCO change on the injured side of the brain is likely to reflect a persistent 
abnormal mitochondrial metabolism following unilateral seizures and reduced 
ATP turnover. An asymmetry in the cerebral energy state has been described 
with 31P MRS recorded from right and left cerebral hemispheres after seizures in 
a newborn baby [14]. This persisting abnormal cerebral metabolism may be due to



the increased energy demand that occurs during persistent seizures; this is known to 
lead to unpredictable changes in the redox states of ETC metabolites [13].

In summary, we identified asymmetric cerebral oxidative and metabolic 
responses following neonatal seizures on day 1 using broadband NIRS measure-

ment in a newborn infant. Although we were able to make an earlier predictive 
assessment, compared to the current standard clinical assessment tool (MRI) in this 
case study, a generalisation should be avoided at this point.
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Relationship Between Cerebral Oxygenation 
and Metabolism During Rewarming 
in Newborn Infants After Therapeutic 
Hypothermia Following Hypoxic-Ischemic 
Brain Injury

Subhabrata Mitra, Gemma Bale, Judith Meek, Cristina Uria-Avellanal, 
Nicola J. Robertson, and Ilias Tachtsidis

Abstract Therapeutic hypothermia (TH) has become a standard of care following 
hypoxic ischemic encephalopathy (HIE). After TH, body temperature is brought 
back to 37 °C over 14 h. Lactate/N-acetylasperatate (Lac/NAA) peak area ratio on 
proton magnetic resonance spectroscopy (1H MRS) is the best available outcome 
biomarker following HIE. We hypothesized that broadband near infrared spectros-
copy (NIRS) measured changes in the oxidation state of cytochrome-c-oxidase con-
centration (Δ[oxCCO]) and cerebral hemodynamics during rewarming would relate 
to Lac/NAA. Broadband NIRS and systemic data were collected during rewarming 
from 14 infants following HIE over a mean period of 12.5 h. 1H MRS was per-
formed on day 5–9. Heart rate increased by 20/min during rewarming while blood 
pressure and peripheral oxygen saturation (SpO2) remained stable. The relationship 
between mitochondrial metabolism and oxygenation (measured as Δ[oxCCO] 
and Δ[HbD], respectively) was calculated by linear regression analysis. This was 
reviewed in three groups: Lac/NAA values <0.5, 0.5–1, >1. Mean regression coef-
ficient (r2) values in these groups were 0.41 (±0.27), 0.22 (±0.21) and 0.01, respec-
tively. The relationship between mitochondrial metabolism and oxygenation 
became impaired with rising Lac/NAA. Cardiovascular parameters remained stable 
during rewarming.
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1  Introduction

Perinatal hypoxic-ischaemic (HI) brain injury causes significant morbidity and 
mortality. Therapeutic hypothermia (TH) is beneficial following hypoxic 
ischemic encephalopathy (HIE) and has become the standard of care in recent 
years [1, 2]. During TH, body temperature is maintained at 33.5 °C followed by a 
slow rewarm-ing that brings body temperature back to 37 °C. Rewarming early 
from TH induces cortical neuron apoptosis in a piglet model following HIE [3]. 
Rebound seizures have been noted during the rewarming period both in animal 
models [4] and neona-tal intensive care [5] and further ‘cooling’ with slower 
rewarming has been sug-gested. Changes in cerebral metabolism and 
hemodynamics have been investigated in both preclinical models and clinical 
studies during and after HI, but the dynamic effects of rewarming on newborn 
cerebral metabolism and hemodynamics have not yet been fully investigated.

NIRS is a non-invasive tool that has been widely used for continuous bedside 
monitoring of cerebral oxygenation and hemodynamic changes. We have recently 
developed a new broadband NIRS system to monitor Δ[oxCCO] as well as the con-
centration changes of oxy- and deoxy hemoglobin (Δ[HbO2] and Δ[HHb], respec-
tively) in neonatal brain [6]. Cytochrome-c-oxidase (CCO) plays a crucial role in 
mitochondrial oxidative metabolism and ATP synthesis and is responsible for 
more than 95 % of oxygen metabolism in the body [7]. Changes in total 
hemoglobin (HbT = HbO2 + HHb) and hemoglobin difference (HbD = HbO2 − 
HHb) were calcu-lated. Changes in HbD and HbT reflect changes in cerebral 
oxygenation and changes in cerebral blood volume, respectively.

Following HIE, Lac/NAA peak area ratio obtained from 1H MRS is the best 
available MR biomarker for prediction of neurodevelopmental outcome [8].

The aim of this study was to assess the cerebral metabolic and hemodynamic 
changes during the rewarming period in a cohort of term infants following perinatal 
hypoxic-ischemic brain injury. We hypothesized that the dynamic changes in cere-
bral oxygenation and metabolism during the rewarming period would relate to the 
severity of the injury as assessed by Lac/NAA.

2  Methods

Ethical approval for the study at University College London Hospitals NHS Foundation 
Trust (UCLH) was obtained from the NREC (reference: 13/LO/0225). Hypothermia 
and subsequent rewarming were instituted with a servo-controlled cooling machine 
Tecotherm Neo, Inspiration Healthcare, UK. Using a cooling mattress and a rectal 
temperature probe, it maintains a constant core temperature during hypothermia and 
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increases the temperature as programmed during the rewarming period. Normally, the 
core temperature is increased by 0.5 °C over every 2-h period so that the temperature 
is increased from 33.5 to 37 °C over 14 h. Rewarming data were collected from a 
cohort of 14 infants. NIRS monitoring was commenced as early as possible in the 
rewarming phase and was continued for the maximum possible time. One NIRS chan-
nel was placed on either side of the forehead and data were collected at 1 Hz. The 
optode source-detector distance of 2.5 cm was chosen to ensure a good depth penetra-
tion [9]. The differential path length (DPF) was chosen as 4.99 [10]. Changes in chro-
mophore concentrations were calculated from the measured changes in broadband 
NIR light attenuation using the modified  Beer- Lambert law as applied with the UCLn 
algorithm [11] across 136 wavelengths (770–906 nm). Systemic data were collected 
using ixTrend software (ixellence GmbH, Germany) and were synchronised with the 
NIRS data. Brain magnetic resonance imaging (MRI) and MRS were performed 
between day 5–9 using a 3T Philips MRI scanner (Philips Healthcare, UK).

3  Data Analysis

Initial data analysis was carried out in MATLAB (Mathworks, USA). Systemic data 
were down-sampled and interpolated to the NIRS data timeframe (1 Hz). Artefacts 
from movement or changes in external lighting were removed and baseline shifts 
were corrected using the method suggested by Scholkmann et al. [12]. Linear 
regression analysis was performed to assess the relationship between Δ[oxCCO] 
and Δ[HbD] and an averaged regression coefficient (r2) was created to compare this 
relationship between groups. All statistical analyses were performed using GraphPad 
Prism 6 (GraphPad Software, USA).

4  Results

NIRS and systemic data were collected over a mean period of 12.5 h (5–14 h). 
Active cooling was started at a mean of 3 h of age. All infants were ventilated during 
rewarming. Clinical characteristics of the cohort are presented in Table 33.1. During 
rewarming the heart rate gradually increased from a mean of 108/min (range 
75–130/min) to 128/min (121–135/min). The peripheral oxygen saturation (SpO2) 
fell briefly at the start of rewarming, but was mostly over 95 %. Mean blood pressure 
(BP) was stable throughout the rewarming (45–55 mmHg) (Fig. 33.1). Transcu-
taneous CO2 dropped by mean 1.3 kPa. Changes in oxCCO concentration from both 
left and right side are shown in Fig. 33.2. No significant difference was noted 
between the two sides. The averaged regression coefficients (r2) between Δ[oxCCO] 
and Δ[HbD] were plotted against Lac/NAA values obtained from 1H MRS. Although 
in clinical practice a Lac/NAA peak area ratio >0.3 has been associated with poor 
neurodevelopmental outcome following HIE [8], we divided the current cohort into 
three groups (Lac/NAA <0.5, 0.5–1 and >1) to more explicitly demonstrate the 
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Table 33.1 Characteristics 
of the infants: data are 
presented as mean (range)

Infant characteristics Mean (range)

Birth weight (g) 3161 (1770–3800)

Gestational age (weeks) 39 (38–41)

Male:female 1.3:1

Apgar score at 1 min 1 (0–4)

Apgar score at 5 min 3 (0–7)

Apgar score at 10 min 3 (0–8)

Umbilical cord pH (arterial) 6.9 (6.56–7.28)

Base excess (arterial) −15 (9.7–24)

Serum lactate 12 (9–17)

Age at start of active cooling (min) 178 (55–284)

Fig. 33.1 Systemic changes (heart rate (a), SpO2 (b), mean blood pressure (c) and transcutaneous 
CO2 (d)) among all infants during rewarming (mean ± s.d.)

relationship between the average regression coefficient between Δ[oxCCO] and 
Δ[HbD] with Lac/NAA. Lac/NAA peak area ratio ranged from 0.08 to 1.32 in this 
cohort, and four infants had a value of ≥0.3. Eleven infants had Lac/NAA <0.5, 2 
had Lac/NAA 0.5–1 and 1 had Lac/NAA > 1. Mean r2 values between Δ[oxCCO] 
and Δ[HbD] in these groups were 0.41 (±0.27), 0.22 (±0.21) and 0.01, respectively 
(Fig. 33.3).
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5  Discussion

The relationship between cerebral metabolism and oxygenation measured during 
rewarming following TH in a group of infants with HIE became more disturbed 
with an increasing degree of brain injury. Rewarming is a complex process; it has 
the potential to significantly influence cardiovascular function and stimulate 
the activity of excitatory amino acids suppressed during hypothermia [13].

Gebaur et al. reported that during hypothermia left ventricular output remains low 
due to decreased heart rate and a decreased stroke volume. During rewarming both 
stroke volume and cardiac output increases as the core temperature increases [14]. In 

Fig. 33.2 Δ[oxCCO] (a, b) and Δ[HbD] (c, d) from both left and right sides during rewarming.
Each individual color represents data from one infant

Fig. 33.3 Averaged 
regression coefficient (r2) 
between oxCCO and  
HbD presented in three 
groups: Lac/NAA <0.5, 
0.5–1 and >1
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our study, heart rate increased steadily throughout rewarming but mean BP remained 
stable, no hypotensive episodes were noted. Our findings were similar to those of 
Gebauer et al. but were different from those reported by Thoresen and Whitlaw [15]. 
They noted changes in cardiovascular indices in 9 infants with HIE during mild hypo-
thermia and rewarming. Mean arterial BP fell during rewarming while the heart rate 
increased. This difference is probably related to the process of rewarming. In the study 
described by Thoresen et al. rewarming was performed over a minimum of 5 h by 
removing the cooling cap and adjusting the overhead heater to control the rise of tem-
perature no more than per hour. We used a servo controlled cooling machine, which 
increased the core temperature in a more stable way, and the rewarming was done over 
a much longer period. A rapid and unstable increase in core temperature most likely 
induces a reduced peripheral vascular tone with increased cardiac work. Rewarming 
at a rate of 0.5–1 °C/h did not influence the beneficial effects of therapeutic hypother-
mia in a rat model, but a higher rewarming rate of 2 °C/h abolished those beneficial 
effects on both cardiac and cerebral function (reduced severity of myocardial and 
cerebral functions abnormalities and attenuated release of IL-6 and TNF-α) [16].

Availability of oxygen has a significant i nfluence on  th e ox idation of  CC O.  
The relationship between mitochondrial metabolism and oxygenation became more 
impaired with increasing severity of injury, measured as rising Lac/NAA on 1H 
MRS. This probably indicates that following severe HIE and cell death, cerebral 
metabolism failed to improve in spite of oxygen availability. We did not notice any 
significant pattern of changes in Δ[oxCCO] with a change in temperature, nor did 
we notice any specific cut-off temperature point which indicated any change in the 
trend of cerebral metabolism during rewarming. In near-term fetal sheep, carotid 
artery blood flow (CaBF) and mean arterial blood pressure (MABP) changed only 
transiently during rewarming. No significant difference was noted from 6 h  
onwards [3]. In a recent study, asphyxiated newborn infants had stable regional 
cerebral  oxygenation during rewarming [17].

The limitation of the present study is the small number of infants enrolled and, in 
particular, the number of infants with severe brain injury.

We noted that the mitochondrial metabolism-oxygenation coupling during 
rewarming was influenced by t he severity o f hypoxic i schemic b rain injury. 
 Servo- controlled slow rewarming process had no significant influence on the stabil-
ity of cerebrovascular hemodynamics and metabolism.
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Abstract Perinatal hypoxic ischaemic encephalopathy (HIE) is associated with severe 
neurodevelopmental problems and mortality. There is a clinical need for techniques to 
provide cotside assessment of the injury extent. This study aims to use non-invasive 
cerebral broadband near-infrared spectroscopy (NIRS) in combination with systemic 
physiology to assess the severity of HIE injury. Broadband NIRS is used to measure 
the changes in haemodynamics, oxygenation and the oxidation state of cytochrome 
c oxidase (oxCCO). We used canonical correlation analysis (CCA), a multivariate 
statistical technique, to measure the relationship between cerebral broadband NIRS 
measurements and systemic physiology. A strong relationship between the metabolic 
marker, oxCCO, and systemic changes indicated severe brain injury; if more than 60 % 
of the oxCCO signal could be explained by the systemic variations, then the neuro-
developmental outcome was poor. This boundary has high sensitivity and specificity 
(100 and 83 %, respectively). Broadband NIRS measured concentration changes of the 
oxidation state of cytochrome c oxidase has the potential to become a useful cotside 
tool for assessment of injury severity following hypoxic ischaemic brain injury.
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1  Introduction

Hypoxic ischaemic encephalopathy (HIE) resulting from hypoxic ischemic (HI) 
brain injury affects 1–2 live births per 1000 and is associated with severe neurode-
velopmental problems and mortality [1]. Diminished supply of oxygen (hypoxia) 
and blood (ischaemia) to the newborn brain in the perinatal period causes neuronal 
injury. HIE is an evolving process; after the initial period of energy failure during 
the injury, the cerebral metabolism recovers to normal for the first few hours of life 
but then can deteriorate, leading to a secondary energy failure (SEF) [2]. Strategies 
to treat HIE focus on preventing the cascade of events leading to SEF and, currently, 
therapeutic hypothermia (TH) has been the only successful treatment that is in rou-
tine clinical use [3]. The current gold standard assessment of the injury is the mag-
netic resonance spectroscopy (MRS) measured lactate to N acetyl aspartate ratio 
(Lac/NAA) which is the most sensitive predictor of outcome in the first 30 days of 
life [4]. However the magnetic resonance (MR) scan is generally performed at the 
end of the first week of life and a real-time, cotside measurement of cerebral metab-
olism that can assess the progression of cerebral injury would be helpful in the 
immediate stages following HI brain injury.

Our group has previously presented a broadband NIRS device called CYRIL 
(CYtochrome Research Instrument and appLication) to monitor cerebral hemody-
namics and metabolism in the newborn brain [5]. CYRIL measures the changes 
in concentration of oxygenated- and deoxygenated-haemoglobin (Δ[HbO2] and 
Δ[HHb], respectively) and the oxidation state of cytochrome c oxidase (Δ[oxCCO]). 
Cytochrome c oxidase (CCO) is the terminal electron acceptor in the electron trans-
port chain in mitochondria. It is responsible for more than 95 % of oxygen metabo-
lism in the body as it is essential for the efficient generation of ATP [2]. The enzyme 
contains four redox centers, one of which—copper A (CuA)—has a broad absorption 
peak in the near-infrared (NIR) spectrum which changes depending on its redox state. 
As the total concentration of CCO is assumed constant, the changes in the NIRS-
measured oxCCO concentration are indicative of the CCO redox state and, therefore, 
provide a representation of oxygen utilization in the tissue. Detection of CCO using 
NIRS is more difficult than other chromophores as its in-vivo concentration is less 
than 10 % of that of haemoglobin and has a broad spectral signature. We use broad-
band (multi-wavelength) NIRS and the UCLn algorithm to accurately resolve spec-
tral changes due to oxCCO without cross-talk from haemoglobin chromophores [6].

We hypothesize that the dynamic changes in the cerebral metabolism, as moni-
tored by broadband NIRS measured Δ[oxCCO], in response to systemic changes 
will indicate brain injury severity. To test this, we use canonical correlation analysis 
(CCA), a multivariate statistical technique that measures the relationship between 
two groups of variables [7]. CCA can be seen as an extension to normal correlation 
analysis where the relation between two multidimensional datasets (or group of sig-
nals) is analysed instead of two individual signals. In this way CCA can estimate the 
strength of the relationship between systemic changes and cerebral metabolism.
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2  Methods

Ethical approval for the Baby Brain Study at University College London Hospitals 
Trust (UCLH), London was obtained from the North West Research Ethics Centre 
(REC reference: 13/LO/0106). Term infants born at or transferred to UCLH for 
treatment of acute brain injury were eligible for investigation; only babies without 
congenital malformations were considered. Each subject was monitored continu-
ously with EEG and treated with TH which was initiated within 6 h of birth; body 
temperature was lowered to 33.5 °C for 72 h.

Broadband NIRS measurements were collected continuously over a period of 3 h 
on the third day of life during TH. We used a custom-built two-channel broadband 
NIRS system called CYRIL that has been described previously [5]. All measure-
ments were taken bilaterally on the forehead over the frontal lobe at a sampling 
frequency of 1 Hz. The changes in chromophore concentrations (oxCCO, HbO2 and 
HHb) were calculated from the measured changes in broadband near-infrared light 
attenuation using the modified Beer-Lambert law as applied with the UCLn algo-
rithm across 136 wavelengths (770–906 nm) with a fixed differential pathlength fac-
tor of 4.99 and 2.5 cm optode separation.

Systemic data from the Intellivue Monitors (Philips Healthcare, UK) were col-
lected using an application called ixTrend (ixellence GmbH, Germany). Signals 
recorded include oxygen saturation (SpO2) measured by pulse oximetry on the foot 
or hand, heart rate (HR) by electrocardiograph (ECG), respiratory rate (RR), mean 
arterial blood pressure (MABP) from an intra-arterial catheter, and transcutaneous 
carbon dioxide (PaCO2) and oxygen (PaO2) tension.

The babies spent 1 h in the MR scanner after rewarming, this occurred on aver-
age on day 7 of life (range: day 5–15). MR scans included a measurement of tha-
lamic Lac/NAA with proton (1H) MRS; Lac/NAA score ≥ 0.3 has been shown to be 
associated with worse neurodevelopmental outcome.

Data analysis was carried out in MATLAB (Mathworks, USA) and Excel 
(Microsoft, USA). Systemic data were down-sampled and interpolated to the NIRS 
data timeframe (1 Hz). Both NIRS and systemic data were processed with an auto-
matic wavelet de-noising function which reduces the high frequency noise but main-
tains the trend information. Artefacts in the NIRS signals from movement or changes 
in ambient lighting were removed using the method suggested by Scholkmann et al. 
[8] which is based on moving standard deviation and spline interpolation. This 
method also corrects shifts in the baseline due to artefact.

For the CCA analysis, the signals were grouped into ‘cerebral’ (HbO2, HHb and 
oxCCO) and ‘systemic’ sets (MABP, SpO2, HR, RR, PaCO2 and PaO2). The first 
step of CCA is to form linear combinations of the variables in each data set. Then 
the correlation between each group of variables is used to assess the dependency of 
the cerebral signals on the systemic signals. This gives a score that ranges from 0 to 
1, where 0 indicates no dependency and 1 indicates total dependency. CCA results 
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were compared with the severity of the injury which was assessed by MRS mea-
sured Lac/NAA on days 5–15 of life; the subjects were grouped into severe brain 
injury (Lac/NAA ≥ 0.3) and mild brain injury (Lac/NAA < 0.3). The median of the 
CCA scores for the dependency of each chromophore on the systemic changes, also 
known as cross-loading coefficients, were found for each injury group as the data 
were not normally distributed. A Kruskal–Wallis test was used to assess the signifi-
cance of the difference between the groups; the level of statistical significance was 
set at p < 0.05. The sensitivity and specificity of the CCA scores for injury classifica-
tion are evaluated.

3  Results

Data were recorded from 11 subjects (6 female) with HIE: severe injury n = 6, mild 
injury n = 5. One of the severely injured neonates died a few months after birth. All 
infants were born at term gestation (mean 39 ± 1 weeks), and were of normal birth 
weight (mean 3.1 ± 0.6 kg). The CCA analysis showed that each of the cerebral sig-
nals could (in part) be explained by the systemic physiological variations; the HbO2 
signal had a mean CCA score of 0.55 ± 0.20 which means that 55 % of the HbO2 sig-
nal could be explained by systemic variations, the HHb and oxCCO mean CCA 
scores were 0.59 ± 0.23 and 0.58 ± 0.18, respectively. The CCA scores for each cere-
bral variable were grouped into mild and severe injury categories and are shown in 
Fig. 24.1. There is no significant difference between the mild and severely injured 
groups in the dependency of either HbO2 or HHb on the systemic signals (p = 0.36 and 
0.72, respectively). However, the infants with severe injury showed a significantly 

Fig. 24.1 CCA scores for mild (n = 5) and severe (n = 6) groups for each chromophore. Median 
score for each group is displayed as a line. The Kruskal–Wallis test found a significant difference 
between the groups for oxCCO only: HbO2 p = 0.36, HHb p = 0.72 and oxCCO p = 0.04
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(p = 0.04) higher oxCCO dependency (median: 0.74) than those with mild injury 
(median: 0.49). The infants with severe injury were identified by an oxCCO CCA 
score ≥ 0.6 (sensitivity 100 %, specificity 83 %).

4  Discussion

CCA showed that broadband NIRS measured cerebral signals could be explained, in 
part, by changes in the systemic physiology which is expected because the systemic 
physiology should influence the cerebral haemodynamics and metabolism. Although 
the relationship between changes in the haemoglobin signals (HbO2 and HHb) and 
systemic signals varied between the infants, their relationship was not indicative of 
injury as measured by Lac/NAA. The relationship between Δ[oxCCO] and systemic 
physiology was able to predict injury; a high oxCCO dependency on the systemic 
signals indicated a negative outcome. This means that although the cerebral vascular 
response to systemic events was not significantly d ifferent b etween t he m ild a nd 
severe injuries, the cerebral metabolic response was. This could be explained by 
lower cellular energetics in the more injured brain which would mean that CCO has 
less capacity to buffer changes in oxygenation from systemic variations. It is possible 
that the differences in the metabolic responses are due to changes in the brain leading 
to, or after, SEF in the severely injured brain.

We have previously found a strong linear correlation between changes in oxCCO 
and NIRS measured cerebral oxygenation during systemic desaturation events in 
infants with severe HIE [5]. This relationship supports the findings in this study; in 
the more injured brain CCO is more readily affected by changes in oxygen delivery 
and therefore would be more disturbed by systemic variations.

There are many limitations to this study to discuss. Firstly, this is a small sample 
size. Secondly, the Lac/NAA is measured in the thalamus whereas the NIRS mea-
surements are over the frontal lobe, and the Lac/NAA is only a surrogate for patient 
outcome; a neurodevelopmental outcome will be a more robust indicator. Finally, the 
CCA technique assumes a linear and stationary relationship between all of the vari-
ables which may not be true in this complex system; in this study CCA examines the 
relationship over a long window of time (3 h) during which the relationship between 
the variables might change; in future, we could use temporal CCA to investigate the 
relationship between cerebral and systemic variables over time.

5  Conclusions

We identified severe HIE from mild HIE with an early cotside biomarker of metabo-
lism. A strong relationship between oxCCO and systemic physiology, assessed with 
CCA, on day 3 of life indicated severe injury. The broadband NIRS measured 
oxCCO is more sensitive to brain injury than HbO2 or HHb.
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Abstract. Broadband near-infrared spectroscopy (NIRS) can provide an endogenous indicator of tissue temper-
ature based on the temperature dependence of the water absorption spectrum. We describe a first evaluation of 
the calibration and prediction of brain tissue temperature obtained during hypothermia in newborn piglets (animal 
dataset) and rewarming in newborn infants (human dataset) based on measured body (rectal) temperature. 
The calibration using partial least squares regression proved to be a reliable method to predict brain tissue 
temperature with respect to core body temperature in the wavelength interval of 720 to 880 nm with a strong 
mean predictive power of R2 ¼ 0.713 � 0.157 (animal dataset) and R2 ¼ 0.798 � 0.087 (human dataset). 
In addition, we applied regression receiver operating characteristic curves for the first time to evaluate the tem-
perature prediction, which provided an overall mean error bias between NIRS predicted brain temperature and 
body temperature of 0.436 � 0.283°C (animal dataset) and 0.162 � 0.149°C (human dataset). We discuss main 
methodological aspects, particularly the well-known aspect of over- versus underestimation between brain and 
body temperature, which is relevant for potential clinical applications. © The Authors. Published by SPIE under a Creative 
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, 
including its DOI. [DOI: 10.1117/1.NPh.4.2.021106]
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1 Introduction
Near-infrared spectroscopy (NIRS) is a well-established non-
invasive brain imaging method.1–3 NIRS is frequently used to 
assess changes in brain oxygenation and hemodynamics in 
the animal and human cerebral cortex based on the optical prop-
erties of the oxygen dependence of the hemoglobin spectrum, in 
addition to quantifying metabolism through measurements of 
the oxidation changes in cytochrome-c-oxidase.4 Less known 
is the fact that NIRS can also assess tissue temperature based 
on the temperature dependence of the water absorption spec-
trum. This unique feature of NIRS can be easily understood
considering the fact that the brain is composed of ∼75%
water in which temperature dependence can be assessed in 
the near-infrared (NIR) spectra region as previously extensively 
documented.5–8 In particular, NIRS makes use of the tissue 
water absorption spectrum, whose temperature-dependence 
changes its intermolecular hydrogen bonding with increasing 
light wavelength. Hence, the tissue water absorption measured 
by NIRS can act as an endogenous indicator of tissue temper-
ature. Tissue in this context can be any animal or human body 
tissue accessible using NIRS, such as muscle or brain tissue. 
Previous work has shown that the most pronounced water 
absorption peaks obtained by NIRS occur in the NIR absorption 
bands around 740, 840, and 970 nm (Fig. 1). These water 
absorption peaks are thus thought to represent the most reliable 
NIRS responses to temperature and are therefore thought to 
allow for the prediction of tissue temperature.7,9–11

Generally, tissue temperature within the animal or human 
body is an important indicator of metabolic and thermoregula-
tory activity.12 Core body temperature, i.e., the temperature of 
the internal environment of the human body at usually 37°C, 
is typically measured at rectal, sublingual, or axillary sites. 
However, there might be clinical circumstances that the temper-
ature in the brain can be different from the body’s core temper-
ature. Therefore, only by measuring brain tissue temperature, 
clinically relevant temperature changes in the brain (i.e., may 
or may not be associated with body temperature changes) 
can be detected early on. Moreover, monitoring differences 
between brain–body temperatures can provide additional infor-
mation about the intactness of the brain’s thermoregulation. 
Therefore, two important clinical applications traditionally 
attempted to measure temperature within the brain tissue. The 
two clinical scenarios during which brain tissue temperature 
measures are of tremendous benefit are therapeutic hypothermia 
and hyperthermia. Under hyperthermia, the local tissue temper-
ature is raised above 40°C, e.g., in patients to eradicate tumor 
cells.13 Under hypothermia, the body temperature is lowered 
below 33°C, e.g., in patients suffering from traumatic brain 
injury14 or undergoing major cardiopulmonarysurgery to protect 
the brain against oxygen deprivation,15 or in newborn infants 
suffering from birth asphyxia as neuroprotective therapy to pre-
vent permanent brain damage.16 For example, Tokutomi et al.14 

assessed optimal temperature management during hypothermia 
in patients suffering from traumatic brain injury. The authors 
showed that intracranial pressure and cerebral perfusion pres-
sure decreased significantly at “brain” temperatures from 37°C 
down to 35°C, whereas oxygen delivery and oxygen consump-
tion decreased at “rectal” temperatures in the same °C range.*Address all correspondence to: Lisa Holper, E-mail: lisa.holper@puk.zh.ch
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feasible for long-term ambulatory clinical use outside of the 
laboratory, nor for use in infant patients, and require large 
cost-intensive equipment. Other approaches are still under 
experimental evaluation in animals, for example, noninvasive 
wearable sensors to assess deep brain temperature based on 
skin thermal conductivity and isolation (i.e., zero-heat-flow 
principle),27 or noninvasive optical fiber-based probes based 
on rare-earth thermometry.28 Finally, there have been computa-
tional-based only approaches to estimate brain temperature 
changes from traditional brain recordings (i.e., such as magnetic 
resonance imaging) using mathematical models of brain temper-
ature,29,30 that take into account the brain’s nonequilibrium 
thermodynamic nature between rest and functional activity.31 

However, these approaches still remain to be tested in real 
practice.

Within the last decade, several attempts have also been made 
to evaluate NIRS for brain tissue temperature measurement. 
NIRS fulfills all the requirements of an optimal method for 
brain temperature measurement. In particular, compared to the 
other methods, NIRS provides applicability in clinical settings, 
ease of handling, portability, and cost-efficiency, for both 
noninvasive and continuous temperature monitoring. Early 
approaches using NIRS to determine brain temperature, how-
ever, were invasive, such as by applying intraparenchymal 
probes for intracranial temperature monitoring.32,33 Therefore, 
there was need for noninvasive NIRS techniques to monitor 
cerebral temperature.

So far, three publications have reported noninvasive brain 
temperature measurements using NIRS. The earliest work by 
Hollis7 applied continuous-wave NIRS instruments to develop, 
for the first time, the methodology of (nonbrain) tissue temper-
ature based on both in vitro (tissue phantoms) and in vivo 
(human forearm muscle) measurements. Results of this work 
reported high coefficients of determination (R2 > 0.9) with 
a mean difference between NIRS predicted temperature and 
thermometer measurements of 1.21°C (tissue phantoms) and 
1.02°C (human forearm muscle) over a range of 28°C to 
40°C. Much later, Chung et al.11 used broadband diffuse optical 
spectroscopy for (nonbrain) tissue temperature measurements 
in vitro (tissue phantoms) and in vivo (human forearm muscle) 
and also reported high coefficients of determination (R2 ¼ 0.96) 
with a mean temperature difference of 1.1 � 0.91°C over a range 
of 28°C to 48°C. Very recently, Bakhsheshi et al.9,10 used time-
resolved NIRS for tissue temperature measurements in vitro 
(tissue phantoms) and in vivo (brain tissue in newborn piglets). 
The coefficients of determination (R2 > 0.9) and the mean 
difference between the NIRS and thermometer measurements 
being 0.15 � 1.1°C (tissue phantoms) and 0.5 � 1.6°C (brain 
tissue) over a range of 32°C to 38°C again indicated very prom-
ising results.

The aim of the present analysis was twofold. We aimed to 
evaluate for the first time the use of (1) broadband continu-
ous-wave NIRS in calibration and prediction of temperature in 
animals (newborn piglets) and (2) human brain tissue (newborn 
human infants).

Regarding the first aspect, broadband continuous-wave 
NIRS instruments are devices that acquire multiwavelength 
absorption spectra, typically from 650 to 1000 nm in the NIR 
range. Broadband NIRS provides high resolution and quantita-
tive absorption spectra, which are essential to characterize 
the temperature-dependent changes associated with the water 
absorption features (besides the typical quantification of NIR

Fig. 1 Temperature dependence of water spectrum. Extinction
coefficient of pure water spectra (H2O) simulated as a function of 
temperature (range 30°C to 40°C) over NIR: (a) 600 to 980 nm and 
(b) 720–880 nm.7,8 Pronounced water absorption peaks appear in 
the NIR around 740, 840, and 970 nm (marked by red vertical lines). 
Units are given in temperature (°C) with increasing extinction indicat-
ing increasing temperature (color coded from blue to red).

However, the correlation between those brain–body measures 
became less significant when temperatures were less than 35°
C and brain temperatures were consistently “higher” than rectal 
temperature by 0.5 � 0.3°C. These results suggest that, after 
traumatic brain injury, decreasing body temperature to 35°C 
can reduce intracranial hypertension while maintaining suffi-
cient cerebral perfusion pressure without cardiac dysfunction 
or oxygen debt. This and other examples show that both 
hyper- and hypothermia applications require a proper assess-
ment of the brain’s temperature in order to quickly react and 
prevent brain damage.

Optimal methods for brain temperature measurement should 
be applicable in clinical settings, even in ambulatory settings, 
should allow ease of handling, may be portable, and should 
be cost-efficient. Furthermore, to determine the efficacy of 
temperature treatments (e.g., hyper- or hypothermia), such 
devices must monitor brain temperature noninvasively and 
continuously throughout the treatment. So far, several methods 
have been evaluated for brain temperature measurements. 
Methods tested in more experimental research settings include 
proton magnetic resonance spectroscopy,17–19 nuclear magnetic 
resonance spectroscopy,20–22 microwave radiometry,23–25 and 
ultrasound thermometry.26 However, none of these methods is

Neurophotonics 021106-2 Apr–Jun 2017 • Vol. 4(2)

Holper et al.: Prediction of brain tissue temperature using near-infrared spectroscopy



chromophores, including oxy-, deoxyhemoglobin, lipid, and 
water at centimeter depths). Broadband continuous-wave NIRS 
is therefore much more suitable for assessing tissue temperature 
compared to other NIRS methods, such as discrete-wave 
or time-resolved NIRS.9,10 This differentiation is important 
because the latter have a reasonably lower number of wave-
lengths compared to broadband continuous-wave NIRS. 
Although it is possible to assess tissue temperature using only 
one, two, or three different wavelengths, such a small number of 
wavelengths is likely to give spurious measurements, and it is, 
therefore, highly advisable to use broadband NIRS.

Regarding the second aspect, broadband NIRS has so far not 
been evaluated in human brain tissue. We therefore aimed to 
evaluate the calibration and prediction of temperature in data 
obtained from newborn infants (human dataset). To compare the 
human brain tissue measures, we used data from animals, 
i.e., newborn piglets (animal dataset), in which NIRS has 
already previously been shown to successfully assess tissue 
temperature.10 The human dataset was obtained in infants under-
going hypothermia treatment and subsequent rewarming after 
hypoxic–ischemic encephalopathy. By contrast, the animal data-
set was obtained in piglets undergoing hypothermia treatment 
after hypoxic–ischemic brain injury. In both datasets, core body 
temperature was measured rectally for reference. In order to 
calibrate the brain temperature prediction, we applied partial 
least squares regression (PLSR) following previous work.7 

Furthermore, for the first time, we evaluated the use of regres-
sion receiver operating characteristic (RROC) curves as a very 
suitable graphical tool to judge the relative calibration perfor-
mance in terms of over- versus underestimation between pre-
dicted brain tissue temperature and core body temperature. 
Based on the well-known aspect of overestimation such as 
reported by Tokutomi et al.,14 we hypothesized that the pre-
dicted brain temperature would be slightly above the measured 
core body temperature in our datasets.

2 Materials and Methods
Two datasets were obtained from the Biomedical Optics 
Research Laboratory, Department of Medical Physics and 
Biomedical Engineering, University College London, United 
Kingdom. The animal dataset is a subdataset from the published 
study by Bainbridge et al.,34 consisting of four newborn piglets 
recorded using broadband NIRS (662 to 984 nm, 322 wave-
lengths) during the “cooling phase” of hypothermia. The human 
dataset is a subdataset from the published study by Mitra et al.,35 

consisting of four newborn infants recorded using broadband 
NIRS (770 to 906 nm, 136 wavelengths)36 during the “rewarm-
ing phase” after therapeutic hypothermia.

2.1 Animal Dataset

Data from four newborn piglets (PIGLET01, PIGLET02, 
PIGLET03, PIGLET04) included in this analysis were collected 
in experiments conducted at the Institute of Neurology, 
University College London.34 The newborn piglets underwent 
hypothermia treatment after induced hypoxic ischemia. For 
further information about the hypoxic ischemia protocol, the 
reader is referred to the publication by Bainbridge et al.34 

During the hypothermia treatment, animals were monitored 
using a custom-made broadband NIRS spectrometer (662 to 
984 nm, 322 wavelengths, sampling rate 0.1 Hz) in transmission 
mode with emitter and detector fibers placed at other side of the 
head, in combination with conventional systemic physiological

measurements. NIRS recording was conducted from the start of
the cooling phase (∼37°C) down to a target temperature of
∼33.5°C. Core body temperature was recorded using a rectal
probe.

Table 1 and Fig. 2 illustrate the temperature recordings of all 
animal subjects. The duration of temperature recordings from the 
start of the cooling phase (∼37°C) until the (expected) target 
temperature (∼33.5°C) ranged between ∼10 and 56 min. Note 
that not all animals reached the target temperature, since, in some 
cases, the recording had to be stopped due to unforeseen compli-
cations. There was no preprocessing done in the animal dataset.

2.2 Human Dataset

Data from four newborn infants (BABY01, BABY02, BABY03, 
BABY04) included in this analysis were collected as part of an 
ongoing study conducted at the University College London 
Hospitals NHS Foundation Trust.35 Ethical approval was 
obtained from the National Research Ethics Committee 
(reference: 13/LO/0225). The study examined newborn infants 
suffering from hypoxic ischemic encephalopathy undergoing 
hypothermia treatment and subsequent rewarming. During 
therapeutic hypothermia, core body temperature was brought
down to a target temperature of ∼33.5°C and was maintained 
for 72 h using a servo-controlled cooling mattress machine 
(Tecotherm Neo, Inspiration Healthcare, United Kingdom). 
During the following 14-h rewarming period, the temperature 
was then gradually increased from 33.5°C to 37°C. During 
the rewarming period, infants were monitored using a custom-
made broadband NIRS spectrometer (770 to 906 nm, 136 
wavelengths, sampling rate 1 Hz) with two NIRS channels 
placed on either side of the forehead and an optode source–
detector distance of 3 cm to ensure good depth penetration.37 

Conventional systemic physiological measurements (i.e., heart 
rate and mean blood pressure) were also obtained. Core body 
temperature was recorded using a rectal temperature probe 
(sampling rate 0.1 Hz, later synchronized with the NIRS data 
sampled at 1 Hz).

Table 1 and Fig. 2 illustrate the temperature recordings of all 
human subjects. The duration of temperature recordings from 
the start of the rewarming phase (∼33.5°C) until the (expected) 
target temperature (∼37°C) was at least 14 h∕subject, and in all 
subjects, the target temperature was reached. However, in the 
present analysis, we only considered data where concurrent 
measurements of systemic parameters were available; therefore, 
some of the recordings shown in Fig. 2 are cropped to a duration 
ranging between ∼4 and 14 h.

Table 1 Attenuation changes. As measure of between-subject com-
parison of the temperature dependence, we calculated the coeffi-
cients of determination (R2) between the attenuation changes and 
the corresponding 1st to 10th quantiles for the animal and human 
datasets. Values represent results averaged across the animal and 
the human dataset. See Fig. 5 for illustration.

R2 Animal dataset Human dataset

Absolute
attenuation

740 nm 840 nm 970 nm 840 nm

0.877 0.774 0.715 0.801

Difference
attenuation

10th quantile — — 10th quantile

0.963 — — 0.577
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In contrast to the animal dataset, the human dataset was pre-
processed as follows. First, we removed the effects of systemic
changes (i.e., heart rate and mean blood pressure) from the raw
NIRS data that were assumed to be independent of temperature
using least-squares regression. Second, we considered the fact
that the temperature in the human dataset was not raised con-
tinuously over the time course of the rewarming phase (but
in 2-h steps). Therefore, in order to remove potential signal
adaption in-between the temperature steps (i.e., between each
2-h period), we extracted short-time intervals after each temper-
ature step (i.e., after each temperature increase every 2 h). In
particular, we extracted 1-min intervals after each 2-h temper-
ature increase and excluded the rest of the time series for the
present analysis. From each of those extracted 1-min intervals,
we then subtracted the signal baseline from the signal peak in
order to obtain corresponding signal differences with respect to
temperature increases. Thus, the final time series for the human
dataset used in the present analysis comprised only one time
point from each 2-h period.

3 Data Analysis
Data analysis was performed using MATLAB® (Version 2016a, 
Mathworks). A flow chart of the analysis procedure (Fig. 3) 
schematically illustrates (1) the demonstration of temperature-
dependent attenuation changes, (2) the assessment of chromo-
phores concentrations, (3) the calibration method in terms of 
PLSR for prediction of tissue temperature, and (4) the evaluation 
of calibration performance using RROC curves.

3.1 Attenuation Changes

We first illustrated the temperature dependence of the raw 
attenuation data in relation to wavelength. For a clearer display, 
the attenuation data of both datasets were smoothed using a 
Savitzsky–Golay filter (60-point) and binned into quantiles. 
In particular, two approaches were used to bin the data.

1. Temperature-binned attenuation: First, the attenua-
tion data were binned such that the resulting plots

Fig. 2 Temperature recordings. Temperature recordings (°C) based on rectal thermometer measures
shown as a function of measurement duration. (a) Animal dataset. Four newborn piglets (PIGLET01,
PIGLET02, PIGLET03, PIGLET04) during hypothermia treatment (cooling phase). (b) Human dataset.
Four newborn infants (BABY01, BABY02, BABY03, BABY04) during hypothermia treatment (rewarming
phase). The duration of the measurements is given in min (animal dataset) and h (human dataset).
Tmax ¼ maximum temperature measured, Tmin ¼ minimum temperature measured, ΔT ¼ temperature
difference between Tmax and Tmin.
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represented the 1st to 10th quantiles of the correspond-
ing temperature changes. Note that these quantiles
covered different amounts of data points per animal/
human subjects depending on the individual total
time duration of the temperature recording. Using
the temperature-binned attenuation data, the “absolute
attenuation” was then illustrated across all animal/
human subjects.

2. Wavelength-binned attenuation: Second, the attenua-
tion data were binned such that the resulting plots rep-
resented the 1st to 10th quantiles of the corresponding
wavelength range with respect to onset temperature.
Using these wavelength-binned attenuation data, the
“difference attenuation” was illustrated across all ani-
mal/human subjects.

3.2 Chromophores Concentrations

We then calculated the concentrations of the three tissue chro-
mophores [oxyhemoglobin (O2Hb), deoxyhemoglobin (HHb),

and water (H2O)], based on the technique of second-derivative 
spectroscopy.8,38 The chromophore concentrations were calcu-
lated from the measured changes in broadband NIR light attenu-
ation using the modified Beer–Lambert law based on the UCLn
algorithm.39 The algorithm divides the second derivative of
the tissue attenuation spectra (ΔA) by the optical pathlength, 
followed by a least-square regression:
EQ-TARGET;temp:intralink-;e001;326;6752
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where a linear inversion operator of the extinction coefficients 
(ε) of the three tissue chromophores was used to recover their 
concentrations (Δ½O2Hb�, Δ½HHb�, Δ½H2O�). Total hemoglobin 
Δ½tHb� was derived as the sum of Δ½O2Hb� and Δ½HHb�. The 
optical pathlength was derived from the product of the distance 
between the optodes (3 cm) and the differential pathlength factor 
(DPF), which has been previously measured as 4.99 (�9%) on  
the newborn head, corrected for the wavelength dependency 
of the DPF.36 The extinction spectra were obtained from the 
University College London, Engineering Faculty, Department of 
Medical Physics & Biomedical Engineering, London.40

3.3 Wavelength Selection

Broadband NIRS offers multiwavelength absorption spectra. 
For temperature prediction, pervious work has shown that the 
wavelength interval from 720 to 880 nm provides the best 
calibration results.7 However, since the animal (662 to 984 nm, 
322 wavelengths) and the human (770 to 906 nm, 136 wave-
lengths) dataset comprised different ranges of wavelength, the 
data selection for the following analysis was different (Fig. 4). 
For the animal dataset, four wavelengths, i.e., 740 nm, 840 nm, 
970 nm, and 720–880 nm, were selected. For the human dataset, 
only the wavelength 840 nm could be selected.

3.4 Temperature Calibration and Prediction

For the temperature prediction, we applied PLSR41 (Fig. 4) to 
calibrate the attenuation spectra, as previously described by 
Hollis,7 and implemented in “Toolbox for multivariate calibra-
tion techniques”42 for MATLAB. The PLSR calibration allows 
one to predict temperature without any prior knowledge of the 
measured temperature. PLSR is a method to model a response 
variable (i.e., measured temperature) in the presence of a large 
number of highly noisy, correlated, or even collinear, predictor 
variables (i.e., wavelengths). Based on these original data, PLSR 
then constructs new predictor variables, known as principal 
components (PCs), as linear combinations of the original

Fig. 3 Flow chart of data analysis procedures. Raw data were 
smoothed using a Savitzky–Golay filter, followed by the illustration 
of the attenuation changes (Sec. 3.1). We then proceeded to the cal-
culation of the chromophores concentration (Sec. 3.2), including the 
wavelength selection (Sec. 3.3). Subsequently, the PLSR was applied 
for temperature prediction, including the selection of PCs (Sec. 3.4, 
Fig. 4). Last, RROC curves were used to illustrate the calibration 
of the PLSR (Sec. 3.5). See text for further details.
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predictor variables. The PCs give an estimation of the explained 
variance of the predictor variables.

In the first step of the PLSR calibration, a simulated 
dataset7,10 was built based on the temperature-dependent extinc-
tion coefficient of the pure water spectrum that comprised the 
independent variables (i.e., absorptions at many wavelengths) 
at temperatures ranging from 30°C to 40°C (Fig. 1). The simu-
lated dataset was then compressed using PLSR to a smaller 
number of variables, with the resulting matrices known as 
the scores and the loadings, for each PCs. Subsequently, 
leave-one-out cross-validation was performed in order to find 
the minimum number of PCs for best performance (Fig. 4). 
We considered up to 10 PCs as implemented in a 10-fold cross-
validation to choose the number of components that minimized 
the expected error when predicting the response from future 
observations on the predictor variables in the PLSR.

In the second stage of the PLSR calibration, a linear relation-
ship between the scores and the dependent variable, i.e., the 
simulated temperature, was established in order to obtain a cal-
ibration vector. This calibration vector was then used to calibrate 
each of the individual data (of the animal and human datasets) 
for temperate prediction. Finally, the predicted temperature 
for each individual dataset was obtained by multiplying the

attenuation data by the calibration vector. To correct for baseline 
differences between measured and predicted temperature, a 
constant (i.e., the baseline measured temperature, e.g., 37°C) 
was added to the initial predicted temperature.7,10

To evaluate the calibration of the PLSR, we assessed the fit 
between the measured (rectal) temperature and the predicted 
(brain) temperatures using the coefficients of determination 
(R2), the mean absolute error (MAE), and the mean squared 
error (MSE) that were computed for each individual subject. To 
statistically test the calibration results of the PLSR, repeated-
measures ANOVA for the coefficients of determination (R2) 
as the dependent variable was applied using the within-subject 
factor “wavelength” and the between-subject factor “number of 
PCs.”. The corresponding partial eta-squared (η2p) of each factor 
was reported to determine the effect size on a significance level 
p < 0.05. The Bonferroni correction was used to control for 
multiple comparisons.

Note that in a preanalysis, we tested other calibration 
approaches, as suggested by Hollis.7 The preanalysis revealed 
that the PLSR was superior in terms of temperature prediction 
compared to classical least squares, inverse least squares, and 
principal component regression (Table 2). In the present work, 
we therefore concentrated only on PLSR.

Fig. 4 PLSR and PCs. The PLSR procedure described in Sec. 3.4 is shown for example data 
(PIGLET02, BABY01). Temperature is shown on the y -axis. Selected wavelengths for the animal dataset 
(i.e., 740, 840, 970, and 720 to 880 nm) and the human dataset (i.e., only 840 nm) are shown on the 
x -axis. Note that for better comparison of the two datasets, the x -axes representing the wavelengths are 
shown for the whole range from 660 to 100 nm; therefore, the human dataset covers only a small range. 
At the end of the PLSR procedure, the PCs are shown for an exemplary number of n ¼ 5 (note that we 
used up to 10 PCs for analysis), for the variance explained in the above spectra. See text for further 
details. (a) Attenuation spectra (animal), (b) attenuation spectra (human), (c) principal components 
(animal), and (d) principal components (human).

Neurophotonics 021106-6 Apr–Jun 2017 • Vol. 4(2)

Holper et al.: Prediction of brain tissue temperature using near-infrared spectroscopy



3.5 Temperature regression receiver operating
characteristic

To graphically illustrate the calibration of the PLSR, we applied 
RROC curves,43 which we implemented in MATLAB®. RROCs 
have been introduced as an equivalent to receiver operating char-
acteristic (ROC) curves for regression analyses. For the present 
purpose, we made use of three RROC evaluation metrics that we 
found to be very suitable for a between-subject comparison of 
the calibrated temperature prediction:

1. RROCs determine the “bias” of the predictions based
on over- versus underestimation derived from asym-
metric loss functions. In other words, RROCs graphi-
cally illustrate whether or not a given temperature
prediction has a tendency to be under- or overesti-
mated. Numerically, the over- and underestimation is 
reflected by the mean error bias (MEB) parameter, 
which is essentially an equivalent to the mean temper-
ature difference used in the previous work.7,10,11

MEB ¼ predicted temperature
EQ-TARGET;temp:intralink-;e002;63;237

−measured temperature: (2)

2. RROCs provide the area over the RROC curve (AOC)
as an equivalent to the error variance of the regression.
Thus, the AOC of a RROC serves as a measure of the
expected variance for a regression model.

3. Similar to ROC curves, a RROC curve dominates
another if it is always above the other. Based on this,
RROC plots illustrate subject-specific (or method-
specific) dominance intervals.

Linear relationships between the evaluation metrics of the
temperature calibration (i.e., R2, MAE, and MSE) and the

RROCs (i.e., MEB and AOC) were assessed using Pearson 
product-moment correlation. Results were ported on a signifi-
cance level p < 0.05.

4 Results
As mentioned above, the animal dataset comprised a larger 
wavelength range (662 to 984 nm, 322 wavelengths) compared 
to the human dataset (770 to 906 nm, 136 wavelengths). 
Therefore, results of the animal dataset are illustrated based 
on four wavelengths, i.e., 740, 840, 970, and 720 to 880 nm, 
whereas the human dataset is illustrated only for the wavelength 
840 nm. As mentioned earlier, these specific wavelengths (740, 
840, 970, and 720 to 880 nm) were used since they have been 
shown to represent the most reliable water absorption peaks in 
the NIR range, with the wavelength interval 720 to 880 nm pro-
viding the best calibration results (Fig. 1).7,9–11

4.1 Attenuation Changes

The temperature dependence of the attenuation data is illustrated 
in Fig. 5.

1. Temperature-binned attenuation: The illustration of
the “absolute attenuation” demonstrated the tempera-
ture dependence of the attenuation changes as a func-
tion of wavelengths based on the 1st to 10th quantiles
of the corresponding temperature changes. The plot
showed that attenuation at all wavelengths increased
significantly with increasing temperature. In other
words, attenuation decreased significantly during tis-
sue cooling (animal dataset) and increased during tis-
sue rewarming (human dataset).

2. Wavelength-binned attenuation: The illustration of the
“difference attenuation” demonstrated the temperature
dependence of the attenuation changes as a function of
temperature based on the 1st to 10th quantiles of the
corresponding wavelengths. Here, attenuation changes
were shown with respect to that attenuation measured
at the minimum temperature. This plot confirmed that
attenuation increased significantly at all wavelengths
with increasing temperature.

As the measure of a between-subject comparison of the 
temperature-dependence, we calculated the coefficients of 
determination (R2) between the attenuation changes and the cor-
responding 1st to 10th quantiles for each single subject. Table 1 
lists the corresponding R2 averaged across all subjects, demon-
strating an overall strong linear relationship between attenuation 
changes and temperature (R2 range ¼ 0.577 to 0.963).

4.2 Chromophores Concentration

To estimate the chromophores concentrations (O2Hb, HHb, and 
H2O), we fitted the attenuation spectra to the corresponding spe-
cific absorption/extinction coefficients. Table 3 shows the coef-
ficients of determination (R2) assessing the relationship between
Δ½H2O�∕Δ½tHb� and the measured temperature as determined 
by the least-square fits.

Results showed that the water concentration Δ½H2O� increased 
with decreasing temperature over the temperature range from 
32°C to 37°C. Following the interpretation by Hollis,7 this may 
be due to increased photon penetration depth with decreasing

Table 2 Temperature prediction (preanalysis). Coefficients of deter-
mination (R2) illustrating the predictive power of temperature predic-
tion based on classical least squares (CLS), inverse least squares
(ILS), and principal component regression (PCR) (one to three PCs),
for the animal and the human datasets. Values represent results
averaged across the animal and the human dataset.

Animal dataset
Human
dataset

740 nm 840 nm 970 nm
720 to
880 nm 840 nm

CLS CLS

R2 0.231 0.299 0.034 0.383 0.670

ILS ILS

R2 0.538 0.609 0.077 0.684 0.697

PCR PCR

R2 (one PC) 0.593 0.688 0.112 0.690 0.788

R2 (two PCs) 0.593 0.689 0.111 0.706 0.789

R2 (three PCs) 0.590 0.684 0.111 0.706 0.790

Neurophotonics 021106-7 Apr–Jun 2017 • Vol. 4(2)

Holper et al.: Prediction of brain tissue temperature using near-infrared spectroscopy



may result in a decrease of the total amount of hemoglobin 
within the region probed by the light. Note that for the following 
temperature prediction, only the chromophores concentrations 
of water (H2O) were used, whereas those of the hemoglobin 
(O2Hb, HHb) were not required but served as an internal con-
trol. To illustrate this fact, we performed a simulation that is 
described in Fig. 8.

4.3 Temperature Calibration and Prediction

The brain tissue temperature was predicted based on the 
temper-ature coefficient from the pure water absorption 
spectra using cross-validated PLSR. Leave-one-out cross-
validation was per-formed in order to find the minimum 
number of PCs for best per-formance (we considered up to 10 
PCs; Fig. 3). For the final predictions, we calibrated the 
temperature using one to three PCs for the wavelengths 740, 
840, 970, and 720 to 880 nm for the animal dataset and 840 nm 
for the human dataset. Note that the inclusion of more than three 
PCs did not improve the predictions. Figure 6 shows the plots 
between the measured (rectal) tem-perature and the predicted 
(brain) tissue temperature for two exemplary subjects (animal 
dataset: PIGLET02; human dataset: BABY01) based on the 
best performing combinations (animal dataset: wavelength 
interval 720 to 880 nm with three PCs; human dataset: 
wavelength 840 nm with three PCs). To quantify

Fig. 5 Attenuation changes. (a) and (b) Absolute attenuation. Absolute changes in attenuation over 
wavelengths 662 to 984 nm (animal dataset) and 770 to 906 nm (human dataset). Units are given in 
temperature (°C). Plots illustrate data across all animals. (b) Difference attenuation. Difference attenu-
ation averaged over wavelengths 720 to 880 nm (animal dataset) and 770 to 880 nm (human dataset), 
displayed as a function of decreasing tissue temperature. Units are given in wavelengths (nm). See 
Table 1 for statistics.

temperature (decrease in the optical coefficients), because the
light would travel through a higher proportion of tissue, which
also contains a greater concentration of water.8 By contrast,
the total hemoglobin content Δ½tHb� decreased with decreasing 
temperature from 32°C to 37°C. Again following the interpre-
tation by Hollis,7 this might be due to physiological effects of
the tissue cooling, such as the well-known shift in the hemoglo-
bin oxygen dissociation, the increased absorption by both O2Hb 
and HHb, as well as vascular thermoregulatory responses, which

Table 3 Chromophores concentration. Coefficients of determination 
(R2) assessing the relationship between the concentration changes
(Δ½tHb�, Δ½H2O�) and the measured temperature for the animal and 
the human datasets. Values represent results averaged across the 
animal and the human datasets.

Animal dataset
Human
dataset

740 nm 840 nm 970 nm
720 to
880 nm 840 nm

Δ½H2O�
R2

0.130 0.132 0.107 0.601 0.660

Δ½tHb� R2 0.183 0.636 0.132 0.676 0.293
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the relationship between the measured temperature and pre-
dicted temperature, the coefficients of determination (R2)
were calculated. The mean (�STD) predictive power averaged
over all individuals of the animal dataset was R2 ¼ 0.713�
0.157 (720 to 880 nm), and the mean predictive power averaged
over all individuals of the human dataset was R2 ¼ 0.798�
0.087 (840 nm). Results of the summary statistics across all
wavelength intervals and PCs are listed in Table 4.

To statistically assess the calibration results on the group-
level, repeated-measures ANOVA was performed with the

coefficients of determination (R2) as dependent variable. In the
animal dataset, ANOVA revealed a significant effect of the
within-subject factor “wavelength” (F ¼ 459.437, p < 0.001,
η2p ¼ 0.981). Postdoc pairwise comparison indicated significant
smaller R2 for the wavelength 970 nm compared to 740, 840,
and 720 to 880 nm (all p < 0.001); however, there was no
effect of the between-subject factor “number of PCs” (F ¼
0.001, p ¼ 0.999, η2p ¼ 0.000). In the human dataset, ANOVA
revealed no effect of the between-subject factor “number of
PCs” (F ¼ 0.001, p ¼ 0.999, η2p ¼ 0.000; the effect of “wave-
length” was not present and therefore not assessed).

4.4 Temperature Regression Receiver Operating
Characteristic

To graphically illustrate the calibration performance on the sin-
gle-subject level, we used RROC curves.43 The RROC curves
allowed for a direct and intuitive visual comparison of the sin-
gle-subject differences between measured and predicted temper-
ature based on the MEB parameter, which numerically reflects
over- or underestimation in temperature prediction. We illus-
trated each single-subject calibration of the animal and the
human dataset for the corresponding best combinations (animal
dataset: wavelength interval 720 to 880 nm with three PCs;
human dataset: wavelength 840 nm with three PCs; Fig. 7).

Fig. 6 Temperature prediction. Predicted (brain) versus measured
(rectal) temperature based on cross-validated PLSR. Plots exempla-
rily illustrate (a) the animal dataset (PIGLET02) during the cooling
phase (wavelength interval 720 to 880 nm with three PCs) and
(b) the human dataset (BABY01) during the rewarming phase (wave-
length 840 nm with three PCs). See Table 4 for statistics.

Table 4 Temperature prediction. Coefficients of determination (R2)
illustrating the predictive power of temperature prediction based on
cross-validated PLSR (one to three PCs), averaged across the animal
and the human datasets. See Fig. 6 for illustration.

Animal dataset
Human
dataset

740 nm 840 nm 970 nm 720 to 880 nm 840 nm

R2 (one PC) 0.599 0.695 0.113 0.697 0.796

R2 (two PCs) 0.599 0.696 0.112 0.713 0.797

R2 (three PCs) 0.596 0.691 0.112 0.713 0.798

Fig. 7 Temperature RROC. RROC curves for each single subject of
the animal dataset (wavelength interval 720 to 880 nmwith three PCs)
and the human dataset (wavelength 840 nm with three PCs). Colored
points indicate the MEB per subject that represent over- and under-
estimation relative to the diagonal (dashed line). See Tables 5 and 6
for statistics.
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5 Discussion
Previous work developed suitable approaches for the calibration 
of brain temperature prediction using NIRS.7,10,11 The present 
analysis provided a first evaluation of broadband continuous-
wave NIRS in temperature prediction of brain tissue data derived 
not only from animals (newborn piglets) but also from human 
data (newborn infants) undergoing hypothermia treatment. The 
PLSR calibration applied here allows for the prediction of brain 
temperature without any knowledge of a reference temperature, 
which is an important aspect in cases, where measured body 
temperature is not available. Using this calibration approach, 
our results showed an overall strong mean predictive power in 
both the animal (R2 ¼ 0.713 � 0.157) and the human datasets 
(R2 ¼ 0.798 � 0.087). Interestingly, we observed an overall 
overestimation of the predicted brain temperature compared to 
the rectally measured temperature of 0.436 � 0.283°C (animal 
dataset) and 0.162 � 0.149°C (human dataset), respectively. 
We discuss main methodological aspects including the observed 
overestimation between brain and body temperature, thereby 
considering interpretation for clinical applications.

5.1 Temperature Calibration and Prediction

Based on our findings, we suggest that the accuracy of the tem-
perature prediction depends primarily on three aspects. First, the 
performance of the calibration method itself (i.e., the PLSR) can 
affect the prediction and the resulting MEB. For example, a 
large MEB represents a large absolute difference between mea-
sured and predicted temperature (i.e., the amplitude difference 
between the black dots and the red line in Fig. 6). Second, the 
amount of noise inherent in the raw data due to temperature-
independent signal changes can affect the predicative power 
in terms of the variance in the R2, MAE, and MSE (i.e., the 
spread of black dots around red line in Fig. 6). Third, the selec-
tion of wavelengths employed can affect accuracy. For example, 
even if a calibration method fits well assuming that absorption at 
all wavelengths varies linearly with temperature, the errors may 
be greater at wavelengths where the variation in absorption is 
comparable to the uncertainty on the absorption values. This 
variation can be clearly seen in Table 4 in the comparison 
between the wavelengths 740, 840, and 970 nm. In particular, 
relative to wavelength 970 nm, the other two bands, 740 and 
840 nm, exhibit considerably better temperature prediction. 
Taken together, these aspects should be considered when select-
ing a calibration method and interpreting results.

Furthermore, we want to mention some important methodo-
logical points regarding our datasets. We observed no significant 
differences in the accuracy between the two datasets regarding 
the evaluation metrics MAE, MSE, MEB, and AOC (Table 5), 
although our data samples were quite small. This could indicate 
that these datasets were homogenous enough to provide 
similar accuracies. However, one should consider the following 
differences between datasets.

First, the wavelength range recorded in the animal dataset 
(662 to 984 nm, 322 wavelengths) was considerably broader 
than that in the human dataset (770 to 906 nm, 136 wave-
lengths). Hence, for the human dataset, we could not assess tem-
perature prediction in more than the 840-nm wavelength. We are 
currently collecting data in newborn infants with an alternative 
broadband NIRS instrument with an extended wavelength range 
that covers the 740 nm, which will allow us to expand the results 
presented here. We are currently expanding the work in the

Table 5 Evaluation metrics. Evaluation metrics for the animal dataset 
(wavelength interval 720 to 880 nm with three PCs) and the human 
dataset (wavelength 840 nm with three PCs). Values represent results 
averaged across for the MAE, MSE, AOC, MEB. See Fig. 6 for 
illustration.

Animal dataset Human dataset

Three PCs Three PCs

720 to 880 nm 840 nm

MAE 0.481 0.358

MSE 0.340 0.200

AOC 0.045 0.079

MEB 0.436� 0.283°C 0.162� 0.149°C

In order to statically compare the evaluation metrics, t-test 
was performed, i.e., between datasets (animal versus human) and 
between temperatures (measured versus predicted). Importantly, 
there was a significant MEB difference when testing both 
datasets together (animal dataset: t ¼ 3.080, p ¼ 0.054; human 
dataset: t ¼ 2.170, p ¼ 0.118; both datasets: t ¼ 7.158, 
p < 0.001; Table 5). This indicated that both the animal and 
the human dataset exhibited an overestimation of predicted 
brain tissue temperature compared to the rectally measured 
temperature. Notably, this was true without differences in the 
dominance, i.e., the two datasets overlapped in the RROC space. 

Otherwise, there were no significant differences between 
the two datasets regarding the parameters MEB (t ¼ 1.709, 
p ¼ 0.138), MAE (t ¼ 1.147, p ¼ 0.295), MSE (t ¼ 1.323,
p ¼ 0.234), and AOC (t ¼ −1.778, p ¼ 0.126), as assessed 
by independent-samples t-test. This indicated that there were 
no differences in the overall expected variance of the two data-
sets based on the applied PLSR. As expected, the evaluation 
metrics (including both the animal and the human datasets) 
revealed strong significant linear relationships for MAE and 
MSE, but not AOC, as assessed using Pearson product–moment 
correlation (Table 6).

Table 6 Correlation evaluation metrics. Pearson product moment 
correlation coefficients (r ) and p-values between the evaluation met-
rics, i.e., the MAE, the MSE, the AOC, and the MEB. Correlations 
were calculated across all subjects of the animal and human datasets.

MAE MSE AOC MEB

MAE r ¼ 0.994 r ¼ 0.029 r ¼ 0.925

p < 0.001 p ¼ 0.946 p ¼ 0.001

MSE r ¼ 0.994 r ¼ 0.031 r ¼ 0.903

p < 0.001 p ¼ 0.942 p < 0.001

AOC r ¼ 0.029 r ¼ 0.031 r ¼ −0.317

p ¼ 0.946 p ¼ 0.942 p ¼ 0.444

MEB r ¼ 0.925 r ¼ 0.903 r ¼ −0.317

p ¼ 0.001 p < 0.001 p ¼ 0.444
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human subjects by using an alternative broadband NIRS instru-
ments with an extended wavelength range, so then we can 
investigate the best wavelengths for brain tissue temperature 
prediction. Second, the animal dataset was recorded during 
a constant temperature decrease, whereas the human dataset 
was recorded during a step-by-step temperature increase. The 
latter resulted in a much smaller amount of data points to be 
included in the prediction analysis, which may have biased the 
assessment of the variance in that dataset. Last, the broadband 
NIRS instruments used to record the animal and human datasets 
were two different custom-made devices, which may have also 
contributed to differences in the quality of the data obtained.

5.2 Temperature Overestimation

RROC curves were chosen as a graphical tool to compare the 
performance of the temperature prediction between the individ-
ual subjects. We found the RROC curves very suitable for 
this purpose, because they provided not only a very intuitive 
illustration of regression performance but also precisely demon-
strated differences between measured and predicted temperature 
(MEB), and allowed for a direct calculation of evaluation met-
rics (MAE, MSE, AOC).

RROC curves are based on the notion of operating condition, 
related to cost-sensitive regression with an asymmetric loss func-
tion. They, therefore, represent a pendant to the dual positive–
negative character in traditional ROC analysis. Asymmetric 
loss functions often occur in regression models related to real-
world problems. Likewise, in our case, there are asymmetric 
loss functions of the temperature prediction that can be related 
to clinical application. For example, it is not the same to obtain 
an overestimation of temperature (i.e., a higher predicted brain 
temperature compared to measured rectal temperature) versus 
an underestimation of temperature (i.e., a lower predicted brain 
temperature compared to measured rectal temperature). This is 
exactly the problem addressed by asymmetric loss functions 
and therefore highly relevant for temperature prediction.

In the present analysis, we observed a significant overestima-
tion (as represented by the MEB) in both the animal and 
the human datasets (Table 5). In other words, we observed 
that the predicted brain temperature was always higher than 
the measured rectal temperature in both the animal dataset 
(mean MEB 0.436 � 0.283°C) and the human dataset (mean 
MEB of 0.162 � 0.149°C; main effect for both datasets: t ¼ 
7.158, p < 0.001; Fig. 7).

There might be several ways to interpret these results. From a 
methodological point of view, one might assume that systematic 
measurement errors have contributed to the overestimation. For 
example, the instrumentation noise might certainly contribute 
differently to the instrumental error of a given broadband NIRS 
system that may further depend on a given subject under 
measurement. From a clinical point of view, one might argue 
that there exists a physiological reason that explains the over-
estimation. Previous work in clinical populations (i.e., such 
as in patients suffering traumatic brain injury) has shown 
that brain temperature might indeed differ from core body 
temperature.44–47 These clinical reports should be taken with 
care, since the existing studies were limited by low sample 
sizes, varying statistical analysis, and inconsistent measures 
of brain temperatures (such as epidural, ventricular, cortical, 
intraventricular, subdural) and core temperatures (rectal, blad-
der, oesophageal, pulmonary artery). However, these clinical 
reports may provide some useful assumptions regarding the

present analysis. In line with our results, these studies reported 
that the mean brain–body temperature difference is positive, 
i.e., indicating that brain temperature is typically higher than 
body temperature. For example, two studies14,48 examined 
the differences between brain and rectal temperature during 
hypothermia. Tokutomi et al.14 induced hypothermia in 31 
patients to a target (rectal) temperature of 33°C, followed by 
slow rewarming after 48 to 72 h of hypothermia. Mean brain 
(subdural) temperature was consistently higher than mean core 
(rectal) temperature (mean difference 0.5°C, 0.39 to 0.61 CI 
95%). Zhang et al.48 induced hypothermia in 18 patients to a 
target (rectal) temperature of 31.5°C, followed by rewarming to 
34.9°C for between 1 and 7 days (average 58 h). The mean 
difference between brain and rectal temperature at 0, 24, and 
72 h after therapeutic hypothermia was 0.8°C, 1.1°C, and 1.4°C, 
respectively. Together, these two studies exemplarily suggested 
that mean brain temperature was consistently higher than mean 
rectal temperature at all hypothermia time points. Childs and 
Lunn44 interpreted these findings by pointing out that hypother-
mia (i.e., in contrast to hyperthermia) is typically associated with 
overall larger brain–body temperature differences. The authors 
further reviewed that—whatever the reason for the larger differ-
ence reported under hypothermic conditions is (in contrast 
to hyperthermic conditions)—“when brain temperature falls 
below 36°C, either by deliberate body cooling or spontaneously 
as a consequence of brain injury, the dissociation between 
brain—body temperatures widens by as much as 1.5°C.”

It should be noted that it is so far unclear whether these 
discrepancies between brain–body temperature measurements 
under therapeutic temperature interventions are due to effects 
of the intervention (i.e., no treatment versus hypothermia versus 
hyperthermia) per se, or due to other study-specific aspects, 
such as the severity and nature of a given clinical population, 
or rather related to the thermodynamic autoregulation of the 
brain itself. These aspects are important points to be considered 
when interpreting our results of the temperature prediction.

5.3 Limitations

Last, general methodological limitations of NIRS should be 
taken into account. As recently reviewed,49 in order to measure 
the hemodynamic response, the NIR light has to pass several 
layers of biological tissue (i.e., such as the skin, skull, cerebro-
spinal fluid, etc.) before it is detected in the cortex. Therefore, 
the thickness of the tissue is an important parameter in determin-
ing the depth of cortex penetration and the magnitude of the 
obtained hemodynamic response. Having said that, however, 
newborn infants have significantly thinner skin and skull as 
well as less hair than adults. Together, in infants compared to 
adults, these aspects therefore result in a reduction of light scat-
tering, an approximately threefold increase in penetration from 
3–5 mm to 10–15 mm into the cortex, as well as in a reduction of 
noise and artifacts due to better contact between skin and opto-
des. Furthermore, the human dataset was collected within a 
clinical setting where it was not possible to control the ambient 
light, the infants were under intensive care so that movement 
artifacts were common, the optical probes were mounted such 
as not to interfere with the patient care or cause harm to 
the infant; therefore, the optode-to-skin contact may have not 
always been optimal for light transport into the tissue.

Additionally, a potential temperature gradient of the head and 
brain tissue should be considered. Although, some research has 
shown that there may be temperature gradients in the form of a
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horizontal cylinder around the head,50 such as during cooling and
freezing of the human brain51 or heating human hair,52 the same
research has also reported that such potential gradients vary mark-
edly with body position50 and may therefore not be reliable.

Last, it should be emphasized that the current data do not
provide evidence for temperature prediction in relation to
functional activation (see Fig. 8). We clarify that temperature
prediction is independent of hemoglobin concentration changes.
The reason is because the temperature prediction presented
here only uses the temperature coefficient from the pure water

absorption spectra in the cross-validated PLSR, and the method
should therefore in principle not be dependent on hemoglobin
concentration changes. The chromophores of O2Hb and HHb,
which are related to functional activation, are not required for
the presented approach and should therefore not impair temper-
ature prediction.

6 Conclusion
The present analysis provided a first evaluation of brain tissue
temperature prediction using broadband NIRS in human brain

Fig. 8 Simulation. We performed a simulation in order to show that the temperature prediction is inde-
pendent of the hemoglobin concentration. The simulation procedure comprised two steps. (a) In the first
step, we simulated a broadband spectrum (720 to 880 nm) using certain arbitrary concentrations of
hemoglobin (O2Hb, HHb, with the sum denoted as (b) tHb, (c) water (H2O), and temperature. Using
this simulated spectrum, we applied PLSR to predict brain temperature based on a simulated body
temperature. (d) In the second step, we then changed only the concentration of O2Hb (with a simple
multiplication by 0.1) and simulated the very same spectrum (e) again. This way, we showed that while
the tHb concentration changes considerably, (g) the overall temperature prediction was very similar in the
two situations (h) and, hence, not affected by the change in O2Hb concentration. Concentrations are
shown in arbitrary units (AU).
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tissue. Temperature prediction was best performed using the
wavelength interval from 720 to 880 nm with a strong predictive
power (R2 > 0.7) and an overall overestimation of NIRS pre-
dicted temperature compared to thermometer measured temper-
ature. Although our findings are limited by the small sample
size, the present findings may be relevant for the application of
brain temperature monitoring in research and clinical settings,
such as in critically ill patients, including infants.
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Abstract: We present a novel lens-based broadband near-infrared 
spectroscopy system to simultaneously measure cerebral changes in tissue 
oxygenation and haemodynamics via estimation of the changes in 
haemoglobin concentration; in addition to oxygen utilization via the 
measurement of the oxidation state of cytochrome-c-oxidase (CCO). We 
demonstrate the use of the system in a cohort of 6 newborn infants with 
neonatal encephalopathy in the Neonatal Intensive Care Unit for continuous 
measurement periods of up to 5 days. NIRS data was collected from above 
the frontal lobe on the left and right hemispheres simultaneously with 
systemic data to allow multimodal data analysis. This allowed us to study 
the NIRS variables in response to global pathophysiological events and we 
focused our analysis to spontaneous oxygen desaturations. We identified 
changes from the NIRS variables during 236 oxygen desaturations from 
over 212 hours of data with a change from the baseline to nadir of −12 ± 
3%. There was a consistent negative change in the Δ[HbD] (= oxygenated – 
deoxygenated haemoglobin) and Δ[oxCCO] measurements, mean decreases 
were 3.0 ± 1.7μM and 0.22 ± 0.11μM, and a positive change in the Δ[HbT] 
(= oxygenated + deoxygenated haemoglobin) measurements across all 
subjects, mean increase was 0.85 ± 0.58μM. We have shown with a 
feasibility study that the relationship between haemoglobin oxygenation 
changes and CCO oxidation changes during these desaturation events was 
significantly associated with a magnetic resonance spectroscopy (MRS)-
measured biomarker of injury severity (r = 0.91, p<0.01). 

©2014 Optical Society of America 

OCIS codes: (170.6510) Spectroscopy, tissue diagnostics; (170.3890) Medical optics 
instrumentation. 
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1. Introduction 

Near-infrared spectroscopy (NIRS) is a non-invasive, non-ionizing technique that allows 
bedside in-vivo monitoring of changes of tissue chromophore concentrations and has been 
widely used in the study of both adult and neonatal brains [1]. NIRS systems are used to 
measure changes in the concentrations of oxygenated (Δ[HbO2]) and deoxygenated 
haemoglobin (Δ[HHb]), which can be used to derive a measure of cerebral oxygenation and 
haemodynamic changes, with a high temporal resolution. NIRS has been used in neonatal 
studies as it is easy to apply on small infants undergoing intensive care. It is relatively cheap 
and simple when compared with other cerebral monitoring techniques, such as magnetic 
resonance imaging (MRI) [2]. Current research is focused on finding a robust bedside 
biomarker that can be indicative of brain tissue oxygenation and oxygen utilization to aid the 
diagnosis of brain injury and importantly to guide treatment strategies [3]. 

Beyond the measures of changes in HbO2 and HHb concentrations with differential 
spectroscopy, more complex NIRS techniques to monitor changes in oxygenation and oxygen 
utilization have been implemented. Spatially resolved spectroscopy (SRS) uses multiple 
source-detector distances to give measurements of haemoglobin saturation often referred to as 
tissue oxygenation index (TOI), or regional cerebral oxygen saturation (rScO2). The technique 
has had success as a cerebral monitor during cardiac surgery [4], however it has yet to be 
widely used clinically as a neuromonitoring tool in brain injury. Furthermore, the cerebral 
fractional tissue oxygenation extraction (cFTOE), derived from the combination of rScO2 and 
systemic oxygen saturation (SpO2), is also being used as a measure of oxygen consumption 
[5,6]. These measurements are used as a surrogate for oxygenation and oxygen utilization by 
many researchers; however, they are complicated parameters that can be difficult to interpret 
as they are affected by several different variables, and have had limited success as a 
biomarker for brain injury [3]. Some groups combine measurements of cerebral blood flow 
(CBF) and oxygenation using two optical methods, frequency-domain NIRS combined with 
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diffuse correlation spectroscopy (DCS), to measure the cerebral metabolic rate of oxygen 
(CMRO2) [7,8]. While others use broadband NIRS and the optical tracer Indocyanine green 
(ICG) to quantify absolute CBF using the Fick principle of diffusion [9]. The combination of 
measures of tissue oxygenation and metabolism could potentially allow us to assess brain 
tissue health after injury. Towards that goal we are interested in measuring the brain tissue 
change in the oxidation state of the metabolic enzyme cytochrome-c-oxidase (oxCCO) and 
haemoglobin oxygenation with broadband NIRS. 

Cytochrome-c-oxidase (CCO) is the terminal electron acceptor in the electron transport 
chain in mitochondria. It is responsible for more than 95% of oxygen metabolism in the body 
as it is essential for the efficient generation of ATP [10]. The enzyme contains four redox 
centers, one of which – copper A (CuA) – has a broad absorption peak in the near-infrared 
(NIR) spectrum which changes depending on its redox state. As the total concentration of 
CCO is assumed constant, the changes in the NIRS-measured oxCCO concentration are 
indicative of the CCO redox state and therefore provide a representation of oxygen utilization 
in the tissue. 

Detection of CCO using NIRS is more difficult than other chromophores as its in-vivo 
concentration is less than 10% of that of haemoglobin and has a broad spectral signature. It 
has been previously demonstrated that broadband (multiwavelength) NIRS and the UCLn 
algorithm can accurately resolve spectral changes due to oxCCO without cross-talk from the 
haemoglobin chromophores [11]. There have been a few commercial systems, the NIRO 300 
and NIRO 500 (Hamamatsu, Japan), that use four-wavelengths to measure the oxCCO, and 
we, and others, have used these previously [12,13]. However, as Matcher and colleagues 
reported [11], calculating Δ[oxCCO] from a small number of wavelengths can give spurious 
measurements and therefore it is advisable to use a broadband spectroscopy system. Our 
group, in a large number of studies in adult healthy volunteers during brief hypoxias and 
hypercapneoas, have demonstrated that is possible to measure Δ[oxCCO] with broadband 
NIRS independently to the hemoglobin concentration changes [14,15]. More recently, we 
developed a hybrid NIRS system, a combination of a lens-based broadband spectrometer and 
a frequency-domain spectrometer, which is capable of absolute measurements of optical 
absorption and scattering to measure Δ[oxCCO] and have demonstrated that scattering 
changes do not affect its quantification [16,17]. Another group has built a similar hybrid 
system to measure changes in the oxCCO signal and have demonstrated its use in preclinical 
studies [18]. Our interest here is to develop a portable, flexible system that can accurately 
measure Δ[oxCCO] in the clinical environment. 

Recently in a neonatal animal model of hypoxic-ischaemia (HI), we have shown that the 
recovery of the broadband NIRS measurements of Δ[oxCCO] following HI correlate with the 
recovery in phosphorus magnetic resonance spectroscopy (31P MRS) biomarkers of cerebral 
energy failure; this was not the case for changes in haemoglobin [19]. Bainbridge and 
colleagues [19] have demonstrated that, with broadband NIRS, the Δ[oxCCO] is related to 
cerebral tissue metabolism. Our adult brain injury studies have further shown that the CCO 
oxidation state is linked to the brain extracellular metabolite concentration changes measured 
by microdialysis during periods of hypercapnoea [15]. Therefore the NIRS Δ[oxCCO] could 
be a useful biomarker of metabolism in cases where other metabolic assessment methods are 
too invasive (e.g. microdialysis) or are difficult to perform during intensive care and have a 
high cost (e.g. magnetic resonance (MR) scanning) [20]. 

Neonatal encephalopathy (NE) affects 1-2 babies per 1000 [21] and is associated with 
severe neurodevelopmental problems and mortality. Most cases of NE are due to perinatal HI. 
Hypoxic ischaemic brain injury is an evolving process; after the initial period of energy 
failure during perinatal asphyxia, the cerebral metabolism typically recovers to normal for the 
first few hours of life but then may deteriorate, leading to a secondary energy failure which is 
related to the extent of brain injury or mortality [22]. Different treatment strategies to prevent 
the cascade of events that lead to a secondary energy failure have been trialed, but to date 
only therapeutic hypothermia (TH) is in routine clinical use [8,10]. The neonate is cooled to 
33.5°C using a cooling mattress beginning as soon as possible in the first 6 hours of life, for 
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72 hours. There is an urgent need for real-time, in-vivo measurements of brain tissue 
oxygenation and metabolism for effective clinical assessment of these neonates during this 
period, especially to detect those most at risk of further brain injury and who may benefit 
from a redirection of clinical care, or further neuroprotective strategies. 

Current methods for assessing the severity of hypoxic ischaemic brain injury include 
MRI, MRS, and electroencephalography (EEG). Serial EEG is a good indicator of outcome in 
the first 24 hours of life; very inactive or depressed EEG beyond 8-12 hours of indicates poor 
outcome [23]. MRI is most prognostic at around 1 week of age, but MRS provides earlier and 
more sensitive and specific information. Proton (1H) MRS measures lactate/N acetyl aspartate 
(Lac/NAA), and this is the most sensitive biomarker to predict outcome. Lac/NAA correlates 
with the decline in cerebral energetics metabolism which lead to secondary energy failure 
[19]. The NIRS measured Δ[oxCCO] can also provide insight into the energetics metabolism 
and is suitable for cotside monitoring during TH before the MR scan at a low cost; it has the 
potential to provide an early insight in the ‘therapeutic window’ between the initial and 
secondary energy failure. 

Here we present a new broadband NIRS system that has the ability to resolve Δ[HbO2], 
Δ[HHb] and Δ[oxCCO] in neonates with NE at the cotside. We describe its use in a feasibility 
study and assess its potential to monitor neonatal cerebral injury. In particular we investigate 
and present the relationship of our broadband NIRS measurements of haemoglobin 
oxygenation and Δ[oxCCO] with injury severity as quantified by 1H MRS Lac/NAA 
biomarker. 

2. Methods 

2.1 Study population 

Ethical approval for the Baby Brain Study at University College London Hospitals Trust 
(UCLH), London was obtained from the North West Research Ethics Centre (REC reference: 
13/LO/0106). Term infants born at or transferred to UCLH for treatment of acute brain injury 
were eligible for investigation; only babies without congenital malformations and considered 
likely to survive were considered. We present a small cohort of 6 neonates with mild to 
severe NE. Each subject was monitored continuously with EEG and treated with TH which 
was initiated within 6 hours of birth. Body temperature was lowered to 33.5°C for 72 hours, 
followed by a 16 hour rewarming period in which their temperature was raised by 0.5°C 
every 2 hours. Some (n = 4) were included in the TOBY Xe Study which is a randomized 
control trial of the neuroprotective effects of inhaled xenon (Xe) with hypothermia. These 
subjects received 30% xenon for 24 hours during the first 72 hours of life (REC reference: 
10/H0707/33). Standard care in the Neonatal Intensive Care Unit (NICU) was given for all 
other symptoms. 

Each neonate was scored using the Sarnat system which grades the severity of NE as mild 
(Stage I), moderate (Stage II) or severe (Stage III) based on clinical and EEG findings. In our 
cohort, 2 neonates were graded mild, 2 were graded moderate and 2 were graded severe. One 
of the severely injured neonates (002) died a few months after birth. Details of these infants 
are provided in Table 1. 

Table 1. Clinical details of subjects studied, including days on which NIRS and MR scans 
were performed. 

Subject Gestational 
Age (weeks+ 

days) 

Gender Birth 
Weight 

(g) 

Sarnat 
Grade 

Treatment NIRS (days 
of life) 

MR scan 
(day of 

life) 
002 38 + 0 Female 1770 Severe TH + Xe 2, 3, 4, 5 5 
003 41 + 0 Female 3800 Moderate TH + Xe 1, 2, 3, 4 5 
007 39 + 5 Male 3640 Severe TH + Xe 3, 4, 5 5 
008 41 + 6 Female 3498 Mild TH + Xe 2, 3, 4, 5, 6 6 
009 38 + 6 Male 2850 Moderate TH 1, 2, 3, 4, 7 7 
010 40 + 2 Female 3020 Mild TH 2, 3, 4, 5 5 
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2.2 Instrumentation 

A novel multi-distance broadband NIRS system, the “CYtochrome Research Instrument and 
appLication” (CYRIL), has been developed to measure changes in oxygenation, 
haemodynamics (Δ[HbO2] and Δ[HHb]) and metabolism (Δ[oxCCO]) in the infant brain (see 
Fig. 1(a) and 1(e)). CYRIL has two channels; each channel has a single source with four 
detectors (see Fig. 1(b), 1(e) and 1(f)). The new system is similar to previous broadband 
NIRS systems that we have developed previously [14,16]. 

The light source is an optical fibre illuminator (ORIEL 77501, Newport, UK) with a 
thermally stable broadband white light source with high intensity in the NIR region. It has a 
100W quartz tungsten halogen light bulb with an axial filament. The lamp output is 
collimated with an aspheric lens and focused onto the fibre input; a shutter and iris can be 
used to block or moderate the light entering the fibre. To minimize the heat deposition on the 
subject’s head, a 610nm long-pass filter and 950nm short-pass filter were placed in the 
collimated region to limit the spectrum to the wavelengths detected. We have not observed 
any thermal effects or damage to the tissue in any of our studies. 

Optical fibres and corresponding optode holders were designed to connect between the 
light source and the tissue, and the tissue and the spectrograph. The fibres were custom built 
by Loptek (GmbH, Germany) to fit the source and spectrometer at the system ends, and were 
made in plastic so they are light and small at the patient end to minimize discomfort. All fibre 
bundles are 3m in length to allow the CYRIL system to be placed at a distance from the cot. 
The bundles are made up of multiple high numerical aperture (NA) fibres (NA = 0.57) with 
diameter 30µm. The source fibre bundle branches into two fibre heads (bundle diameter 
2.8mm) at the tissue. The detectors consist of eight individual fibre bundles that have a 1mm 
diameter. At the tissue end, each fibre has an individual plastic head of diameter 5mm (for the 
detectors) or 10mm (for the sources) that encases a 90° bend in the fibre to detect light on the 
tissue surface at a right-angle to the direction of the fibres (see Fig. 1(b)). The detector fibres 
can be arranged into any combination to either perform multidistance measurements (or apply 
SRS) or to acquire an image. The fibres are arranged vertically into a ferrule that inputs the 
light to the spectrometer which enables the spectrum from each fibre to be detected 
individually and simultaneously on the 2-dimentonal CCD chip (see Fig. 1(c)). 

Optode holders were designed using AutoDesk Inventor (USA), a computer aided design 
(CAD) software package, and 3-dimensionally printed with the Objet500 Connex (Stratasys, 
USA) in a rubber-like black material (TangoBlack FLX973) that is combined with a more 
rigid material (VeroWhitePlus) to increase stiffness. The material is safe for application on 
human tissue. This design holds the source optode next to the four detector optodes 
horizontally with source-detector separations of 1.0cm, 1.5cm, 2.0cm and 2.5cm for 
multidistance measurements (see Fig. 1(b) and 1(d)). 

The longest optode source-detector distance of 2.5cm was chosen to ensure a depth 
penetration of approximately 1cm which includes the cerebral cortex in neonates [24]. The 
design is small, light and flexible to consider the comfort of the subject and account for the 
curvature of the head. As there are two sets of optodes, the two optode holders are mirror-
images of each other so that the fibres lead in the same direction from the head. For premature 
babies with smaller head circumferences, another optode holder was designed that uses a 
single source but with four detectors either side. This will allow the measurement of two 
hemispheres but with a smaller footprint on the head. The optodes and holder are applied to 
the head with a double-sided tape that is safe for human use. The tape is placed on the 
underside of the optode holder and then attached on the neonate’s head. This procedure holds 
the optical fibres to the skin securely, which reduces the number of movement artefacts and 
optical drift from a changing position. It does not involve applying pressure to the skull to 
maintain optode contact to the tissue, which can result in pressure sores, so would not be 
suitable for long measurements. 
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Fig. 1. a) Instrumentation diagram with experimental set up. b) Detector optode with optode 
holder. c) Ferrule of detector fibres for input into spectrograph vertically. d) Optode holder 
design with dimensions of fibre diameters (all detector fibres have the same diameter) and 
source-detector distances. e) Image of CYRIL system in NICU. f) Image of CYRIL optodes on 
a subject. 

The Acton LS 785 (Princeton Instruments, USA) is a lens-based spectrograph (see 
schematic in Fig. 2); lens-based systems have a higher effectiveness than mirror-based 
spectrographs with respect to the throughput of light (over 99% transmission throughout the 
entire working range of the spectrograph). The light collected from the tissue surface by the 
detectors inputs into fibre-adapted entrance and passes through a variable slit which prevents 
overexposure. We found the optimal slit opening to be 20μm. The light is collimated to 
reduce loss and then is incident upon a diffraction grating. This grating is blazed at 1000nm 
and has 830 grooves per mm which gives a wavelength resolution of 0.7nm and 136nm 
bandwidth. As the grating is mounted on a rotating platform, it is possible to select the range 
of wavelengths that we resolve; the 770nm-906nm range was chosen as oxCCO is a strong 
absorber at 830nm [25]. Previous in-house systems built to measure oxCCO have used the 
780-900nm range successfully [26]. After diffraction at the grating, the light is focused onto 
the CCD detector with an f/2 focusing lens. Focusing the light in the y-direction reduces 
cross-talk between the detector channels. 
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Fig. 2. Acton LS 785 Spectrograph (Princeton Instruments, USA). 

The PIXIS 512f CCD camera (Princeton Instruments, USA) has a 2-dimension array of 
512 x 512 detector pixels on a 12.3mm x 12.3mm chip and each pixel is 24µm x 24µm. The 
2-dimensional chip allows light from all 8 detector fibres to be detected simultaneously. It is a 
front-illuminated CCD which is optimal for the moderate to low light levels of NIRS, and the 
peak quantum efficiency is within the NIR region. The CCD is cooled to −70°C (thermally 
stable to ± 0.05°C) during operation to reduce dark count, at this temperature the dark current 
is 0.002 electrons per pixel per second. The CCD read noise at 1000kHz is 5 electrons root 
mean square (RMS). The CCD has a USB 2.0 data interface for control and acquisition with a 
laptop. Each pixel in the x-direction was calibrated to its corresponding wavelength bin using 
LightField (Princeton Instruments, USA) acquisition software with the IntelliCal calibration 
package. The CCD resolution after calibration is 0.27nm. Therefore our system has a 
wavelength resolution of 0.27 ± 0.70nm. Table 2 has a summary of the specifications of the 
spectrometer (spectrograph combined with the CCD). 

A program was created in LabVIEW 2011 (National Instruments, USA) to control the 
CCD, collect the raw data and calculate the corresponding concentrations using the modified 
Beer-Lambert Law (as defined in 2.3 Algorithm). The program has a graphical user interface 
(GUI) that allows the user to view the detected intensity spectra and concentration changes of 
the chromophores per channel in real-time at the bedside. The program has a wavelength 
binning functionality that allows the user to take and display an intensity weighted image of 
the CCD pixel array and then choose the region of interest (ROI) for each horizontal strip to 
bin (see Fig. 3). Each strip is related to one of the detector fibres that are input into the 
spectrometer. The strips can be adjusted to maximize the intensity spectra per channel without 
saturation and limit cross-talk between channels; significant cross-talk is not observed in our 
set-up. The CCD is programmed to acquire data per the settings described by the user using 
LabVIEW drivers for the PIXIS 512f CCD (Scientific Imaging Tool Kit, R Cubed Software, 
USA). The CCD collects data separately from the ROIs and bins the data by wavelength. The 
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intensity spectra for each ROI are displayed in the GUI and the user can move between the 
tabs to view each detector channel. The magnitude of light intensities recorded peaked at 
>60000 counts per second, typical photon counts were >50000 for the detectors 1cm from the 
source, >35000 for the 1.5cm detectors, >30000 for the 2.0cm detectors, and >24000 for the 
2.5cm detectors. The dark count was 2 orders of magnitude lower at ~400 counts. 

The raw data (intensity spectra), processed data (differential concentrations) and time log 
are saved as comma-separated value (csv) files in real-time immediately after the data has 
been processed for each measurement. The new measurement is appended to the csv file to 
ensure that the data is saved in real-time which will prevent loss of data in the event of a 
computer failure. The chromophore concentration changes are displayed in the GUI in real-
time and the user can choose which channel to display and how many of the recent data 
points are displayed. However in order to minimize the amount of data kept in random access 
memory (RAM) and therefore reduce the processing time, it is advisable to limit the number 
of measurements displayed. 

CYRIL is able to successfully record data continuously at 1Hz for long periods (>24 
hours) without error. CYRIL is a compact and portable system that can be moved to the 
cotside without hindering access to other equipment or the cot itself. Artefacts from light, 
movement and poor optode-tissue contact are common in a clinical environment and must be 
removed before the data is used. We have characterized such artefacts by deliberately 
inducing them to aid awareness and prevention, and also to improve removal. 

After the measurements, reference spectra should be acquired with CYRIL to characterize 
the intensity spectrum of the light through the system without attenuation through tissue. A 
poster tube lined with optically black rubberized fabric is used to collect the spectra, each 
source and detector pair are placed either end of the tube. Each reference spectrum is 
collected and averaged over a period of ~10s. 

Table 2. Summary of spectrometer (combined spectrograph and CCD) specifications. 

Specification
Light throughput 99.4%
Bandwidth 136nm
Spectral range 770-906nm
Spectral resolution 0.27 ± 0.70nm
CCD chip size 12.3mm x 12.3mm
CCD pixels 512 x 512
CCD temperature −70°C ± 0.05°C 
Dark current 0.002 e-/p/s
Read noise 5 e- RMS

2.3 Algorithm 

The changes in chromophore concentrations were calculated from the measured changes in 
broadband NIR light attenuation using the modified Beer-Lambert law as applied with the 
UCLn algorithm first described by Matcher et al. [11]. The UCLn algorithm is a least-squares 
fitting procedure that based on multiple regression analysis, using the Beer-Lambert law to 
determine the best fit of the chromophore extinction coefficients, ε, to the measured 
attenuation changes, ΔA, over n number of wavelengths, λ: 
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Fig. 3. Schematic showing modified Beer-Lambert law and the input variables. Intensity 
spectra, I, are recorded simultaneously at all detectors (red = left side channel (detectors 1 to 
4), blue = right side channel (detectors 5 to 8)) and the ROIs of each detector are binned. The 
intensity spectra are converted to change in attenuation, ΔA, and the change in concentration 
changes, Δc, are calculated using the UCLn algorithm with the specific extinction coefficient 
of the chromophores, ε, and the pathlength. 

The differential attenuation is calculated and interpolated to the nearest nanometer across 
770-906nm using a spline interpolation. The UCLn algorithm was used to solve for Δ[HbO2], 
Δ[HHb] and Δ[oxCCO] across these 136 wavelengths. The specific extinction coefficient 
spectra used are provided in Kolyva et al. [26]. The optical pathlength was derived from the 
product of the distance between the optodes and the differential pathlength factor (DPF), 
which was has been previously measured as 4.99 ( ± 9%) on the head of a newborn infant 
[27], corrected for the wavelength-dependency of the DPF. The measured concentration 
changes presented are taken from the longest source-detector distance (2.5cm) as 
measurements from the furthest detector are more likely to reflect cerebral changes. Figure 3 
shows a schematic of the algorithm with the input variables. 

2.4 Protocol 

The CYRIL NIRS measurements were collected continuously over periods from 1 to 15 hours 
during the first 6 days of life at a sampling frequency of 1Hz. All measurements were taken 
bilaterally on the forehead over the frontal lobe (see Fig. 1). NIRS measurements began as 
soon as consent was granted from the parents, with a view to acquiring data as close to birth 
as possible. Data were recorded on each day of life from the start of consent until the MR 
scan, this occurred between 5 and 7 days of life. Final NIRS measurements were performed 
immediately before or after the MR scan. Table 1 shows the timings of the NIRS and MR 
recordings per subject. 

Systemic data from the Intellivue Monitors (Philips Healthcare, UK) were collected using 
an application called ixTrend (ixellence GmbH, Germany). Signals recorded include oxygen 
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saturation (SpO2) measured by pulse oximetry on the foot or hand, heart rate (HR) by 
electrocardiograph (ECG), mean arterial blood pressure (MABP) from an intra-arterial 
catheter, and transcutaneous carbon dioxide (CO2) tension. 

Continuous and amplitude integrated EEG (aEEG) were recorded from arrival to the 
NICU until the infant was rewarmed following TH. The babies spent one hour in the MR 
scanner usually after rewarming. MR scans included a measurement of Lac/NAA with 
hydrogen (1H) MRS. 

2.5 Data analysis 

Data analysis was carried out in MATLAB (Mathworks, USA). NIRS data were processed 
with an automatic wavelet de-noising function which reduces the high frequency noise but 
maintains the trend information. Systemic data were down-sampled and interpolated to the 
NIRS data timeframe (1Hz). Artefacts from movement or changes in external lighting were 
removed using the method suggested by Scholkmann et al. [28] which is based on moving 
standard deviation and spline interpolation. This method also corrects shifts in the baseline 
due to artefact. 

To investigate the spectral changes due to the oxCCO chromophore, the UCLn algorithm 
was also used to derive changes in chromophore concentrations when solving only for the 
other 2 chromophores (HbO2 and HHb). Attenuation-change spectra were then back-
calculated from these concentration changes and the differences between the 2- and 3-
chromophore fits were studied. If we are fitting all of the chromophores that explain our 
spectra then the residual error between the two sets should not have a defined shape, however 
if there is a shape to the spectra then this would suggest that there is a chromophore that is 
unaccounted for. 

In our previous studies of animal models of NE [19], Δ[oxCCO] is measured prior to, 
during and after the asphyxia, so that changes in concentration during these conditions have 
biological significance . In human subjects, measurements can only be performed post-insult. 
Therefore we do not have a pre-insult baseline from which to measure changes and we have 
less information on how the cerebral metabolism has responded to the primary insult. 
Therefore we are interested in large global physiological events, such as spontaneous oxygen 
desaturations, to observe how the cerebral metabolism responds to, or recovers from, a 
systemic change, and whether this response differs between a poor and a good outcome. 

There were a total of 21 data sets from the cohort of 6 subjects. The length of the data sets 
ranged from 11 minutes to 15 hours. All data sets included continuous measurement of 
Δ[HbO2], Δ[HHb], Δ[oxCCO], SpO2, HR, and CO2 tension. We used Δ[HbD] ( = Δ[HbO2] - 
Δ[HHb]) as a surrogate market of oxygen delivery as it represents the mismatch between 
Δ[HbO2] and Δ[HHb], and Δ[HbT] ( = Δ[HbO2] + Δ[HHb]) as an indicator of brain blood 
volume changes. Only 3 of the 6 subjects had MABP recorded continuously. Data was 
analysed according to decreases in the SpO2 signal and the changes in the other variables 
were recorded over this event. The magnitude of changes in all variables was recorded for 
every SpO2 desaturation of greater than 5%, as smaller changes may not be clinically 
significant. The SpO2 desaturation start and nadir were identified and selected manually; these 
time points were then use to calculate the changes in Δ[HbO2], Δ[HHb] and Δ[oxCCO] over 
this period. See Fig. 4 for a schematic of this process. Magnitude changes in Δ[HbO2], 
Δ[HHb] and Δ[oxCCO] were recorded for both NIRS channels on the left and right side of 
the forehead, which were placed above the frontal lobes of right and left hemispheres 
respectively, and then these changes were averaged. The change of MABP, HR and CO2 
tension in the period between SpO2 desaturation start and nadir were also recorded with the 
standard deviation. 

2.6 Statistical analysis 

All statistical analysis was carried out in MATLAB (Mathworks, USA). The Pearson 
correlation coefficients, r, were calculated between the magnitudes of each of SpO2 saturation 
changes and the corresponding changes in Δ[HbD], Δ[HbT] and Δ[oxCCO] for each subject 
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across all days. This was also performed for Δ[oxCCO] against Δ[HbD] and Δ[HbT].These 
coefficients were then correlated with the Lac/NAA measurement for each subject to identify 
trends between the NIRS measured values and the severity of injury. P-values of less than 
0.05 were considered statistically significant. 

 

Fig. 4. Example of SpO2 desaturation from channel 1 (left side) and channel 2 (right side) on 
subject 003 with start and nadir of desaturation marked for SpO2 and corresponding position in 
NIRS signals. 

3. Results 

3.1 Measurement of Δ[oxCCO] 

NIRS signals were recorded in 6 subjects for a total of 212 hours and 25 minutes. Figure 5 
shows examples of the intensity spectra recorded (Fig. 5(a)) and the corresponding change in 
attenuation between them (Fig. 5(b)). The change in the shape of the intensity spectrum 
reflects the change in the levels of chromophore concentration in the tissue; during SpO2 
desaturation the peak of the spectra shifts from ~780nm to ~785nm due to the decrease in 
Δ[HbO2] and Δ[oxCCO], and the increase in Δ[HHb]. An example of change in chromophore 
concentrations during a desaturation event can be seen in Fig. 4. 
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Fig. 5. a) Example of intensity spectra before desaturation (SpO2 = 100%) and at the nadir of 
desaturation (SpO2 = 77%) in subject 003, left side channel, from the longest source-detector 
distance. A shift in the peak of the spectrum is observed. b) Change in attenuation between 
intensities shown in a) – this relates to Δ[HbO2] = ~-6 μM, Δ[HHb] = ~3 μM and Δ[oxCCO] = 
~-1.5μM. 

 

Fig. 6. Attenuation-change spectra back-calculated from the calculated concentration changes 
during the largest SpO2 desaturation observed in each subject (subject number labelled on 
graphs). The presented spectra are the average of all spectra during the desaturation on the left 
side channel. The difference between the 3- and the 2-chromophore fit is plotted. 

The back-calculated attenuation-change spectra from the furthest detector are shown in 
Fig. 6 as the difference between the 3- and the 2-chromophore fit for the each of the 6 
subjects during their largest desaturation. It is noted that the spectrum presented for each 
subject is an average spectrum, derived from all individual spectra corresponding to the 
largest desaturation event in that subject. The spectra do not have an arbitrary distribution 
around y = 0, but appear to show a shape approximating the oxidised minus reduced CCO 
spectrum (see Fig. 3), featuring a broad peak at approximately 830 nm. This suggests that 
fitting the measured changes in near-infrared attenuation only for HHb and HbO2 would leave 
a chromophore with the spectral features of oxCCO unaccounted for. Based on these findings, 
only results from the 3-chromophre fit are discussed throughout this study. 
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3.2 Multimodal data analysis 

A total of 236 SpO2 desaturations from 6 subjects and 212 hours and 25 minutes of data were 
identified. Desaturations occurred over periods from 2 seconds up to 28 minutes and the mean 
desaturation was −12 ± 3%. Table 3 shows the mean SpO2 changes during the desaturation 
per subject and across all subjects, with corresponding mean variations ( ± standard deviation) 
in systemic (MABP, CO2, HR) and NIRS signals. On average the MABP and CO2 tension 
signals decreased by 0.9 ± 1.6mmHg and 0.4 ± 1.1kPa respectively. The HR signal increased 
by 1.4 ± 2.6bpm. There was a consistent negative change in the Δ[HbD] and Δ[oxCCO] 
measurements, mean decreases were 3.0 ± 1.7μM and 0.22 ± 0.11μM, and a positive change 
in the Δ[HbT] measurements across all subjects, mean increase was 0.85 ± 0.58μM. 

Pearson correlation coefficients, r, between the magnitudes of each of SpO2 saturation 
changes and the corresponding changes in Δ[HbD], Δ[HbT] and Δ[oxCCO], and for 
Δ[oxCCO] against Δ[HbD] and Δ[HbT] are presented in Table 4. These coefficients were 
then correlated with the corresponding Lac/NAA measurement across all subjects, which are 
displayed in the final row of Table 4. The correlation coefficients between Δ[HbD] and 
Δ[oxCCO] have a statistically significant (p<0.01) correlation with the MRS-measured 
Lac/NAA values (Table 5). 

Table 3. Number of desaturations, n, and mean ± standard deviation (SD) (to 2 
significant figures) for all systemic variables during the desaturations per subject, and 
across all subjects. Thalamic Lac/NAA measured by MRS. Changes in MABP were not 

available (N/A) for 3 of the 6 subjects. 

Subject n ΔSpO2 
(%) 

ΔMABP 
(mmHg) 

ΔCO2

(kPa) 
ΔHR 
(bpm) 

Δ[HbD] 
(μM) 

Δ[HbT] 
(μM) 

Δ[oxCCO] 
(μM) 

Lac/NAA

002 33 −13±11 1.2±0.9 −0.61±0.57 0.16±0.71 −2.4±6.6 0.45±3.4 −0.02±0.63 0.20
003 70 −17±19 −2.6±6.0 0.41±0.17 0.35±2.5 −6.5±10.5 1.4±3.5 −0.37±1.1 0.16
007 7 −9.6 ± 

3.8 
N/A −2.8±1.8 −0.5 ±2.6 −1.3±3.3 0.30±1.2 −0.22±0.33 1.32

008 30 −9.4±9.6 N/A 0.23±0.09 5.2±5.1 −2.0±3.4 0.94±3.7 −0.18±1.1 0.17
009 25 −11±5 −1.3±2.2 0.03±0.24 4.8±5.3 −2.3±6.2 1.8±1.9 −0.29±0.50 0.16
010 71 −10±5 N/A 0.12±0.08 −1.5±3.7 −3.5±4.4 0.2±3.3 −0.28±1.1 0.15

All 236 −12±3 −0.9±1.6 −0.4±1.1 1.4±2.6 −3.0±1.7 0.85±0.58 −0.22±0.11  

Table 4. Pearson correlation coefficients (r) of magnitude of changes in >5% SpO2 
desaturations for each subject across all days. *p<0.05, **p<0.01. 

Subject SpO2 vs. HbD SpO2 vs. HbT SpO2 vs. oxCCO HbD vs. oxCCO HbT vs. oxCCO 
002 0.92** −0.38* −0.38* 0.05 0.40* 
003 0.93** −0.47** 0.52** 0.55** 0.25* 
007 0.59 −0.49 0.45 0.89* −0.67 
008 0.05 0.20 0.15 0.47** 0.69** 
009 0.62** −0.43* −0.35 −0.10 0.58** 
010 −0.13 −0.11 −0.18 0.16 0.74** 

Table 5. Pearson correlation coefficients, r, from magnitude of changes during oxygen 
desaturations correlated against MRS-measured Lac/NAA ratio. **p<0.01. 

Thalamic Lac/NAA vs. r

SpO2 vs. HbD −0.06 

SpO2 vs. HbT 0.52

SpO2 vs. oxCCO 0.42

HbD vs. oxCCO 0.91**

HbT vs. oxCCO 0.28
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4. Discussion 

We have developed a new clinical instrument based on a lens-based broadband spectrometer 
capable of recording multispectral NIR intensity data at multiple channels. We have 
demonstrated the use of CYRIL in the NICU for continuous periods over 1-5 days, recording 
from 1 hour up to 16 hours per day, to simultaneously measure changes in cerebral 
oxygenation, haemodynamics and [oxCCO] in 6 newborn infants. We have also performed a 
feasibility study to assess the clinical significance of the haemodynamic and metabolic 
information from CYRIL and have found significant association with known biomarkers of 
NE as measured by 1H MRS. To our knowledge this is the first time that the in-vivo oxidation 
changes of brain tissue CCO have been recorded in NE infants in the NICU. 

Previous measurements of Δ[oxCCO] have been criticized as cross-talk from the 
haemoglobin chromophores. The effect of haemoglobin cross-talk was not evident in our 
data. Spectroscopic cross-talk is demonstrated as a change in one chromophore mimicking the 
change in another [29], but it has been shown that the broadband NIRS-measured Δ[oxCCO] 
signal cannot simply be explained by this cross-talk effect [30]. We have validated the 
independence of the Δ[oxCCO] signal by finding the difference between the back-calculated 
attenuation spectra from the 2- and 3-chromophore fit algorithms (Fig. 6). This suggests that 
fitting the measured changes in near-infrared attenuation only for HHb and HbO2 would leave 
a chromophore with the spectral features of oxCCO unaccounted for. This method has been 
used by us [31] and others [32] to validate measurements of oxCCO previously. 

NIRS systems have intrinsic problems with movement and ambient light artefacts due to 
their high sensitivity [28]. Movement of the head or optodes cause changes in the light 
coupling to the tissue and large changes in ambient light intensity can saturate the CCD 
detector as the system is sensitive to low light intensities. Our system is not immune to these 
problems; however, we have characterized these events in the clinical environment by 
inducing movement or light changes to gain knowledge about how their occurrence can be 
prevented, and how they artefacts can be identified in, and then removed from, the data. 
Through this work, we identified the most disruptive white light source that was used in 
clinical care. This light source was replaced with a light with a spectrum that peaks around 
500nm (blue end of white light spectrum) so does not affect our measurement as the system 
has a bandwidth of 770-906nm. 

The spectrograph and CCD used in CYRIL has enabled us to measure low-concentration 
chromophores due to the high light throughput, resolution and signal-to-noise ratio; however, 
there are alternative broadband spectrometers available that could be used to measure 
oxCCO. Off-the-shelf micro-spectrometers, such as the QE65000 (Ocean Optics, USA), can 
be modified to perform tissue spectroscopy by improving the light collection with custom-
built fibres and entrance slit removal [33]. These low-cost and small-footprint instruments 
have been shown to successfully recover changes in tissue chromophore concentrations from 
layered phantoms [34] and in vivo [33]. Another group has used larger Czerny-Turner 
(mirror-based) systems to resolve for other low-concentration mitochondrial chromophores 
[35]. 

The changes observed in the NIRS signals during spontaneous SpO2 desaturations varied 
between subjects, however the mean values for Δ[HbD] and Δ[oxCCO] consistently 
decreased during desaturation and Δ[HbT] consistently increased which is expected as 
cerebral blood flow and Δ[HbT] increases during hypoxia in the healthy brain [14] (see Table 
3). The correlation between the magnitude of changes of SpO2 and Δ[HbD] was positive for 5 
of the 6 subjects, and statistically significant for 3 of those. The r values tended to be higher 
in neonates with severe or moderate NE, which suggests that the relationship between 
systemic and cerebral oxygenation was more coupled in these cases. The correlation between 
the magnitude of changes of SpO2 and Δ[HbT] was negative for 5 of the 6 subjects. 
Significant correlation was found in the same 3 subjects as with Δ[HbD] and SpO2 so the 
decrease in cerebral oxygenation was combined with an increase in total haemoglobin during 
the desaturation events in the more severely injured infants. 
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The correlation between the magnitude of changes of SpO2 and Δ[oxCCO] during 
desaturations was varied; half of the subjects had negative correlations and half had positive, 
two were statistically significant correlations – one positive, one negative. This suggests that 
different neonates have different metabolic responses to these events, despite having similar 
haemodynamic responses. One might expect that the correlation between the changes in 
Δ[oxCCO] and cerebral oxygenation (Δ[HbD]) would be similar to that of Δ[oxCCO] and 
systemic oxygenation (SpO2); however this is not the case as the strength and direction of the 
correlation differs per subject. This perhaps emphasizes the fact that systemic arterial 
oxygenation at certain instances is not a good indicator of regional brain tissue oxygenation. 
The correlation between the changes in Δ[HbT] and Δ[oxCCO] changes is the most consistent 
with 5 out of 6 subjects having a significant positive correlation, the other (007) is negative 
and not significant, however this could be due to the low number of desaturations observed in 
that subject (n = 7). The Δ[HbD] and Δ[oxCCO] r values are significantly associated with the 
thalamic Lac/NAA ratio (p<0.01) which suggests that a highly coupled cerebral oxygenation 
and metabolism is indicative of a more severe brain injury. Our data shows that in more 
severely injured neonates the magnitude of the drop in Δ[oxCCO] correlates highly with the 
magnitude of the Δ[HbD] drop during systemic oxygen desaturations. This suggests a tight 
coupling between the oxygen delivery and oxygen utilization in these infants. 

Banaji et al. predicted how the Δ[oxCCO] signal should respond during an oxygen 
desaturation using a mathematical model of brain circulation and energy metabolism [36]. 
During hypoxia in a healthy, ‘normal’ brain there is an approximately linear relationship with 
HbO2. When the metabolic rate and cerebral blood flow is lowered however, the relationship 
becomes bi-phasic. This work shows that the relationship between Δ[oxCCO] and Δ[HbD] 
could depend on the neurological health of the brain, as we suggest here. Our previous studies 
of hypoxaemia in awake, healthy, young adults reported correlation between Δ[oxCCO] and 
cerebral oxygen delivery during the oxygen desaturations, but did not find a relationship 
between Δ[oxCCO] and Δ[HbD] [14]. 

To our knowledge, Δ[oxCCO] has not been measured in human neonates with NE before, 
however Edwards et al. studied the chromophore during spontaneous desaturations in 
newborn infants with no evidence of brain injury and found no relationship between 
Δ[oxCCO] and SpO2 over small (3-11%) changes in SpO2 [37]. They concluded that cerebral 
haemodynamic changes more readily affect Δ[oxCCO] than systemic oxygenation which 
agrees with our findings. Our group has recorded NIRS-measured Δ[oxCCO] in controlled 
preclinical animal models of NE [19]. The recovery of the Δ[oxCCO] signal after NE was 
shown to correlate with the nucleotide triphosphate to exchangeable phosphate pool ratio 
(NTP/epp) which is a 31P MRS-measured biomarker of NE and is related to Lac/NAA. This 
feasibility study suggests that this finding is translatable from the piglet model to the human 
neonate. 

There have been a few recent studies of NE with NIRS. Dehaes et al. [8] found that 
CMRO2 and CBF was significantly lower in neonates during TH compared with post-TH and 
age-matched controls. This finding agrees with Wintermark et al. [38] who reported that 
newborns with severe NE had lower CBF and seemed to extract less oxygen. The reduction in 
metabolic rate in the most severely asphyxiated newborns may reflect mechanisms to 
minimize further injury. This could either be a manifestation or the cause of the underlying 
severity of NE. Both of these studies noticed elevated tissue oxygen saturation in newborns 
with more severe NE which suggest that they were extracting less oxygen. 

It should be noted that the NIRS measurements were taken from above the frontal lobe, 
whereas the MRS-measured Lac/NAA was from the thalamus. Thalamic Lac/NAA was used 
as our marker of NE severity however it does not give the complete picture of the brain injury 
as the pathology is not always global so a subject with injury in the white matter may not 
have a high Lac/NAA ratio in the thalamus. This may explain the incongruity observed in 
subject 002 – a Lac/NAA measurement of 0.20 when the injury was severe; this is much 
lower than the Lac/NAA value of 1.32 measured in the other severe NE case (007). 
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The spontaneous desaturations in systemic oxygen may have occurred for a variety of 
reasons; none were recorded during seizures. The changes in cerebral oxygenation and 
oxygen utilization we recorded will vary depending on the cause of the desaturation, and the 
other physiological changes such as CO2, HR and MABP which were not corrected for in this 
study, but were generally of low values during the desaturations studied. CO2, HR and MABP 
have a large effect on the cerebral oxygenation and metabolism [36], so in future work we 
will use a method that considers multiple systemic variables, for example, canonical 
correlation analysis [39] or mixed model analysis [14]. We will also investigate differences 
between the days of measurements and treatments (i.e. during or post-TH). We are continuing 
to study further subjects and will expand our analysis to these neonates. 

Our system has the capacity for SRS measurements to derive haemoglobin saturation 
using the multiple detectors per channel [40]. We plan to apply this technique to the data 
already recorded to calculate absolute measurements of haemoglobin saturation, such as TOI. 
Multidistance measurements can also be used to separate changes in the superficial layers 
above the cerebral cortex using a two-layer model [41], we will also investigate the 
application of this method to our current and future data. In addition, we also have the 
capacity to perform imaging with a different arrangement of the detector fibres; the 
combination of the multiple individual detector optodes and 3-dimensional printing to create 
optode holders means that the system is flexible to imaging as well as spectroscopy. 

5. Conclusion 

We have developed and described a new broadband NIRS system called CYRIL to 
simultaneously measure the changes in cerebral tissue oxygenation, haemodynamics via 
estimation of the changes in haemoglobin concentrations; in addition to metabolism and 
oxygen utilization via the measurement of the oxidation state of CCO. We have used CYRIL 
in the newborn infant with neonatal encephalopathy in the NICU for continuous periods over 
up to 5 days. 

NIRS data was collected simultaneously with systemic data to allow multimodal data 
analysis. This allowed us to study the NIRS variables in response to global 
pathophysiological events and we have focused our analysis to spontaneous oxygen 
desaturations. We have shown with a feasibility study in 6 NE infants that the relationship 
between haemoglobin oxygenation changes and cytochrome-c-oxidase oxidation changes 
during these desaturation events was significantly correlated with the MRS-measured 
Lac/NAA biomarker of injury severity. 
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Investigation of confounding factors in 

measuring tissue saturation with NIRS spatially 

resolved spectroscopy 

Z. Kovacsova, G. Bale, S. Mitra, I. de Roever, J. Meek, N. Robertson, I. 

Tachtsidis 

Abstract   Performing absolute measurements of tissue saturation of the brain with 

near-infrared spectroscopy (NIRS) is a clinically desirable brain monitoring tool. 

Tissue oxygenation index (TOI) is an indicator of absolute tissue mixed arterial and 

venous oxygen saturation, and can be calculated using a NIRS technique called spa-

tially resolved spectroscopy (SRS). SRS instruments measure the change of light 

attenuation with distance by using multiple light source – detector distances at two 

or more wavelengths. The aim of the study is to use broadband NIRS SRS data to 

investigate the effects on the calculation of TOI of different parameters: wavelength 

selection, scattering dependence, source – detector distance, and resolving for wa-

ter. 55 neonates with hypoxic-ischemic encephalopathy were monitored using a 

broadband multi-distance continuous wave NIRS system; 172 datasets were rec-

orded. Using a “Standard” approach, TOI values between 0 and 100% (“good”) 

were calculated in 157/172 data sets with a mean TOI of 50%. By changing the 

wavelength selection, the number of “good” data sets increases to 165/172 with a 

mean of 60%. Alteration of the dependence of scattering on wavelength acts as a 

constant which shifts the absolute value of TOI significantly (p<0.05), demonstrat-

ing the importance of having a subject-appropriate estimation of scattering depend-

ence. In general, changing the combination of source-detectors distances does not 

significantly alter the TOI (the mean TOI ranges from 41 to 53%) which suggests 

that the algorithm is robust to different source-detector combinations. The study 

shows the broadband NIRS SRS algorithm gives the opportunity to explore the cal-

culation of TOI and could further improve the measurement of tissue saturation in 

a clinical setting.  

1 Introduction 

Near-infrared spectroscopy (NIRS) is a non-invasive clinical monitoring method 

which provides real-time information on the oxygenation and haemodynamics of 

tissue. It is based on the absorption of near-infrared light by haemoglobin; as the 

absorption properties of haemoglobin change with its oxygenation status, measur-

ing the transmitted/reflected light from tissue informs on its oxygenation state of 

tissue. Using NIRS to monitor absolute tissue oxygenation in the brain is clinically 
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desirable as it can inform on the balance between cerebral blood flow and oxygen 

supply. NIRS can measure brain tissue oxygen saturation StO2, also known as Tis-

sue Oxygenation Index (TOI), which is the ratio of the concentration of HbO2 and 

total haemoglobin (HbT = HbO2 + HHb). One of the methods to measure absolute 

tissue oxygenation is spatially resolved spectroscopy (SRS). SRS instruments are 

able to measure the change in light attenuation A with distance ρ by using two or 

more source-detector separations. A scaled absorption coefficient 𝑘𝜇𝑎 is calculated 

using the slope of A: 

kμa =  
1

3(1 − hλ)
(ln(10)

∂A(λ)

∂ρ
−

2

ρ
)

2

 

where h is the gradient of the transport scattering coefficient µs’ with wavelength 𝜆;  

μs'=k(1-hλ). Scaled concentration of haemoglobin k[HbO2] and k[HHb] are quanti-

fied; the scaling factor k cancels itself when expressing oxygenation in terms of TOI 

- TOI= k[HbO2]/k[HbT] [1]. 

2 Method 

The data in this study was previously published by Bale et al. [2]. A broadband 

multi-distance continuous wave NIRS system, CYRIL (source-detector distances: 

30, 25, 20, 15 mm) [3], was used to monitor the right frontal hemisphere of neonates 

with hypoxic-ischaemic encephalopathy during the first 4 days of life. The patients 

were diagnosed with severe, moderate or mild brain injury and all were treated with 

therapeutic hypothermia for 48 hours. Data was recorded from 55 neonates and 

yielded 172 separate data sets (durations from 10 min to 18 h). To minimize com-

putational burden, data sets were cut to be 600 s long; the time window was 200 – 

799 s. The first 199 s of the measurement were excluded to avoid set-up errors. The 

“Standard” SRS method (described below) produced, in some cases, TOI values 

which were negative or above 100%. We now attempt to correct these values by 

investigating the SRS algorithm and how the input parameters influence TOI. The 

different approaches to resolve TOI were: 

 Approach 0, “Standard”: This SRS method resolved for only haemoglobin chro-

mophores from kμa ; the wavelength dependence of the scattering coefficient was 

h = 0.00063 mm-1nm-1[1,4]; the entire broadband spectrum of the NIRS data  

(770 – 906 nm) was used; and all 4 detectors were used to quantify the attenua-

tion slope. 

 Approach 1, “Water”: This method additionally resolved for the water concen-

tration from kμa. 

 Approach 2, “Scattering”: The dependence of scattering on wavelength as de-

scribed by h was modified. The “Standard” method uses h = 0.00063 mm-1nm-1 

measured by Matcher et al. on adults [2] which is used in commercial systems 

[4]. In this approach, two other values are used. Highton et al. measured a value 
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of h = 0.00085 mm-1nm-1 in adults with traumatic brain injury. [5] Kurata et al. 

measured optical properties of the neonatal brain [6], a value of h = 0.00048  

mm-1nm-1 was calculated from the data for term infants using the method de-

scribed by Matcher et al [4].  

 Approach 3, “Distance”: The number and combination of source – detector sep-

arations was adjusted. A minimum of two source - detector distances are neces-

sary for SRS; increasing their number leads to a more accurate approximation of 

the gradient of attenuation with distance. In this approach, the effect of using less 

detectors and applying various combinations of the detectors was studied; there 

were 10 possible combinations.  

 Approach 4, “Wavelengths”: The “Standard” method uses the full broadband 

spectrum; however, it is possible to measure TOI with a minimum of 2 wave-

lengths. The selected wavelengths were 775, 810, 850, 905 nm or 775, 810, 850 

nm which were chosen because they are used in commercial systems; NIRO 300, 

NIRO 200 (Hamamatsu Photonics, Japan). 

Each approach was investigated independently from the others; the other param-

eters remained as in the “Standard” SRS method. Approaches “Scattering”, “Dis-

tance” and “Wavelength” have several sub-approaches. In total, there were 16 ap-

proaches resulting in 16 TOI values calculated from each data set.  

The resulting TOIs were averaged over the time window and compared to the 

“Standard” average TOI. A TOI value was considered to be “good” if it was be-

tween 0 and 100% 1. The number of “good” TOIs was counted for all approaches 

and sub-approaches. Minimum and maximum TOIs were found for all “good” TOIs 

out of the 172 data sets. Data sets in which all 16 TOI values were “good” were 

further analysed using SPSS Statistics (IBM 2016). A Sign test was applied to eval-

uate differences between “Standard” and every other approach. Spearman’s rho (ρs) 

was calculated between the “Standard” TOIs and every other approach to assess 

their correlation. 

3 Results 

Table 1 shows the calculated TOI values with the percentage of “good” TOI values 

for each SRS method. The number of data sets which give “good” TOIs changes 

per method; the most successful is approach “Wavelengths (775,810,850 nm)” with 

165/172 “good” TOIs and the least successful is “Distance (15,20 mm)” with 

95/172.  

For 48 out of 172 data sets all 16 approaches gave “good” TOI values. The Sign 

test showed that 8 approaches gave significantly different results from the “Stand-

ard” (p < 0.05). Those were: “Water”, “Scattering” (both h values), “Distance” 

                                                           
1 This was used to exclude physiologically impossible values. At this stage of the study, it was not 

evaluated whether the TOI was a correct estimation of the brain oxygenation of the patient. 
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(20,15 mm; 30,15 mm; 25,20 mm) and “Wavelengths” (both sets). Spearman’s Rho 

was above 0.8 in 8 cases which suggests significant correlation with the “Standard” 

method across the data sets: “Scattering” (ρs = 1 for both h values), “Distance”  

(ρs (25,15 mm) = 0.82, ρs (30,15 mm) = 1, ρs (25,20,15 mm) = 0.82, ρs(30,20,15 

mm) = 0.99, ρs (30,25,15 mm) = 0.99) and “Wavelength” (ρs(775,810,850,905 nm) 

= 0.86). Figure 1 shows a boxplot of the median TOI values with Spearman’s Rho 

for each approach. 

4 Discussion 

The aim of this study was to investigate the SRS algorithm using a multi-distance 

broadband NIRS device. The parameters investigated were: resolving for water, the 

scattering dependence on wavelength, source-detector distance combinations and 

wavelength selection. We have shown that TOI values vary significantly depending 

on the SRS approach. To investigate the effect of changing the SRS approach, we 

quantified how many times a “good” TOI value (between 0 and 100%) was esti-

mated per data set (Table 1). Changing the approach sometimes changes the TOI 

value from negative/above 100% to what we call “good” TOI (between 0 and 

100%). Even within “good” TOIs, the range of achievable values is broad. This is 

further explored by focusing on 48 data sets in which all 16 approaches result in 

“good” TOI – the median values significantly differ from “Standard” in the majority 

of approaches (Fig. 1). It is only the “Distance” approach, which gives similar re-

sults to “Standard” (p>0.05 in 7/10 distance combinations), which suggests that the 

algorithm is robust to different source-detector combinations. Some approaches 

(e.g. “Scattering”) shifted the mean TOIs across the data sets uniformly (ρs = 1), 

whereas other approaches (e.g. “Water”, ρs = 0.56) have a varying impact on the 

data. The significant shifts in TOI caused by changing h demonstrate the importance 

of having a subject-appropriate estimation of scattering dependence. 

A broadband NIRS multi-distance device can provide additional information to 

improve the robustness of the SRS estimation of TOI, as it gives insight into the 

individual parameters in the algorithm and helps quantify their importance and im-

pact. The limitation of this study is that the brain oxygenation of the studied patients 

is unknown and thus there is no physiological comparison. The next steps for this 

investigation is to apply these approaches to a blood phantom which will give a 

quantitative comparison of TOI with known oxygen saturations. 
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Table 1. Number of “good” TOI values from the 172 data sets calculated using the different ap-

proaches. Mean TOI, Min TOI, Max TOI and the standard deviation (SD) are calculated only from 

the “good” values.    

Approach 
Sub -  

approach 

Good 

data 

sets 

(/172) 

Suc-

cess 

[%] 

Mean 

TOI 

[%] 

Min 

TOI 

[%] 

Max 

TOI 

[%] 

SD 

[%]  

0: Standard  157 91 50 6 96 16 

1: Water  161 94 62 28 96 10 

2: Scattering 

(mm-1nm-1) 
0.00085 143 83 66 22 96 15 

 0.00048 159 92 46 7 92 17 

3: Distance 

(mm) 

20,15 95 55 41 6 96 24 

25,15 152 88 53 16 99 18 

30,15 154 90 51 12 91 17 

25,20 158 92 50 6 95 11 

30,20 162 94 49 3 92 14 

30,25 102 59 45 4 86 17 

25,20,15 151 88 53 16 96 18 

30,20,15 154 90 50 8 89 17 

30,25,15 149 87 51 6 97 18 

30,25,20 161 94 49 3 92 14 

4: Wavelength 

(nm) 

775,810,850,

905 
163 95 53 14 90 14 

775,810,850 165 96 60 28 95 11 
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Brain Perfusion Imaging in Neonates: An Overview
X M. Proisy, X S. Mitra, C. Uria-Avellana, X M. Sokolska, X N.J. Robertson, X F. Le Jeune, and X J.-C. Ferré

ABSTRACT
SUMMARY: The development of cognitive function in children has been related to a regional metabolic increase and an increase in
regional brain perfusion. Moreover, brain perfusion plays an important role in the pathogenesis of brain damage in high-risk neonates, both
preterm and full-term asphyxiated infants. In this article, we will review and discuss several existing imaging techniques for assessing
neonatal brain perfusion.

ABBREVIATIONS: ASL � arterial spin-labeling; HIE � hypoxic-ischemic encephalopathy; NIRS � near-infrared spectroscopy

Brain perfusion can be assessed by a number of imaging tech-

niques that have been developed in recent decades. These in-

clude PET, SPECT, perfusion CT, diffuse optical spectroscopy,

DSC–MR imaging, arterial spin-labeling (ASL), and sonography.

The physiology of perfusion can be characterized by many param-

eters such as CBF (whole-brain or regional CBF to �1 anatomic

region), CBV, and MTT. Some of these parameters may be ob-

tained depending on the perfusion technique and type of tracer

used.1 The results of brain perfusion imaging techniques are usu-

ally expressed as CBF. Most of these techniques rely on the use of

endogenous or exogenous tracers and involve different technical

requirements and mathematic models.2-4 Wintermark et al5 pub-

lished a literature review of brain perfusion imaging techniques in

adults and addressed the feasibility of applying the techniques to

children. However, in view of the features of neonatal physiology

and pathology, the advantages and disadvantages may differ be-

tween adults and children. For example, bedside techniques are an

advantage for high-risk neonates. Noninvasive and nonradiating

methods that have been recently developed owing to advances in

medical imaging techniques are highly suitable for neonates.6,7

However, given the smaller head size and lower physiologic brain

perfusion compared with older children and adults, noninvasive

MR perfusion imaging is still challenging.

Neonatal encephalopathy secondary to hypoxic-ischemic in-

jury around birth is an important problem worldwide. Diagnosis

is based on clinical, electroencephalographic, and MR imaging

findings. Hypoxic-ischemic encephalopathy (HIE) is a major

cause of perinatal mortality and morbidity.8 For a few years, in-

duced hypothermia has been used as neuroprotective treatment

for neonatal HIE, reducing the extent of neurologic damage and

improving outcome.9,10 However, a considerable number of in-

fants still have an abnormal outcome. Several preclinical research

studies are also being conducted on drugs that may act synergis-

tically or additively with hypothermia.11,12 Transfontanellar ul-

trasound and MR imaging provide invaluable information about

neonates with HIE for determining positive findings and differ-

ential diagnoses, predicting neuromotor outcome, and helping to

counsel parents about long-term outcome.13 Moreover, MRI is an

effective biomarker for treatment response.14 In addition to con-

ventional MR imaging scoring,15 some quantitative biomarkers

could provide more objective information, such as DWI with

regional ADC measurements,16 1H-MR spectroscopy, and 31P-

MR spectroscopy.17

Brain perfusion plays an important role in the pathogenesis of

brain damage in high-risk neonates, both preterm and full-term

asphyxiated neonates.18,19 Hypoxic-ischemic injury leads to re-

duced blood flow to the brain followed by restoration of blood

flow and the initiation of a cascade of pathways. The neurotoxic

biochemical cascade of lesions after reperfusion, known as “rep-

erfusion injury,” is the primary target for neuroprotective inter-
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ventions.10,12 In preterm infants, white matter injury is a major

cause of cerebral palsy, which is also assumed to be mainly due to

a lack of blood flow and oxygen delivery.20

It is critical to understand the development of early changes in

the injured neonatal brain. A better understanding of the pattern

of perfusion and the relationship with other therapeutic and out-

come biomarkers would serve as a decision aid to improve sup-

port for high-risk neonates.

In this article, we will review and discuss several existing im-

aging techniques for assessing neonatal brain perfusion (On-line

Table).

Practical Aspects of Data Acquisition in Neonates
There is no consensus regarding the practical aspects of data ac-

quisition, and each institution may have its own practice. Often,

infants younger than 3 months of age are imaged without sedation

unless they are receiving sedative medication for clinical indica-

tions. We use the “feed and bundle” method to perform nonse-

dated neonatal MR imaging. Ventilated infants in the intensive

care unit are usually sedated with morphine. Moreover, depend-

ing on the clinical condition, additional drugs may be given, an-

tiepileptic drugs or vasopressors. In infants older than 3–5

months of age, sedation may be required. Sedation status remains

an important consideration in pediatric imaging. Indeed, seda-

tion may have an impact on cerebral perfusion. There are few data

in the literature about how sedation or general anesthesia may

alter perfusion.21,22

Without sedation, a rigid head stabilization (head lightly

fixed) is required to perform most imaging (MR imaging, PET,

SPECT, CTP). The longer the examination, the longer the im-

mobilization is required. Near-infrared spectroscopy (NIRS)

does not require rigid head stabilization because the optical

fibers are embedded in a “cap” attached to the infant’s head.

Brain Perfusion Measurements by Using Nuclear Medicine
Methods
Nuclear medicine methods were the first ones used to assess

CBF in adults and neonates.23,24 Correlation with structural

information (CT or MR imaging) is highly desirable for accu-

rate interpretation.

Positron-Emission Tomography. The PET technique measures

radiopharmaceuticals labeled with positron emitters using a PET

scanner. PET is used to assess regional CBF by using injected H2O

or inhaled CO2 labeled with the isotope oxygen 15 (15O). PET

with 15O water provides an accurate and reproducible quantita-

tive measurement of CBF and is considered the criterion standard

method. However, 15O-PET uses ionizing radiation, and the tech-

nique is not widely available (there is a need for close proximity to

a cyclotron) because the tracer has an extremely short half-life.

Moreover, PET is not available at the bedside or for emergencies.

Data processing to obtain maps is automatically generated by the

workstation; then the results can be visually interpreted on a com-

puter screen. The underlying mathematic model for data postpro-

cessing is the Kety-Schmidt model.5

In 1983, Volpe et al23 conducted the first study demonstrating

the use of PET for determining regional CBF in neonates. Altman

et al25 measured mean CBF in 16 preterm infants (CBF � 4.9 –23

mL/100 g/min) and 14 term infants (CBF � 9.0 –73 mL/100

g/min). Volpe et al18 studied regional CBF in 17 asphyxiated term

infants during the acute stage of their illness and showed a sym-

metric decrease in CBF to the parasagittal regions, more marked

posteriorly than anteriorly. Those findings explain the ischemic

lesions related to impaired cerebral perfusion in the watershed

regions.

PET by using 18F-fluorodeoxyglucose evaluates the regional

cerebral metabolic rate (Fig 1). In neonates, the highest cerebral

metabolic rates for glucose are located in the primary sensorimo-

tor cortex, thalamus, brain stem, and cerebellar vermis. The cin-

gulate cortex, basal ganglia, and hippocampal regions may also

have a relatively high glucose metabolism compared with most of

the cerebral cortex.26 A recent study conducted on 60 infants,

including 24 infants with HIE,27 showed that cerebral glucose

metabolism increased with gestational age and that the standard-

ized uptake values were lower in infants with HIE than in healthy

term infants, especially in the subcortical white matter, thalamus,

and basal ganglia areas, and correlated with the degree of severity

of HIE, except for the basal ganglia. Batista et al28 suggested that

there is a transient increase in glucose metabolism in the basal

ganglia after perinatal hypoxia and that it may be associated with

excess glutamatergic activity in the basal ganglia, leading to severe

damage.

Single-Photon Emission CT. SPECT provides tomographic im-

ages of radiopharmaceutical distribution. It involves the inha-

lation or intravenous injection of xenon 133 (133Xe), with

technetium Tc99m hexamethylpropyleneamine oxime (99mTc-

HMPAO) or iodine 123 N-isopropyl-p-iodoamphetamine

(123I-IMP). Due to neonatal brain physiology and biodistribu-

tion, HMPAO is a more reliable tracer of CBF distribution in

neonates compared with adults.29

SPECT is a suitable bedside method that is cheaper and more

widely available than PET imaging. HMPAO and IMP only show

distribution and do not provide quantitative results, unlike xe-

non. The greatest disadvantage in using the SPECT technique in

children is the ionizing radiation. The technique also yields poor

resolution and requires a long examination time (20 –25 min-

utes). Data processing to obtain maps takes about 5 minutes. The

underlying mathematic model for data postprocessing is the

Kety-Schmidt model for the 133Xe and 123I-IMP or the micro-

sphere principle for the Tc99m tracers. Because the uptake of
99mTc-HMPAO is not linearly related to CBF, the maps obtained

are not quantitative in the current standardized settings and re-

quire special correction. The relative CBF maps can be statistically

evaluated compared with the healthy control to depict the regions

with abnormal perfusion.5

Xenon clearance, by using inhaled xenon gas, is another tech-

nique that is closely related to SPECT and has been extensively

used in adults and neonates.30 Patient motion is a serious limita-

tion of the technique, which, moreover, does not cover the whole

brain. The mean CBF with the xenon technique has been esti-

mated at around 50 mL/100 g/min in 7 healthy neonates31 and

9.5–11.7 mL/100 g/min in 22 preterm infants during the first 3

days of life.32 Changes in 123I-IMP uptake in neonates reflecting

relative CBF during the first month of life have been shown to be

related to myelination development.33 In term neonates, up-
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take was predominantly located in the thalami, brain stem, and

central cerebellum, with relatively less cortical activity, except

in the perirolandic cortex. Moreover, Pryds and Greisen32

showed that an intraindividual variation in CBF was positively

related to changes in partial pressure of carbon dioxide in ar-

terial blood and inversely related to changes in hemoglobin

concentration.

Brain Perfusion Measurements by Using Perfusion CT
Perfusion CT has been widely used in adults and can be per-

formed easily and rapidly. This technique provides a reliable

quantitative estimation of CBF, CBV, and MTT by using a

first-pass tracer methodology after intravenous injection of a

bolus of iodinated contrast material. It involves very rapid data

acquisition that is feasible in emergency situations.34,35 How-

ever, due to its invasive nature and radiation dose, very few

studies have included neonates. Data processing requires per-

fusion CT software using either rate-of-upslope estimation of

CBF or deconvolution analysis.5 Images of CBF, CBV, and

MTT maps are interpreted on a workstation with visual assess-

ment and quantitative analysis with ROIs. Wintermark et al36

assessed age-related variations in quantitative brain perfusion

CT in children from 7 days to 18 years of age without brain

abnormality, including 10 patients younger than 12 months

of age. The rCBF findings were consistent with other tech-

niques and showed age-specific variations with a peak at 2– 4

years of age. The variation in CBF estimates was due to more

pronounced age-related changes in MTT than in CBV.

Brain Perfusion Measurements by Using
Near-Infrared Spectroscopy
Near-infrared spectroscopy, described first by Jöbsis in 1977,37

can be used as a continuous noninvasive real-time monitoring

tool for assessment of cerebral oxygenation and hemodynamics.

The principles of NIRS are based on the relative transparency of

biologic tissues to light in the near-infrared spectrum (700 –1000

nm) and different absorption of light by different chromophores

in this spectrum (eg, hemoglobin and cytochrome C oxidase).

NIRS measures the concentration changes of oxy- and deoxyhe-

moglobin, which can be used to derive changes in total hemoglo-

bin (an indicator of cerebral blood volume) and hemoglobin

difference (indicates cerebral oxygenation).38 Using spatially

resolved spectroscopy, NIRS measures regional oxygenation sat-

uration and reflects the balance of tissue oxygen supply and de-

mand. In comparison with other techniques, application of NIRS

is relatively easier. Improved NIRS probes are now available in

different sizes to cover premature infants to term neonates. Al-

though NIRS monitors have been used in adult neurointensive

care units and theaters for some time now, the introduction of

these monitors into neonatal intensive care has been slow. In re-

cent years, several NICUs have started using this as part of the

routine decision-making process, particularly for the preterm

population.

Edwards et al39 first described the measurement of cerebral

blood flow, and Meek et al40 showed that low CBF on the first

day of life is a risk factor for severe intraventricular hemor-

rhage. Diffuse correlation spectroscopy is a newer NIRS tech-

FIG 1. Coronal (A) and axial (B) cerebral 18F-FDG PET images of a 9-month-old infant with tuberous sclerosis show multiple hypometabolic areas
in the frontal and temporal cortex. Courtesy of Prof. Eric Guedj, CHU Timone, Marseille, France.
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nique that offers a direct and continuous monitoring of micro-

vascular cerebral blood flow.41 Using hemoglobin difference as

an indicator of CBF, Tsuji el al42 described a high coherence

between CBF and mean arterial blood pressure and a strong

association of the loss of cerebral autoregulation with an in-

creased incidence of severe germinal matrix–intraventricular

hemorrhage or periventricular leukomalacia. The loss of auto-

regulation in the very preterm population was strongly related

to mortality.43

Following perinatal hypoxia-ischemia in term infants, CBF

and CBV were elevated and were associated with low oxygen

extraction and the loss of reactivity to CO2.44 This loss of the

autoregulatory mechanism with loss of cerebrovascular tone

happens during the first 24 hours after the insult before sec-

ondary energy failure ensues. In a recent study, regional oxy-

genation saturation increased and fractional tissue oxygen ex-

traction decreased after 24 hours in 18 neonates with poor

outcome following HIE.45 High tissue oxygenation values were

noted on day 1 following perinatal hypoxia and were signifi-

cantly higher in the group with abnormal 1-year outcome.46

These findings were further supported by a combined NIRS-

ASL study47: a strong correlation was noted between NIRS-

measured regional cerebral oxygen saturation and CBF mea-

sured by ASL in infants with severe encephalopathy. Specific

changes in cortical hemodynamics and oxygenation were de-

scribed in previous NIRS studies during and after neonatal

seizures (Fig 2).48

Brain Perfusion Measurements
Using Sonography
Kehrer et al49,50 have shown the feasi-

bility of measuring CBF volume with

Doppler sonography of the extracranial

cerebral arteries in infants. Another way

to assess overall CBF is to measure the

total blood flow to the brain (sum of

blood flow in the internal carotid arter-

ies and basilar artery) and to divide it by

the brain volume. Doppler sonography

is noninvasive, lacking radiation expo-

sure, innocuous, and suitable for bed-

side follow-up and has good interob-

server reproducibility.51 However, the

disadvantages include the absence of re-

gional CBF measurements, the use of an

estimated brain weight, the need for the

patient to be motionless for about 20

minutes, and strict compliance with a

standardized study protocol/meticulous

examination to achieve accurate and re-

liable measurements.50 In healthy term

neonates, the velocities in the ICAs and

basilar artery are between 15 and 35

cm/s.52 As shown with other techniques,

the values of CBF volume increased with

postmenstrual age from 33 mL/min at

34 weeks to 85 mL/min at 42 weeks.49

Approximate CBF (mL/100 g/min) was calculated by using an es-

timated brain weight (the equation was based on head circumfer-

ence measurements). CBF also increases from 21 to 23 mL/100

g/min after birth to 46 –53 mL/100 g/min at 6 months of age and

remains stable from 6 to 30 months of age, reflecting rising met-

abolic demand.53

Microbubble ultrasound is a new and reliable cerebral perfu-

sion imaging technique that provides a qualitative estimation of

cerebral perfusion and has been described in healthy adults and

patients with stroke.54 Yet, to our knowledge, no study has been

conducted on neonates, mainly because microbubble ultrasound

is not licensed for use in children.

Brain Perfusion Measurements by Using MR Imaging
Regarding practical aspects of MR imaging, one of the main ad-

vantages is that perfusion imaging is a part of the whole examina-

tion. The perfusion sequence could be added at the end of the

morphologic MR imaging, which is usually clinically required.

Dynamic-Susceptibility Contrast MR Imaging. The dynamic-sus-

ceptibility contrast MR imaging technique measures the T2 or

T2* decrease during the first pass of an exogenous endovascular

susceptibility contrast agent. DSC–MR imaging is a nonradiating

procedure, with high SNR and a higher spatial resolution than

PET and SPECT, in addition to offering fast acquisition times.

Regional hemodynamic changes can be assumed and different

parameters such as CBV, TTP, and MTT can be estimated to

calculate CBF. Parameters are calculated in a few minutes

FIG 2. Reconstructed images showing the changes in cerebral blood volume (�HbT) in the
dorsal and left and right lateral views during a seizure in a neonate with hypoxic-ischemic
encephalopathy. The upper axes show the changes in hemoglobin concentration spatially
averaged across the gray matter surface. Seven distinct time points are identified. All data are
changes relative to a baseline, defined as the mean of the period between 60 and 30 seconds
before the electrographic seizure onset. Reproduced from Singh et al.48
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by using commercially available software. However, the maps

provide only relative measurements. Quantification of CBF by

DSC is controversial, mainly due to the nonlinear relationship

between signal intensity and gadolinium concentration.55 Maps

can be interpreted visually or semiquantitatively by calculating

the ratio between the values in an ROI placed in the abnormal area

and an ROI placed in the contralateral area considered a normal

reference. Longitudinal studies involving repeated measurements

during a single scanning session are not possible due to the lack of

reliable absolute quantification. Despite the above-mentioned

advantages, DSC–MR imaging can be difficult to perform in in-

fants due to gadolinium administration. There have been fewer

studies of DSC–MR imaging in children, and particularly neo-

nates, than in adults.56-59 Hand injections are preferred over

power injections in infants, with less reproducibility. Wintermark

et al58 were the first to assess PWI in 5 term neonates with HIE on

early (days 2– 4) and late MR imaging (days 9 –11). On the early

MR imaging, a hyperperfusion pattern was detected in areas of

hypoxic-ischemic brain damage, corresponding to the reperfu-

sion phase. On the late scans, hyperperfusion persisted in the cor-

tical gray matter.

Phase-Contrast MR Imaging. One other noninvasive, accurate,

and reproducible MR imaging method has been reported in a

small number of studies.60,61 The blood flow in the internal ca-

rotid arteries and basilar artery at the base of the skull is measured

by using phase-contrast MR imaging, and the brain volume is

measured by using segmentation of anatomic MR images. Data

processing consists of multiplying the mean velocity across an

ROI (measured by the phase-contrast MR imaging sequence) by

the vessel area. Flow to the brain is computed as the sum of flow in

the 2 internal carotid arteries and the basilar artery. Brain volume

is estimated by using segmentation software by using a dedicated

neonatal brain segmentation algorithm. Mean CBF is computed

by dividing the total flow to the brain by the brain volume.

In the study by Varela et al,60 the results for 21 infants showed

good agreement with literature data, with a rapid increase during

the first year of life, from 25– 60 mL/100 mL of tissue/min. The

mean velocities (over the cardiac cycle, the area of each vessel and
all 3 arteries) were �20 cm/s in term neonates and rose to 30 cm/s

at 50 weeks. However, only mean overall
CBF can be assessed with this method.

Arterial Spin-Labeling. Brain perfusion
imaging by using arterial spin-labeling is
a noninvasive technique that uses en-
dogenous blood water as a freely diffus-
ible tracer. Arterial blood protons are
magnetically labeled with a radiofre-
quency inversion pulse applied below
the imaging section in the neck vessels
(Fig 1). Several labeling methods exist,
including continuous ASL, pulsed ASL,
and pseudocontinuous ASL.62 In con-
tinuous ASL, a long flow-induced inver-
sion pulse is applied. In pulsed ASL, a
short inversion pulse is applied to a

larger region of the neck. Pseudocon-

tinuous ASL is a hybrid method that uses

a train of short radiofrequency pulses to mimic the effects of con-

tinuous ASL (Fig 3). The best recommended ASL method is the

pseudocontinuous ASL labeling method, mainly because of a

higher SNR and less labeling artifacts.63,64 However, there is a lack

of data in the literature regarding the specific neonatal popula-

tion, and more study is needed.

A labeled image is acquired after a sufficient time to allow

the labeled spins to reach the imaging section, known as the

postlabeling delay. A control image is acquired without label-

ing. Subtraction of the 2 images yields a perfusion-weighted

image. Because the signal difference is only 0.5%–1.5% of the

full signal, multiple repetitions are needed to improve the sig-

nal-to-noise ratio. Subsequently, to obtain a quantitative per-

fusion map, a quantitative model is required to calculate the

relationship between the perfusion-weighted image and CBF.

Certain technical adjustments to the imaging parameters are

required to account for the fundamental differences between the

pediatric and adult populations.65,66 It is challenging to perform

ASL MR imaging in neonates due to the low baseline CBF com-

pared with children and adults, coupled with the low SNR of the

method. As an example, velocities are lower in neonates than in

children, increasing with postmenstrual age,67 and the optimum

postlabeling delay for contrast-to-noise ratio has been correlated

with the mean velocity in the carotid arteries.68

Moreover, in children and neonates, there is a physiologic

improvement in the SNR compared with healthy adults due to

a longer tissue T1, longer blood T1, and the higher blood-brain

partition coefficient of water.65 Blood T1 variations have a

greater effect on perfusion than tissue T1 variations.69 Varela

et al70 established a linear correlation between the inverse of

blood T1 and hematocrit in 12 neonates. This may offer the

possibility of blood T1 estimations from recent hematocrit

measurements.

Measuring CBF in neonates by using ASL therefore requires

several adaptations of acquisition and related parameters

used for quantification. Another point is the lack of standard-

ization of image-processing methods. In clinical practice, CBF

maps are generally automatically generated by the manufac-

FIG 3. Schematic diagram of ASL shows the labeling plane (red box) in the neck and the imaging
volume (green box). A, Acquisition of labeled image after a delay to allow the labeled blood to
flow into the brain tissue. B, Acquisition of the control image.
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turer workstation with assumed or measured quantification

parameters.

A few studies have been conducted in neonates by using ASL.

Miranda et al71 were the first to show the feasibility of pulsed ASL

at 1.5T in 29 unsedated healthy preterm infants at term-equiva-

lent age and in term neonates. Other studies in healthy children

show that ASL appears sensitive to regional and age-related dif-

ferences in CBF in preterm, term neonates, and infants at 3

months72 and from 3 to 5 months of age.73 These results are con-

sistent with previous studies demonstrating regional variation in

brain maturation. Some studies have been conducted in asphyx-

iated neonates, showing early hyperperfusion in brain areas sub-

sequently exhibiting injury,74 and that regions with low ADC in-

tensity are highly correlated with co-located regions of increased

ASL CBF intensity (Fig 4).75 Asphyxiated neonates treated with

hypothermia developing brain injury usually displayed hypoper-

fusion on day of life 1 and hyperperfusion on day of life 2–3 in the

study of Wintermark et al.74 If performed during the second week

of life, MR imaging reveals rather a hypoperfusion in the thalamus

of infants with injury on MR imaging.76 De Vis et al77 showed a

significant correlation between a higher perfusion in the basal

ganglia and thalami, perfusion on day of life 2–7, and a worse

neurodevelopmental outcome in neonates with HIE.

To summarize, ASL is a noninvasive method without ve-

nous cannulation or radiation that is repeatable within the

same session and provides absolute quantification of CBF.

Given the noninvasiveness of the technique, it is highly suitable

for neonates.

CONCLUSIONS
Brain perfusion may play a role in neonatal brain injury and

therefore serves as a complementary biomarker to help determine

neuroprotective therapeutic strategies. With the development of

noninvasive methods, assessment of neonatal brain perfusion has

become easier. ASL is a very promising tool for assessing neonatal

brain perfusion: It is a totally noninvasive method easily available

and providing quantitative regional CBF values. However, the

method warrants technical adjustments to make it more widely

available.
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ABSTRACT
This review discusses an approach to determining the
cause of neonatal encephalopathy, as well as current
evidence on resuscitation and subsequent management
of hypoxic-ischaemic encephalopathy (HIE).
Encephalopathy in neonates can be due to varied
aetiologies in addition to hypoxic-ischaemia. A
combination of careful history, examination and the
judicious use of investigations can help determine the
cause. Over the last 7 years, infants with moderate to
severe HIE have benefited from the introduction of
routine therapeutic hypothermia; the number needed to
treat for an additional beneficial outcome is 7 (95% CI
5 to 10). More recent research has focused on optimal
resuscitation practices for babies with cardiorespiratory
depression, such as delayed cord clamping after
establishment of ventilation and resuscitation in air.
Around a quarter of infants with asystole at 10 min after
birth who are subsequently cooled have normal
outcomes, suggesting that individualised decision
making on stopping resuscitation is needed, based on
access to intensive treatment unit and early cooling. The
full benefit of cooling appears to have been exploited in
our current treatment protocols of 72 hours at 33.5°C;
deeper and longer cooling showed adverse outcome. The
challenge over the next 5–10 years will be to assess
which adjunct therapies are safe and optimise
hypothermic brain protection in phase I and phase II
trials. Optimal care may require tailoring treatments
according to gender, genetic risk, injury severity and
inflammatory status.

Neonatal encephalopathy (NE) is defined as a condi-
tion occurring in babies born over 35 weeks gesta-
tional age in which there is disturbed neurological
function. The key feature is the disturbance in the
degree or quality of consciousness; other features,
such as seizures, cardiorespiratory compromise or
abnormal tone and reflexes, may occur alongside it
but are not necessary to make the diagnosis.1 In
2014, the Task Force on Neonatal Encephalopathy
published new guidelines on criteria for retrospect-
ive definition of an intrapartum event sufficient to
cause cerebral palsy (CP).1 The title of the report
was changed from Neonatal Encephalopathy and
Cerebral Palsy to Neonatal Encephalopathy and
Neurological Outcome to emphasise that there are
many causes of encephalopathy in a newborn baby
and that an array of developmental outcomes may
arise in addition to CP. Knowledge gaps preclude a
definitive test or set of markers that accurately iden-
tifies, with high sensitivity and specificity, an infant
in whom NE is attributable to an acute intrapartum
event. The term NE should be used where no

definite aetiological diagnosis is known, and
hypoxic-ischaemic encephalopathy (HIE) where
clear diagnosis of hypoxia-ischaemia is known to
have led to the neonate’s clinical state.

DETERMINING THE AETIOLOGY OF NE
The initial stages of managing NE will be the same
for most babies, with good resuscitation and sup-
portive management. However, as the picture
evolves and investigations return, clinicians should
consider the aetiology of NE as this could lead to
specific treatments, aid with prognosis and recur-
rence risk counselling, and assist with the evalu-
ation of medicolegal implications.
The other aetiologies to consider include:
▸ Acquired conditions, such as congenital infec-

tion, meningitis, haemorrhage, ischaemic or
haemorrhagic stroke

▸ Genetic syndromes or isolated gene conditions
▸ Neurometabolic disorders, particularly where

the stress of delivery leads to decompensation
▸ ‘Double trouble’ pathologies where a primary path-

ology leads secondarily to a hypoxic-ischaemic
brain injury, like neuromuscular or cardiac
disorders

▸ The neonatal epilepsy syndromes and vitamin
responsive seizures

▸ Non-accidental injury
Assessment should include a detailed history and

neonatal examination, possibly parental examin-
ation, and the judicious use of investigations.

History and examination
A history should be obtained from the mother or, if
not possible, a review of the medical/antenatal
notes or history from the extended family. Salient
features to identify are summarised in box 1. The
following are recommended: a three-generation
family tree, with focus on miscarriages, stillbirths,
child or early adult deaths, ‘cerebral palsy’, learning
difficulties, seizures, encephalopathy, metabolic
conditions and early onset ischaemic strokes.
A detailed examination of the baby is needed,

including a neurological assessment, and repeated
neurological examination may be required, as signs
can change quickly. Where a neuromuscular dis-
order is possible, the parents should be examined.
Important features to identify in the examination
are summarised in box 1, and neonatal features
suggestive of a metabolic disorder in box 2.2

First line investigations
Routine first line bloods are shown in table 1.
These basic tests will also allow calculation of the
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Box 1 Features to look out for in history and examination

Pregnancy/labour history:
▸ Was there an acute event occurring around the time of birth, such as non-reassuring or abnormal trace on cardiotocograph,99

antepartum haemorrhage, placenta previa, cord prolapse?
▸ Fetal growth on antenatal scans
▸ Fetal abnormalities on ultrasound scan or antenatal MRI
▸ Was this a multiple pregnancy (twins, triplets, etc)?
▸ Maternal infections or carriage of group B Streptococcus
▸ Maternal hypertension
▸ Pre-eclampsia
▸ HELLP syndrome, particularly if associated with acute fatty liver infiltration, may indicate long chain 3 hydroxyacyl-coenzyme A

dehydrogenase (LCHAD) deficiency2

▸ Maternal hypotension
▸ Maternal prescribed drug use
▸ Maternal illicit drug use, particularly cocaine
▸ Illness during pregnancy, such as may occur in viral infections that may affect the fetus
▸ Gestational diabetes
▸ Trauma, such as accidental falls or road traffic accident, and inflicted (assault)
▸ Evidence of maternal haemorrhage
▸ Any predisposing features to a non-accidental injury of baby, if presenting following normal period of consciousness?

Maternal past medical history:
▸ Multiple miscarriages, stillbirths or neonatal deaths—consider genetic, thrombophilia and metabolic causes
▸ Diabetes: associated with brain injuries, such as fetal thrombotic vasculopathy and postnatal hypoglycaemia
▸ Deep vein thrombosis or other clotting disorders: suggestive of thrombophilia or clotting disorder and classical homocystinuria
▸ Arterial ischaemic stroke: suggestive of thrombophilia or vascular abnormalities, such as COL4A1 gene mutations
▸ Learning difficulties: suggestive of genetic/metabolic disorder, including myotonic dystrophy which may lead to secondary hypoxic brain

injury
▸ ‘Family history of cerebral palsy’: suggestive of vascular abnormalities, such as COL4A1 gene mutations, or thrombophilia
▸ Cataracts: may indicate inborn error of metabolism, myotonic dystrophy, COL4A1 mutations
▸ Stiffness or startling: consider myotonic disorders or hyperekplexia
▸ Weakness or muscle fatigue: consider neuromuscular problem like myasthenia gravis or congenital myaesthenic syndrome, especially if

ophthalmoplegia or unexplained squint present. If muscle aches, pains and tetany exist, consider maternal hyperparathyroidism
▸ Features of autoimmune disorder: involvement of several endocrine abnormalities, rash or other skin abnormalities like Raynaud’s

syndrome, eye and kidney abnormalities, muscle aches and pains, heart block
▸ Distal weakness of hands or feet, or abnormally shaped toes: consider peripheral neuropathy

Examination of the parents
This is important where a neuromuscular disorder is suspected.
▸ Neuropathies—reduced strength distally, suppressed or absent reflexes, abnormally shaped feet/toes, possible loss of sensation in

either parent
▸ Myopathies—proximal weakness, reduced reflexes and normal sensation in either parent
▸ Neuromuscular junction defects like maternal myasthenia gravis or myaesthenic syndromes—fatigue/weakness on repeated or

prolonged testing of grip strength, upward eye gaze or ptosis
▸ Maternal myotonia in congenital myotonic dystrophy.

Neonatal examination
▸ Head circumference abnormalities
▸ Dysmorphic features
▸ Abnormal fontanelle shape or size
▸ Features suggestive of a metabolic condition (box 2)2

▸ Rashes suggestive of immune, metabolic conditions or clotting disorders Family History of cerebral palsy:
▸ External and internal ophthalmoplegia
▸ Facial weakness
▸ Features of peripheral involvement, with weakness and reduced reflexes
▸ Features of spinal involvement—difficult vaginal birth, mixed upper and lower motor neuron finding, sensory level, urinary retention,

constipation
▸ Neonatal hypertonia—while neonates with hypoxic-ischaemic encephalopathy can exhibit hypertonia, tremor, myoclonus and

shivering following birth, especially during hypothermia treatment, these usually resolve. A baby who is hypertonic from birth and
remains stiff is unlikely to have experienced hypoxic-ischaemic encephalopathy. An approach to the diagnostic evaluation of
hypertonic neonates has been proposed previously.2a
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anion gap ((serum sodium+potassium)—(serum bicarbonate
+chloride)), with the normal value being <16. Where a clear
history of an antenatal /intrapartum event exists, and the clinical
presentation, course and first line investigations point towards
HIE, no further aetiological investigations are required,
although neuroimaging will provide prognostic information.

Second line investigations where HIE is not confirmed
While metabolic conditions do have specific features (box 2) these
overlap and gestalt diagnosis is difficult.2 Therefore, the diagnostic
approach relies on further investigations, tailored to the clinical
picture.2–4 We don’t advise a scattergun approach to investiga-
tions. A suggested diagnostic algorithm is presented in figure 1.
Features to identify include:
▸ Where a persistent metabolic acidosis with a raised anion gap

is seen, look at the lactate:
– If the lactate has returned to normal, an organic acidaemia

should be considered when urinary ketones are present.
– If the lactate is persistently high and glucose low, a fatty

acid oxidation defect or organic acidaemia is possible.
– If the organic acids are normal, consider mitochondrial

disease, pyruvate metabolism disorders and some of the
glycogen storage disorders.

▸ If no persistent metabolic acidosis is noted, study the blood
glucose:
– Persistent hypoglycaemia with low urinary ketones and

raised plasma free fatty acids suggests a fatty acid oxida-
tion defect or ketogenesis defect. Plasma or dried blood
spot acylcarnitine profile would be of diagnostic value for
fatty acid oxidation defect and various organic acidurias.

– Persistent hypoglycaemia with low urinary ketones and
plasma free fatty acids suggests hyperinsulinism.

– Note that hypoglycaemia can be associated with mildly
raised serum ammonia.

▸ Very high serum ammonia suggests urea cycle disorders or
other metabolic conditions associated with secondary hyper-
ammonaemia. Advice should be sought from the local meta-
bolic team.

Table 1 Early investigations to assess neonatal encephalopathy

First line investigations Comment

Full blood count May suggest infection, haemorrhage, thrombocytopenia.
Clotting Clotting disorders may be seen in HIE and sepsis, but should also lead the clinician to think about anaemia secondary to

inherited coagulation disorders and intracranial haemorrhage.
Direct Coombs test Evidence of haemolysis.
Liver function test May be abnormal in HIE but is usually transient unless a severe insult to the liver has occurred. Abnormal liver function tests can

be a feature of bilirubin encephalopathy, metabolic conditions, congenital infections, and acute sepsis with bacteria and viruses,
including herpes simplex virus.

Urea and electrolytes May be impaired if the kidneys have had an ischaemic insult but usually improves, unless severe ischaemic injury has occurred.
May also be impaired in congenital abnormalities of the kidneys, metabolic conditions.

Whole blood glucose (rather than
serum glucose as the latter is around
15% higher than whole blood)

Hypoglycaemia may be seen following HIE, but is usually correctable with appropriate treatment. Persistently low glucose requires
further evaluation.

Blood lactate Lactate is often measured on the blood gas, and may increase rapidly to high levels following HIE, but usually falls within days
and returns to normal. A persistently high lactate should trigger further investigations.

Neurophysiology Amplitude integrated EEG (aEEG) using a cerebral function monitor and/or serial standard EEGs to identify seizures and monitor
recovery of encephalopathy. Will also help diagnose neonatal epilepsy syndromes.

Second line investigations to consider ordering which are available quickly (if concerned this is not typical HIE)
Urinary ketones Urinary ketones, when present, in a neonate indicate the use of intermediary pathways of metabolism and are almost

pathognomonic of the presence of a metabolic disorder.
Ammonia In very sick neonates, ammonia, up to about 110 μmol/L may be present. Very high levels (>200 μmol/L) usually indicate a

metabolic cause, for example, urea cycle defect and warrants further investigations.

HIE, hypoxic-ischaemic encephalopathy.

Box 2 Features on examination suggestive of metabolic
aetiology2

Dysmorphia
▸ Large fontanelle
▸ Large, prominent forehead
▸ Hypertelorism
▸ Mid-face hypoplasia
▸ Epicanthic folds
▸ Flat nasal bridge
▸ Long philtrum
▸ Unusual nose, upturned/flared alae nasi
▸ Ear abnormalities, including low set and external

abnormalities to pinna
▸ Genital abnormalities
▸ Limb shortening
▸ Clinodactyly/syndactyly
▸ Abnormal feet, such as rocker-bottom
▸ Abnormal, inverted nipples
▸ Abnormal fat pads
Head size
▸ Microcephaly
▸ Macrocephaly
Liver involvement
▸ Hepatomegaly
▸ Jaundice
Cardiac
▸ Failure/cardiomyopathy
▸ Abnormal ECG
Eye abnormalities
▸ Cataracts
▸ Retinitis pigmentosa (noted on ophthalmology review)
▸ Cherry red spots
▸ Optic atrophy
▸ Lens dislocation
Fetal hydrops
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Figure 1 Continued
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Figure 1 Flow chart to help to determine the cause of neonatal encephalopathy where the history and courses are not typical of hypoxia
ischaemia. aAASA, alpha amino adipic semialdehyde; aEEG, amplitude integrated EEG; CK, creatine kinase; CSF, cerebrospinal fluid; cUSS, cranial
ultrasound scan; DCT, direct Coombs test; EEG, electroencephalogram; EMG; electromyography; FH, family history; FBC, full blood count; GABA,
Gaba-aminobutyric acid; HIE, hypoxic-ischaemic encephalopathy; LFT, liver function test; IV, intravenous; NH3, ammonia; OA, organic acids; U&E,
urea and electrolytes; WBC, white blood cell count; VLCFA, very long chain fatty acids.
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▸ Where no metabolic acidosis, hypoglycaemia or hyperammo-
naemia are found, consider a peroxisomal disorder (request
very long chain fatty acids, phytanic acid and pristanic acid),
or a congenital disorder of glycosylation, where inverted
nipples, unusual fat pads or cerebellar involvement are seen.
To diagnose the latter, the serum transferrin pattern obtained
by automated isoelectric focusing should be ordered towards
the end of the first month of life, as earlier samples are con-
taminated by mother’s results.
Not all neonates with encephalopathy have seizures, but those

that do have additional differential diagnoses (figure 1). These
have been reviewed elsewhere.5 In brief, we recommend for
refractory seizures:
▸ A trial of pyridoxine intravenously and, if no response is

seen, a trial of enteral pyridoxal phosphate alongside either
enteral or intravenous biotin and calcium folinate

▸ Investigations for the vitamin responsive epilepsies (figure 1)5

▸ Paired serum and cerebrospinal fluid (CSF) lactate to help
identify mitochondrial disorders

▸ Paired serum and CSF amino acids to diagnose non-ketotic
hyperglycinaemia and serine deficiencies

▸ Serum uric acid, urinary sulphites, purines and pyrimidines
to diagnose molybdenum cofactor and sulphite oxidase defi-
ciencies and purine/pyrimidine abnormalities

▸ Very long chain fatty acids, phytanic acid and pristanic acid
to diagnose peroxisomal disorders

▸ Copper and caeruloplasmin to diagnose Menkes disease
▸ CSF neurotransmitters if cerebral folate deficiency and other

neurotransmitter disorders are possible
Where no diagnosis is found, this may be an unusual presentation

of HIE or an undiagnosed neurological/metabolic/genetic disorder.
Where refractory seizures are present but all aetiological investiga-
tions are negative, we recommend sending DNA for analysis with an
early epileptic encephalopathy gene panel or gene exome studies.

ADVANCES IN THE MANAGEMENT OF HIE
Resuscitation
Around 85% of term babies will breathe spontaneously at birth
without assistance, 10% will require stimulation, 3% will require
non-invasive ventilation, 2% will be intubated and 0.1% will
need chest compressions and/or adrenaline administration.6 It is
important that skilled personal attend births, and in the case of
concerning antenatal or intrapartum events, staff members with
advanced neonatal resuscitation and airway skills are present. A
key component in the resuscitation of the asphyxiated newborn
is to establish functional residual capacity (FRC), and in doing so,
enable return of spontaneous circulation (ROSC) and transition.
Aeration of the previously fluid-filled lungs is necessary to reduce
pulmonary vascular resistance (PVR) and increase pulmonary
blood flow. Pulmonary blood flow is vital for both oxygenation
and for cardiac output, as it replaces umbilical venous return as
the source of preload to the left ventricle.7

After the cord is clamped in an apnoeic infant with sustained
circulation, there is a 50% reduction in cardiac output, secondary
to the sudden increase is systemic vascular resistance and the per-
sistence of high PVR. Cardiac output is re-established with venti-
lation onset.8 For the infant who is already hypoxic, this time
before establishment of FRC could exacerbate ischaemic injury.
Ventilation prior to cord clamping has been shown to ameliorate
swings in cardiac output and cerebral perfusion9 and Kluckow
and Hooper8 propose delaying cord clamping until after ventila-
tion onset. This would require a significant change to delivery
room practice, requiring close collaboration between obstetric
and neonatal staff. The current 2015 European and UK Neonatal

Life Support (NLS) guidelines as well as the International Liaison
Committee on Resuscitation (ILCOR) recommendation recom-
mend delayed cord clamping of at least a minute in infants not
requiring resuscitation;6 10 further research needs to determine
whether resuscitating the asphyxiated infant with the cord
unclamped is of benefit. Stripping (or ‘milking’) of the cord is
not recommended as a routine measure except in the context of
further randomised trials.

The optimal ventilation strategy to achieve FRC and subse-
quently transition in the apnoeic infant is unclear. European
guidelines recommend the use of 5 3-second inflation breaths,
whereas American guidelines support conventional ventila-
tion.10 A more prolonged (20–30 second) sustained inflation
breath has been shown to hasten ROSC and transition in an
asphyxiated animal model compared with conventional or
‘short’ sustained inflations.11 However, sustained inflation
resulted in a faster and greater increase in cerebral oxygen deliv-
ery and was associated with an increase in cerebral extravasation
and blood vessel disruption in asphyxiated lambs.12 There is
therefore insufficient evidence to support the use of prolonged
sustained inflations for the resuscitation of the asphyxiated
infant and 5 3-second inflation breaths should be given.10

The concentration of oxygen used for resuscitation has been a
focus of recent research. The toxicity of resuscitation in 100%
oxygen is now well established. A meta-analysis of 2133
babies13 revealed a reduction in mortality for infants resusci-
tated in 21% versus 100% oxygen (relative risk (RR) 0.69, 95%
CI 0.54 to 0.88) and a trend towards a reduction in HIE. In
animal models of neonatal asphyxia, resuscitation with 21%
versus 100% oxygen resulted in comparable or improved out-
comes of death, neurobehavioural disability and cell death.14 In
an asphyxiated lamb model, 100% versus 21% oxygen for
resuscitation caused an increase in cerebral blood flow (this is
counterintuitive as cerebral vasoconstriction is the typical
response with oxygen).15 The hypoxic brain may have lost auto-
regulatory abilities and be ‘pressure passive’, increasing the risk
of hyperoxia and flow mediated brain injury. There are no clin-
ical studies investigating the benefit of additional oxygen com-
menced during resuscitation, for the infant needing extensive
measures, that is, chest compressions.6 The current ILCOR rec-
ommendation6 is for resuscitation of all term infants to com-
mence in air, and for this to be increased for the infant failing
to achieve ROSC with active measures. It is suggested to reduce
the oxygen content as soon as the heart rate has recovered. The
concentration of oxygen to administer is unknown, and is an
area for ongoing research. The European NLS guidelines
suggest the use of pulse oximetry especially for deliveries where
the infant is anticipated to have problems;10 based on normative
data, the following is a guide to the acceptable preductal oxygen
saturation (SpO2) targets during resuscitation—2 min after birth
60%, 3 min 70%, 4 min 80%, 5 min 85% and 10 min 90%.16

The updated 2015 European NLS guidelines suggest that
attempts to aspirate meconium from the nose and mouth of the
unborn infant, while the head is still on the perineum, are not
recommended and initiating lung inflation within the first
minute of life in non-breathing or ineffectively breathing infants
should not be delayed. It is reasonable to inspect the orophar-
ynx rapidly to remove potential obstructions but tracheal intub-
ation should not be routine in the presence of meconium.10

The use of adrenaline during neonatal resuscitation is consid-
ered standard care for the infant with a heart rate <60 bpm
who has failed to respond to adequate ventilation and chest
compressions. Evidence for this practice is based on historical
case series and extrapolated from paediatric and adult studies.17
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A recent study in asphyxiated lambs supports the use of adren-
aline in the newborn, demonstrating that chest compressions
alone failed to achieve an increase in mean carotid blood flow,
and that adrenaline was necessary to increase diastolic and mean
carotid (and likely coronary) blood pressure, and subsequently
achieve ROSC.18 The recommended intravenous dose for adren-
aline is 10 μg/kg (0.1 mL/kg of 1:10 000 solution). If this is not
effective, a dose of up to 30 μg/kg (0.3 mL/kg of 1:10 000 solu-
tion) may be tried.10 Endotracheal adrenaline at higher doses
(50–100 μg/kg) may be used when the intravenous route is not
available.10 17 Sodium bicarbonate is not recommended during
brief resuscitation. If it is used during prolonged arrests, it
should be given only after adequate ventilation and circulation
(with chest compressions) is established. The dose for sodium
bicarbonate is between 1 mmol and 2 mmol of bicarbonate /kg
(2–4 mL/kg of 4.2% bicarbonate solution). Hypoglycaemia may
occur in the delivery suite and is known to exacerbate injury;
glucose should be considered if there has been no response to
other drugs delivered through a central venous catheter (the
dose for glucose (10%) is 2.5 mL/kg (250 mg/kg)).10

In the past, guidelines suggested discontinuation of neonatal
resuscitation at 10 min in an infant with persisting asystole
despite adequate resuscitation. This was based on data from the
pre-therapeutic hypothermia era showing high mortality and
neurodevelopmental impairment in survivors with ROSC after
10 min. More recent publications have shown an improvement
in outcome for infants with an Apgar score of 0 at 10 min, for
both cooled and non-cooled infants. Rates of survival without
disability were 20.5% (normothermia) to 27% (cooled) at
24 months in a recent meta-analysis19 and 20.8% at 6–7 years in
follow-up of the NICHD cooling trial.20 The 2015 ILCOR con-
sensus on science and 2015 European NLS guideline continues
to support discontinuation at 10 min, although advises individua-
lised decision making taking into consideration adequacy of
resuscitation, access to cooling and parental opinion.6 10

For infants requiring and surviving extensive resuscitation,
early thought should be given to therapeutic hypothermia, dis-
cussed in further detail below. Therapeutic hypothermia is most
effective when commenced as close as possible in time to the
hypoxic-ischaemic event. Our practice and recommendation is
to maintain normothermia (avoiding hyperthermia) until a deci-
sion to treat with cooling is made by a senior clinician. Passive
cooling can then be started as soon as possible, typically in the
delivery room by turning off radiant heaters. Active cooling can
then be commenced in the neonatal unit. For infants born in
centres not providing intensive care, infants should be promptly
discussed with a tertiary neonatal unit. Cooling should be com-
menced as soon as possible at the referring centre, and/or by the
transport service. A clinical practice guideline for cooling in
transport is available.21 A recent clinical trial in the transport
setting demonstrated that active cooling using a servo controlled
device resulted in a greater number of babies achieving the
target temperature than with passive cooling.22

The term HIE is used from this point as it is assumed other
possible aetiologies of encephalopathy are excluded.

Supportive care
Infants with HIE may have a degree of multiorgan dysfunction.
The hypoxic fetus will initiate the diving reflex to preserve
blood flow to vital organs, including brain, heart and adrenals,
at the expense of flow to skin, splanchnic vessels, liver and
kidneys.23 Supportive care to the infant with HIE in the neo-
natal intensive care unit should reflect possible hypoxic damage
to the organs and be individually tailored.

Acute tubular necrosis and syndrome of inappropriate anti-
diuretic hormone are common, as is deranged liver function.
Parenteral fluids should be restricted initially as infants will be oli-
guric; we would restrict fluids to 40 mL/kg/day typically until the
urine output starts to increase. We administer parenteral nutrition
through a central venous catheter. Trophic feeds may be started
as colostrum becomes available; typically the feed volume does
not increase above trophic feeds until after rewarming when the
infant is less sedated. Medications requiring renal and hepatic
metabolism, especially those with nephrotoxicity, should be used
cautiously. Hyperglycaemia and hypoglycaemia should be
avoided, as both are associated with long-term disability at
18 months or death in infants with moderate to severe HIE.24

Some studies suggest the particular association of hypoglycaemia
with adverse outcome25 and the operational threshold for taking
steps to raise the blood glucose is higher in infants with HIE
than healthy term infants (>2.5 mmol/L vs >2.0 mmol/L).
Coagulopathy due to hypoxic-ischaemic injury to the liver and
bone marrow may occur. Additionally hypothermia reduces
platelet aggregation, reduces enzymatic function in the coagula-
tion cascade and can trigger disseminated intravascular coagula-
tion. Coagulation studies should be monitored daily during
cooling as laboratory evidence of coagulopathy is universal in
babies with HIE, undergoing cooling. Transfusion strategies to
maintain platelet counts >130×109/L, fibrinogen >1.5 g/L and
INR <2 may prevent clinical bleeding.26

Hypotension is observed in up to 62% of infants with HIE;
inotropic support for HIE has been recently reviewed.27

Cardiac troponins I and T are established markers of myocardial
ischaemia and cardiac failure in adults, children and neonates.
In HIE, troponin T levels have been shown to reach a peak on
day 1, remain elevated for the first week and correlate with the
severity of HIE.28 Therapeutic hypothermia reduces cardiac
output by 67% and an increase in support will usually be
required doing the cooling period.27

Factors contributing to pulmonary dysfunction are impaired
central respiratory control, pulmonary injury, persisting pul-
monary hypertension (PPHN) and meconium aspiration.
Adequacy of ventilation should be closely monitored and PaO2

and partial pressure of carbon dioxide kept within normal
range. Acidosis and hypoxia should be corrected to avoid add-
itional brain injury and PPHN; hyperoxia and hypocarbia
should be avoided as they are detrimental to long-term
outcome29 30

Seizure management
Seizures are a common feature of HIE; however, it should be
noted that around 34% of neonatal seizures have clinical features
that can be seen, and only 27% of those were correctly identified
by neonatal staff. In addition, over 70% of what are thought to
be seizures are not associated with epileptiform discharges on
electroencephalogram (EEG), highlighting the importance of
neurophysiological monitoring.31 In HIE, seizures usually occur
on day 1, and those seen prior to 6 hours of age should raise sus-
picion of earlier in utero insult. Seizures increase cerebral meta-
bolic demand, trigger release of excitatory neurotransmitter and
cause cardiorespiratory instability, all exacerbating neuronal
injury. Increased seizure burden has been significantly independ-
ently associated with more severe injury on MRI (OR 5.00, 95%
CI 1.47 to 17.05, p=0.01)32 and with poorer scores on neurode-
velopmental follow-up at 18 months.33 Therapeutic hypothermia
reduces seizure burden in infants with mild–moderate, but not
severe HIE.34 A rebound increase in seizures can be seen with
rewarming.32
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There are no universal guidelines for the management of sei-
zures in neonatal HIE with strategies differing between centres.
Status epilepticus and frequent seizures should be treated,
although there is debate about whether to treat less frequent sei-
zures, or electrographic only (ie, not clinically apparent) sei-
zures. In one study treatment of electrographic seizures using
amplitude integrated EEG (aEEG), compared with treatment of
clinical seizures (aEEG concealed) was associated with lower
seizure burden and less severe MRI injury rating scores.
However there was no difference in developmental outcome at
18 months.33

The first line anticonvulsant drug is phenobarbitone,35 although
this will only control seizures in 50% of neonates.36 Common
second line agents include phenytoin, benzodiazepines, and in
Europe, lidocaine. Given the potential toxicity and limited efficacy
of these traditionally used drugs, new agents are being sought.
There is limited pharmacokinetic, efficacy, toxicity and dosing
information available for the newer anticonvulsants (ie, levetirace-
tam and topiramate) in neonates—a recent review is available.37

Levetiracetam has attractive characteristics (ie, CYPP450 inde-
pendence, intravenous formulation available, 100% oral bioavail-
ability, no drug interactions and no protein binding) and is already
in off-label use in some centres. It is important to establish safety
and efficacy, as evidenced by a recent trial into a similarly promis-
ing agent, bumetanide, which showed poor efficacy and an
increase in hearing loss.38 A Cochrane review demonstrated that
there is no evidence to support the use of prophylactic anticonvul-
sants after perinatal asphyxia.39 Anticonvulsants are usually only
required in the first week because seizures are ‘acute symptomatic’
and burn out with time. Occasionally longer-term therapy is
required in severely affected infants.

ENCEPHALOPATHY ASSESSMENT AND PROGNOSTICATION
A rapid clinical assessment will be required to determine eligibil-
ity for therapeutic hypothermia within the first 6 hours of life.
Following this, regular reassessment and investigation is prudent
to determine progression of encephalopathy, exclude other
causes of encephalopathy and provide prognostic information to
families. A current review of the prognostic value of clinical
assessment and various investigations in HIE is available.40

Neurophysiology
EEG and aEEG are important tools for assessment of severity
of HIE, monitoring improvement over time and for recogni-
tion of seizures. Both have advantages and disadvantages.
aEEG is readily available at all times of the day on the neonatal
intensive care unit, can demonstrate background abnormalities
and sleep wake cycling, and is interpretable at the bedside.
aEEG can also detect a third of single seizures and two-thirds
of repetitive seizures, but those that are short lasting (<30 s)
or distant from the electrodes may be missed.41 Nevertheless,
aEEG is clearly superior to clinical detection of seizures
alone.42

Multichannel EEG is the gold standard, however technicians
are required to site EEG leads and may not be available at all
times of the day. Specialised neurophysiological interpretation
and prompt reporting of the EEG are also required and these
resources may not be available in all hospitals. Abnormalities of
background EEG pattern and the loss of sleep wake cycling are
commonly early after hypoxia ischaemia, and can be used to
assess clinical recovery and predict outcome. With therapeutic
hypothermia, the optimal time to assess aEEG for prognosis is
48 hours, with the return to a discontinuous normal voltage, or
a continuous normal voltage being associated with good

outcome, particularly if sleep wake cycling is present.43 A recent
meta-analysis of aEEG background and prediction of outcome is
available.44

Cranial ultrasound
Cranial ultrasound (CrUSS) is a simple, non-invasive and con-
venient initial imaging assessment for infants with HIE.
Cerebral oedema may be evident, with sparkly echo reflectance
of the parenchyma, obscuration of the sulcal markings and
closure of the fissures. Slit-like ventricles are a normal finding in
term infants. In severe HIE there is increased echogenicity in
the thalamus and basal ganglia. However CrUSS is a poor prog-
nostic indicator, with only a 79% (95% CI 37% to 97%) sensi-
tivity and 55% (95% CI 35% to 70%) specificity for abnormal
outcome.40 Cerebral flow velocity can also be measured using
Doppler studies. In healthy term infants in the first 24 hours,
the average resistance index (RI) is 0.726 (SD 0.057). A reduc-
tion in RI to ≤0.55 is associated with poor outcome after peri-
natal asphyxia, although with cooling the positive predictive
value falls from 84% to only 60% (95% CI 45% to 74%).45

MRI and magnetic resonance spectroscopy (MRS)
MRI is the imaging modality of choice for assessment of injury
severity and prognostication in NE and a recent framework for
practice outlines the clinical indications, acquisitions and report-
ing for neonatal and fetal MRI.46 Changes on MRI scanning in
the neonatal period are reflective of pattern of injury (basal
ganglia predominant in ‘acute-total’, watershed predominant in
‘prolonged-partial’ or widespread injury in ‘severe-global’) and
correlate well with pattern of neurodevelopmental impair-
ment.47 MRI findings will change with time, and early scans
may miss the full extent of injury. The practice parameter con-
cludes that imaging should include conventional structural T1
weighted and T2 weighted images, diffusion weighted images,
and, where available, single-voxel MRS and be performed
between 5 days and 14 days.46

Injury on conventional MRI (T1 and T2) within the first
2 weeks of life is 98% (95% CI 80% to 100%) sensitive and
76% (95% CI 36% to 94%) specific for the prediction of long-
term outcome. Diffusion weighted imaging and the apparent
diffusion coefficient may demonstrate abnormalities earlier than
conventional MRI, but they are of less prognostic value (sensi-
tivity 58% (95% CI 24% to 84%), specificity 89% (95% CI
62% to 98%); and sensitivity 79% (95% CI 50% to 93%), spe-
cificity 85% (95% CI 75 to 91) respectively).40

MRS is increasingly used as a quantitative tool both for clin-
ical and research prognostication. 1H MRS can be used to
measure peaks of N-acetylasparate (NAA), choline, creatine,
lactate and the relative ratios of each in the thalamus and basal
ganglia. In Thayyil et al’s48 meta-analysis, lactate/NAA >0.29
(0.24 to 0.4) had a sensitivity of 0.82 (95% CI 0.74 to 0.89)
and a specificity of 0.95 (95% CI 0.88 to 0.99) for predicting
an abnormal outcome. On further review of studies that mea-
sured both MRS and conventional MRI, Lac/NAA was more
specific (98% (95% CI 87% to 100%) vs 76% (95% CI 61% to
88%)) and equally as sensitive (86% (95% CI 72% to 95%) vs
80% (95% CI 65% to 90%) as conventional MRI for prediction
of long-term outcome.48

Therapeutic hypothermia significantly reduced the number of
infants with abnormal MRI findings with a similar predictive
accuracy of abnormal MRI (day 8) for outcome in the TOBY
trial at 18 months for cooled and non-cooled infants.49 Recent
studies however suggest that following cooling a ‘normal’ MRI
may not always predict normal outcome accurately—Rollins
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et al50 describe a negative predictive value of a normal MRI of
74% in their series.

Near-infrared spectroscopy
Near-infrared spectroscopy can be used as a non-invasive bedside
tool to obtain real time information on changes in cerebral oxy-
genation and haemodynamics. Regional cerebral oxygenation
(SctO2) and cerebral blood volume are higher on day 1 in
infants with HIE with adverse outcomes compared with those
with a favourable outcome.51 52 Fractional tissue oxygen extrac-
tion remains stable in infants with normal outcome but
decreases after 24 hours in infants with adverse outcome.44

Wavelet coherence analysis has been used to assess the dynamic
status of cerebral autoregulation during therapeutic hypother-
mia in HIE. Based on this method, significant in-phase and anti-
phase coherence between spontaneous oscillations in mean
arterial pressure and SctO2 were found; both appeared to be
related to worse clinical outcomes.53 These findings support the
feasibility of using this method to assess cerebral autoregulation
in neonates with HIE as well as using this as a short-term and
long-term outcome measure. Broadband near-infrared spectros-
copy (NIRS) measures concentration changes of the cyto-
chrome c oxidase (oxCCO) redox state. CCO is the terminal
electron acceptor within mitochondrial electron transport chain
and is responsible for >95% of ATP synthesis; preclinical
studies suggest a correlation between CCO and nucleoside tri-
phosphate/phosphate pool recovery after hypoxia ischaemia.54

Prechtl
Prechtl’s method on the qualitative method of general movements
(GMsA) is non-invasive observational assessment performed using

video or direct inspection while the infant is in quiet wakefulness.
General movements (GMs) are whole body movements believed
to be important for the development of voluntary motor path-
ways, and normally progress in two predictable developmental
stages. ‘Writhing movements’ are low-moderate speed fluid move-
ments of the trunk and limbs, and occur up to 6–9 weeks. ‘Fidgety
movements’, are most evident at 12 weeks. Abnormalities of
writhing movements (poor repertoire or cramped synchronised)
and fidgety movements (absent or abnormal) predict neurodeve-
lopmental outcome.55 In 259 high-risk (preterm and NE term)
infants, absent fidgety movements at 12 weeks had 98% sensitivity
and 94% specificity for CP at 1 year.56 In smaller cohorts of term
asphyxia infants only, results are similar57 with abnormalities on
GMsA highly correlating with MRI abnormalities.58

Blood biomarkers
A key to improving outcome is the identification of early bio-
markers of brain injury that can be used to direct interventions,
gauge treatment effects and provide prognostic information for
parental counselling. There is no serum biomarker in current
clinical use for NE, however. Various biomarkers of brain injury
in blood, urine and CSF have been proposed, including S100
calcium-binding protein B (S100B), glial fibrillary acidic protein
(GFAP), ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1),
creatine kinase brain band, neuron-specific enolase (NSE), mal-
ondialdehyde and proinflammatory cytokines. Massaro et al
have shown that elevated serum S100B and NSE levels mea-
sured during hypothermia are associated with neuroradiographic
and clinical evidence of brain injury in NE.59 Chalak et al60

were able to stratify HIE into mild, moderate and severe based
on cord blood GFAP and ubiquitin carboxy-terminal hydrolase

Table 2 Summary of preclinical and clinical trial studies on seven promising adjunct neuroprotective agents

Adjunct therapy Mode of action Examples of recent preclinical trials Clinical RCTs

Melatonin Endogenous hormone which entrains the circadian
rhythm at physiological doses. At high
pharmacological doses melatonin is a powerful
antioxidant and antiapoptotic agent.

Systematic review and meta-analysis of 400
adult rodents showed a 43% reduction in stroke
infarct size with melatonin.74 A piglet study
showed augmentation of brain protection with
high dose melatonin at 10 min and cooling
versus cooling alone.75

Oral melatonin (10 mg/kg/day 5 doses)
tablets crushed in 5 mL distilled water.
n=15 cooled, n=15 cooled plus
melatonin, n=15 controls.76

Erythropoietin (Epo) Acute actions: neurotrophic, anti-inflammatory,
antiapoptotic, antioxidant
Chronic actions: erythropoiesis, angiogenesis,
oligodendrogenesis, neurogenesis.

Non-human primate model—hypothermia+Epo
treatment improved outcomes in non-human
primates exposed to umbilical cord occlusion.77

NEAT trial—safety and PK.78

Phase II trial of hypothermia and Epo
showed less MRI injury and better
short-term outcome.79

Phase III trial is now underway in the
USA.

Xenon Inhibits NMDA signalling, antiapoptotic. Preclinical piglet studies showed benefit of
combined cooling and xenon compared with no
treatment.80 81

No evidence of short-term benefit with
xenon and cooling above cooling alone,
using MRS lactate/NAA as a surrogate
outcome.82

Argon GABA agonist and oxygen type properties.
Antiapoptotic.

Preclinical piglet study showed brain protection
on MRS and histology with 50% argon and
cooling compared with cooling alone.83

Phase II trials pending regulatory
approval.

Allopurinol Reduces free radical production and in high doses
acts as a free radical scavenger and free iron chelator.

Improved 31P MRS metabolites and MRI values
with allopurinol in piglets.84

ALBINO trial to start in Europe 2017—to
assess benefit of early allopurinol at
30 min plus cooling versus cooling alone.

Stem cells Paracrine signalling—not cellular integration or direct
proliferative effects.

Evidence of improved neurological outcome and
reduced histological injury.85

Autologous umbilical cord cells in HIE
demonstrated feasibility.86

Magnesium Prevention of excitatory injury by stabilisation of
neuronal membranes and blockade of excitatory
neurotransmitters, for example, glutamate.

Magnesium alone has not been protective in
piglet models of hypoxia.87 Combinations of
magnesium with cooling has shown benefit.88

Recent meta-analysis shows no evidence
of benefit.88

A multicentre pilot RCT reported safety
but no outcome data, larger RCT to
follow89

HIE, hypoxic-ischaemic encephalopathy; GABA, gamma-aminobutyric acid; MRS, magnetic resonance spectroscopy; NAA, N-acetylasparate; NMDA, N-methyl-D-aspartate; PK,
pharmacokinetics; RCT, randomised controlled trials.
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L1. These brain-specific proteins may be useful immediate bio-
markers of cerebral injury severity but still need to be independ-
ently validated in large cohorts before they are ready for clinical
implementation in practice.

NEUROPROTECTIVE THERAPY IN HIE
Therapeutic hypothermia
The key principle to postnatal therapeutic interventions is the
concept of delayed secondary injury. Following birth and resus-
citation, the neonatal brain has a period of partial recovery, fol-
lowed by a latent phase lasting 1–6 hours. In moderate to severe
encephalopathy the brain then enters a phase of secondary
injury with near complete mitochondrial energy production
failure, cytotoxic oedema, cell death and clinical deterioration
often with seizures. This occurs for approximately 6–15 hours
following the hypoxic-ischaemic event.61 The latent phase pro-
vides a therapeutic window during which therapy can be pro-
vided to prevent secondary injury.

Therapeutic hypothermia commenced during the latent phase
has been the most important recent innovation in the care of
HIE. Therapeutic hypothermia improves outcomes of death and
disability.62 63 Longer-term developmental outcomes are emer-
ging and support findings at 18–24 months.64 65 Eligibility cri-
teria for cooling differ slightly between the RCTs and now
between neonatal units. However, the overall principals are the
same—there should be evidence of recent intrapartum asphyxia
for the term or near-term infant and the infant should demon-
strate encephalopathy. Our practice is to use the TOBY trial eli-
gibility criteria.66

It is clear from available clinical and preclinical evidence that
moderate therapeutic hypothermia should be implemented as
soon as possible, before onset of secondary injury and continued
until this period of secondary energy failure has resolved.61

Cooling should be started as soon as possible. Infants cooled
within 3 hours of birth have better neurodevelopmental out-
comes compared with infants whose cooling commences
between 3 hours and 6 hours.67 Following 72 hours of cooling,
infants should be slowly rewarmed (0.5°/hour). This is based on
animal data showing increased seizures68 and increased cortical
apoptosis69 with rapid rewarming. Longer or deeper cooling to
<33.5° and/or for >72 hours has not been shown to be of
benefit, and is harmful.70 71

Future neuroprotective adjuncts
The number needed to treat with therapeutic hypothermia for
an additional beneficial outcome is 7 (95% CI 5 to 10) from 8
studies, 1344 infants.62 Importantly, this means there is still a
large number of infants for whom this therapy is ineffective.
Adjuvant therapy to hypothermia is a current focus of research
and has been reviewed in more detail elsewhere.72 73 Some of
the more promising neuroprotective agents, scored by an inter-
national group of neuroscientists81 include melatonin, erythro-
poietin, inhaled xenon and argon, allopurinol, stem cells,
cannabinoids and magnesium (table 2).

FOLLOW-UP
A review on the follow-up of survivors of term HIE discusses
the clinical and imaging diagnostic criteria for HIE, which are
essential to decisions about follow-up.90 The recommendations
for follow-up and intervention are based on the clinical condi-
tion of the infant at the time of discharge from intensive care,
including an assessment of feeding, vision, hearing and whether
seizures continue to be present. Although the number of

survivors from HIE is lower than the number of survivors of
extreme prematurity, the proportion of neonates with long-term
sequelae is higher. All neonates with Sarnat stages 2 (moderate)
and 3 (severe) should be enrolled in follow-up programmes.
Early assessments (at 4–8 months) focus on head growth,
general health and motor neurodevelopment. Assessments at
12–24 months focus on cognitive skills and language develop-
ment. Preschool assessments are also strongly recommended to
provide for the identification of children requiring early educa-
tion programmes.

DOCUMENTATION AND MEDICOLEGAL MATTERS
Approximately 13% of infants with NE will go on to develop
CP. In the USA between 1985 and 2008, the brain-damaged
infant was the leading type of paediatric medicolegal claim.91 In
the UK between 2012 and 2013, health trusts spent £482
million on ‘maternity negligence’, a fifth of the total maternity
health expenditure.92 While well recognised that the obstetrician
may be liable for the death or long-term disability supposedly
arising from negligence at the time of birth, increasingly, the
paediatrician is being taken to court. Reasons for malpractice
claims include, but are not limited to, substandard resuscitation
technique, failure to transfer an infant to a neonatal unit in a
timely manner and failure to refer for, or initiate therapeutic
hypothermia in a timely manner.91

The clinician must fully document the resuscitation of infants
with potential HIE. This should include time of arrival, a thor-
ough description of the infant’s clinical status as this evolves
during the first minutes and hours of life, time of each resuscita-
tive intervention, cord and early blood gas parameters and most
importantly decisions made re therapeutic hypothermia. It
should be clearly stated why the infant is eligible or ineligible
for cooling, and at what time cooling commenced.

REDIRECTION OF CARE AND ORGAN DONATION
Mortality rates in moderate to severe HIE treated with thera-
peutic hypothermia, are ∼25%.62 Most deaths occur after redir-
ection of care, when clinical evidence supports brain death or
devastating neurological injury. Guidelines for the diagnosis of
brain death in the neonate are available;93 94,they are, however,
not often used. More commonly, clinicians and families agree to
cease life-sustaining therapy when clinical assessment supports
severe neurological injury—persisting encephalopathy and low
voltage aEEG after rewarming±severe injury on neuroimaging.

Organ donation, from severely affected HIE donors, is
becoming a possibility. In the USA, neonatal organ donation is
more established, while in the UK it is gaining momentum.95 In
one US cohort, profound central nervous system injury and/or
encephalopathy was the most common cause of death for poten-
tially eligible neonatal donation after cardiac death donors.96

Importantly, despite the global hypoxia ischaemia suffered in
HIE, organs such as the kidney usually recover once trans-
planted. Eligibility criteria for donation and organs harvested
differ between transplant centres. Commonly there are weight
restrictions (ie, >2 kg) and potential donor organs depend on
whether harvested before (ie, after brain death) or after circula-
tory death. Most cases of neonatal solid organ donation to date
are of en bloc kidneys to an adult donor, harvested after con-
firmation of circulatory death—as was the case for the first neo-
natal organ donation in the UK in 2013.97 In the USA a
neonate with severe HIE donated her heart, liver and kidneys
after determination of brain death.98 To our knowledge, this has
yet to be performed in the UK, due, until recently, to the lack of
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guidelines for determining brain death in the neonate. A guide-
line for diagnosing brain death in infants less than 2 months has
recently been published by the UK Royal College of Paediatrics
and Child Health.94 Other impediments to neonatal organ
donation include a lack of awareness of available services and a
reluctance of staff to discuss donation with grieving families.
Families are increasingly aware of organ donation, and may be
the first to raise the subject. Our advice is to always consider
organ donation, discuss with your local transplant service as
soon as possible prior to redirection of care, and offer the
choice to the families of eligible infants.

THE NEXT 10 YEARS
The challenge over the next 5–10 years will be to assess (in phase
I and II trials) which adjunct therapy or combination is safe and
optimises hypothermic brain protection. Optimal care may
require tailoring treatments according to gender, genetic risk,
injury severity and inflammatory status. Early biomarkers, once
validated, will allow infants to be stratified and treatment effects
to be assessed. Rescue treatment may be needed in some infants
not responding to cooling. Until now, treatments have been tar-
geted to the early acute phase of injury; enhancing repair and
neurogenesis during the tertiary phase will require collaboration
between neonatologists and paediatric neurologists.
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