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Abstract

This thesis describes the development and prelimyirapplication of
methods for performing simultaneous electroencegnaphy (EEG) and
near-infrared (NIR) imaging of the brain. The sitaneous application of
EEG and NIR imaging has many benefits because efcdmplementary
nature of the two modalities, and has significasteptial in the study of the

relationship between neuronal activity and cerebaaimodynamics.

This work goes beyond previous experiments whickehaombined EEG
and limited-channel near-infrared spectroscopy begsighing and
implementing an arrangement which allows dense -imé@red optical
topography and EEG to be performed over the samealoarea, with as
simple an application method as possible. Thegdicapon methods are
described in detail, as is their extensive testismpg novel dual-modality

phantoms and an in-vivo EEG-NIR imaging experimerd healthy adult.

These methods are subsequently applied to the sitigdyeonates in the
clinical environment. An intricate EEG-NIR imagingxperiment is
designed and implemented in an investigation o€tional activation in the
healthy neonatal visual cortex. This series ofeexpents also acts as a
further test of the suitability of our EEG-NIR imag methods for clinical

application. The results of these experimentpeeeented.

The EEG-NIR imaging arrangement is then appliedoto neurologically
damaged infants in the neonatal intensive care eadh of whom had been
diagnosed with seizures. The results of theseiesfuste presented, and a
potentially significant haemodynamic feature, whismot present in age-
matched controls, is identified. @ The importanced aphysiological
implications of our findings are discussed, asiesduitability of a combined
EEG and NIR imaging approach to the study and radng of neonatal

brain injury.
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Project Motivation and Objectives

Current technologies for the investigation of fumcal activity in the
human brain can be placed into two distinct grobpshe nature of the
signal they observe. Electroencephalography  (EEG)nd
Magnetoencephalography (MEG) are direct measur#dsecélectromagnetic
dynamics of synchronously firing of groups of newspwhilst functional
Magnetic Resonance Imaging (fMRI), Positron Emissibomography
(PET), Single Photon Emission Computed Tomogra@BECT) and Near-
Infrared (NIR) techniques are used to observe thetabolic or
haemodynamic changes which result from a pronouncedease in

neuronal activity.

In the last ten years there has been a great ser@aresearch aiming to
take advantage of the complementary informatiorsgme in these two
fundamental types of functional brain imaging. pitsthe many technical
difficulties, simultaneous fMRI and EEG has nowdrae a standard neuro-
imaging technique, and has been used extensiveliieirstudy of resting
cortical activity (Goldman et al. 2002), epileps@otman et al. 2006,
Vuilliemoz et al. 2010) and visual and auditorydtion (e.g. Bonmassar et
al. 1999, Portas et al. 2000).

The virtues which allow NIR techniques to thrivesplite the prevalence of
fMRI also apply to the simultaneous use of EEG B techniques in a
field where EEG-fMRI is common. Ease of applicatiportability, cost

and a relatively high tolerance to movement artitdlow NIR techniques to
be used at the bedside, and applied to many vidleesabject groups which
may not be suited to fMRI, PET or SPECT. Nearardd techniques
typically have a significantly higher temporal regmn than fMRI, and also
have the advantage of being able to accurately tfyaconcentration

changes in oxy and deoxy-haemoglobin.

[1]



Electroencephalography continues to be the domitectinique for the
study and diagnosis of epileptic disorders. Teahesqwhich employ EEG
concurrently with other methods of interrogating tbrain will therefore
find many of their applications in study of epilepseizures. A seizure is a
transient period of excessive, often extreme, naalréiring or synchrony.
Clinical signs of seizures typically consist of alfered mental state and/or

involuntary movements or convulsions.

Seizures in neonates are particularly common, edpemn those who have
suffered hypoxic-ischemia or other forms of encémbathy. Neonatal
seizures are very difficult to diagnose for seveedsons, but primarily
because only one third of electrographic seizutet (s, seizures which can
be observed using EEG) manifest themselves phijgicaBeizures in
neonates are often associated with some failuréhefcerebrovascular
system, but the haemodynamic response to seizbeesselves is poorly
understood. Given that there is growing eviderna seizures can cause
damage to the developing brain (Thibeault et a0920@Glass et al. 2009)
there has been increasing interest in the usemaflgineous EEG and NIR
techniques in the study of neonatal seizures (ot Lemmers 2009,
Wallois et al. 2009).

Simultaneous EEG and NIR imaging also has a manergéapplication in
providing functional information about the brairEEG techniques have
been used for decades to study all aspects of funaation, both in a resting
state and in response to particular stimuli. A borad EEG-NIR system
has the advantage of measuring both the electit@zaband haemodynamic
activity associated with particular cortical proges as well as having the
potential to provide a spatial resolution far bett&n is possible with EEG

alone.

This project has several aims. The first, and nfastlamental, is to

develop methods which allow high quality EEG redogdo be performed

[2]



simultaneously with NIR imaging over the same am@athe scalp. These
methods must be extensively tested to ensure tleegugtable for use in the
clinical environment. The second is to apply thesethods to the
investigation of functional activation in the hégltnewborn infant. This
will provide further evidence of the suitability dfe technique and has the
potential to elicit new information about functidnprocessing in the

developing brain.

The long-term objective of this work is the devetmmt of the technique of
EEG-NIR imaging for application to neonatal medécinTo this end, the
final aim of this project is to explicitly prove ah EEG-NIR imaging

techniques are suitable for application to newhofants in intensive care,
and take the first steps towards the study of themodynamic changes

associated with seizures in the neonate.

This thesis is divided into four chapters. Thetfibutlines the fundamentals
of both EEG and near-infrared techniques. The rsgcoontains a
description of the advantages of a combined EEG-MiBging system,
discusses some specific applications and detaglsMbrk that has already
been done to combine these two modalities. Chapierthen goes on to
describe the work of the author in the developnaémiractical methods of
performing simultaneous EEG and NIR imaging andvigerous testing of
these methods. Chapter three describes the dippiication of EEG-NIR
imaging to two separate series of experiments anates: the first designed
to study neonatal functional activation and theosdcto study neonatal
seizures. The fourth and final chapter briefly alie®s the work which
remains to be done, and the likely direction th&®GENIR research will

take, particularly with respect to neonatal medicin

3]



Chapter 1



1.1. Electroencephalography

1.1 Electroencephalography
1.1.1 Introduction and the Origin of the Signal

Electroencephalography is the measurement of i@mmtin electrical

potential difference at the scalp. The human cefebortex contains
billions of neurons, each of which is connectedhmusands of others via
complex, branch-like extensions of the neuronal beldy. The vast
network of neurons that makes up the cerebral xastéhe site of constant
electrochemical activity. Neurons are electricghiglarised at rest, and
transmit and process information by the propagdtennhibition) of waves

of depolarisation of the neuronal cell membrana. sAch, electrical activity

could not be more fundamental to the function eflihain.

Recorded at the scalp, typical, adult EEG actiwitly have an amplitude of
tens of microvolts. Although all electrochemicabpesses within the brain
produce an electric field, the depolarisation ofiagle neuron will not
produce a signal which is observable at the s¢#dpvever, the summation
of the electric fields created by thousands of aesiracross a given volume
of brain tissue can result in an electrical potdrdifference large enough to
be measured at the scalp. Whether the electro-ca¢agtivity of groups of
neurons is observable by EEG is therefore deperudewnthether the electric
fields created by individual neurons combine carively or otherwise.
Constructive combination of the transient electretds which result from
neuronal activation can only occur if the contribgt neurons are
approximately aligned (i.e. not orthogonal) and,stnenportantly, if those
neurons are firing in synchrony. Groups of neurcars become increasingly
active during the performance of a particular fioral task, but this will
not be observable as an increase in EEG signalsirtleat activity is
synchronous across that group of neurons. Cedagnitive tasks are
known to result in a decrease in EEG activity, bisea although they cause
an increase in neuronal electro-chemical activiigy remove those neurons

from a previously synchronised state (Niedermewper Silva 2004).

[5]



1.1. Electroencephalography

a - j\, Impulse

_ Axon

Axon terminal

Postsynaptic
dendrite

Voltage across

Neurotransmitter postsynaptic membrane

40
Inhibitory PSP
=
@
E £5
c
=
~80
v
Inhibitory transmitter- 0 1 2 4 e 2 &
gated ion channels Time from presynaptic impulse (ms)
Neurotransmitter
A 0
— —
o i Excitatory PSP
& Ll e 2 ‘>_ e ry
! PR 1 £
.,ﬂ, (SR e i N
el B s
80
0 2 4 6 8
Excitatory transmitter- Time from presynaptic impulse (ms)
gated ion channels
b _ Amplifier EEG
FON I

LAEIN Y N LY - Arachnoid

: f_;_,_:—_:_’; _&\ Subarachnoid
= \ ) \\ space
| V\) — Pia mater
4 _——r
Active synapses —

A

Afferent axon

|
g—ﬁ—ﬁ Efferent
|
!

axon

Figure 1.1.1. The resting membrane potential of ~70 mV must be depolarised
beyond a threshold (~ -40 mV) in order for an actio potential to be transmitted. The
effects of inhibitory and excitatory neurotransmitters on the post synaptic membrane
are shown in figure a. Figure b indicates how cuent flow in and around a pyramidal
neuron due to the creation of a PSP can result irhé creation of dipole-like electric
field. Only if thousands of neurons contribute tosuch a field will the result be
observable at the scalp (adapted from Bear et al0D7).
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1.1. Electroencephalography

The EEG signal is thought to primarily result frahe synchronisation of
the electric fields generated by post-synaptic m@ks in pyramidal

neurons (Schaul 1998, Niedermeyer and Silva 20@yramidal neurons
are large, vertically orientated neurons which abendant in the human
cerebral cortex. Post-synaptic potentials (PSPs)am alteration of the
resting potential of the neuronal membrane on theeptor side of a
synaptic cleft, which can be in the form of eitherdepolarisation (an
excitatory PSP) or a hyperpolarisation (an inhiyitBSP). Excitatory and
inhibitory PSPs induce current to flow in the neusnd in the surrounding
extra-cellular space, it is synchronisation of madfythese current flows

which produces the electric fields observable atsitalp (see figure 1.1.1).

Although neuronal action potentials are higher impitude than synaptic
potentials, their short duration and the fact tliety are transmitted very
quickly along the neuronal membrane prevents gwichronisation across
a large number of neurons. The spatially integragkectric field which

results from asynchronous action potentials isetloee not significant at the
scalp. Figure 1.1.2 illustrates how individual rens contribute to the
electric field observable by EEG, and shows the artgnce of

synchronicity.

The electric field produced in and about pyramideurons is well
approximated by an electrical dipole (Gloor 198%he solid angle theorem
of volume conduction provides a simple explanatainthe relationship
between the cortical generators of EEG, the lonatioan electrode and the
measured scalp potential. It states that the piategenerated at an
electrode (relative to a reference at infinity) Mo proportional to the solid

angle subtended by the poles of the dipole generato

As stated by Schaul (1998), there are four fundaaheiactors which
influence the size, shape and duration of EEG piadsn(1) the distance of

the recording electrode from the pyramidal neutarguestion, (2) the

[7]



1.1. Electroencephalography
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Figure 1.1.2. Anillustration of the importance ofsynchronisation of synaptic input to
the recorded EEG. In a given group of pyramidal narons, all receive many synaptic
inputs. If those inputs are irregular, the total dectric field will be small, and will not
produce significant EEG variation. However, if thee inputs are synchronised, the
total electric field can be large enough to producesbservable signal at the scalp
(adapted from Bear et al. 2007).

duration of PSPs in these neurons, (3) the numibePSPs which are
synchronous and (4) the orientation of this neurdenger relative to the

electrode.

Although there are dominant generators of electtaad activity, the EEG
should be thought of as resulting from the sum Ibfekectrochemical
activity throughout the whole volume of the bramecorded across an
inhomogeneous, non-isotropic, partially-conductmgdium. The presence
of the skull, cerebo-spinal fluid and scalp betwd#ensource of the electric
fields and the EEG electrodes limits the amplit(aied therefore signal-to-
noise ratio) of any given neuronal activity butoatesults in a loss of spatial
information. In the case of epileptic dischargebas been reported that as

much as 6 chof cortical surface must exhibit synchronous neato
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Figure 1.1.3. Simultaneous inter-cranial EEG (a) ad scalp EEG (b) of a temporal
lobe seizure. The seizure rhythm in the scalp EE® fairly poorly developed despite
the high amplitude, synchronous cortical activity sown in the inter-cranial data.
Note that these figures are plotted on the same deathough no absolute scale is given
(Ebersole 2003).

activity in order that that activity can be obsehm scalp EEG (Tao et al.
2005). Figure 1.1.3 shows a comparison between-granial EEG (which
uses surgically implanted electrodes directly intaot with the cortex) and
scalp EEG recording (Ebersole 2003).
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The scale of the EEG signal necessitates amplificdty a factor of 10in

order that measurement can occur and as a res@t iEE/ulnerable to
electrical noise and many forms of artifact. Hoem\EEG offers a sub-
millisecond temporal resolution, is relatively easyerform and is the only
clinically available technique which directly andminvasively measures

the electrochemical activity of brain cells.

Electroencephalography is the oldest method of ineasively studying

human brain disorder and in the past was usedddha& diagnosis of a
variety of pathologies, including stroke, haemogéhaAlzheimer's disease
and cancer. The use of EEG in such cases todagsssommon, primarily
because of the development of superior structumsging methods,
particularly magnetic resonance imaging (MRI) andayx computed

tomography (CT). However, EEG remains essentigh& diagnosis and
study of epilepsy and seizures because of its temhpesolution, its ease of
application and the nature of epileptic conditidimsmselves (Niedermeyer
and Silva 2004).

EEG also remains of great value to the study okimgérain function, as it
allows the intricate millisecond-duration corticasponses to functional
stimuli to be recorded directly. As such EEG ramaa commonly used
tool amongst neuroscientists, cognitive scientestsl psychologists and

physiologists.
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1.1.2 EEG in Practice
1.1.2.1 Electrode application, impedance and amplification

Standard EEG is performed by fixing a number ofssen electrodes, a
reference electrode and a common earth electrodbetcscalp and then
amplifying and recording the variations of eledtipotential difference
between each sensing electrode and the referemcteogle. In the majority
of clinical systems, the electrodes themselvesisbio$ small metal cups
made from a highly conductive, non-reactive metalhsas gold or silver-
chloride coated silver (Ag/AgCl), an example iswhan figure 1.1.4.

To measure the electrical potential difference s&rdwo points, it is
necessary for a current to flow between those twintp. A large
impedance to this flow of current can seriouslgefftthe accuracy and noise
susceptibility of the measurement of electricaleptial difference. For

EEG, it is therefore desirable to minimise the &leal impedance between

Figure 1.1.4. A standard, clinical, silver/silverehloride ‘cup’ electrode. The cup is
9mm in diameter.

[11]
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each sensing electrode and the reference elecbrpdraking as good an
electrical connection to the scalp as possible.prbctice this is done by
removing excess skin cells from the contact sitéidghtly abrading the skin
with a granular paste and introducing a conduafjgkin to the electrode
cup before applying the electrode to the contdet sit is typically stated
that the electrical impedance measured between ssawing electrode and
reference electrode should not exceed 5 ik order to produce an
acceptable signal-to-noise ratio (Odom et al. 2004)

Electrical impedance is thus often used as a gemeeasure of the quality

of electrode contact, though it is important toenibiat (depending on the

Figure 1.1.5. A standard clinical EEG system. Netthe inclusion of a PC-linked video
camera (point a.) which allows clinical symptoms ah movement to be monitored.
The digital amplification occurs at the ‘headbox’ oint b.), to which the EEG
electrodes are attached.
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input impedance of the EEG amplifier) it is oftemspible to obtain a good
signal-to-noise ratio with contact impedances highan 5 k . Equally,
good contact impedances do not guarantee a n@se=lEG, as this is often
more dependent on the electrical characteristicgshef room in which
recording is taking place. A standard clinical EE@&tem is shown in
figure 1.1.5.

There are many commercially available EEG systentsclw use a
fundamentally different design of electrode and hodtto make contact
with the scalp. These include systems which usespeked sponges
(Electrical Geodesics Inc. OR, USA) and conducgie&tinous pads (Hydro
Dot Inc. MA, USA) to act as sensing electrodes. sEheesigns usually
avoid the use abrasion of the contact site in otalenaximise the comfort
of the subject. As abrasion of individual eleceaites is unnecessary, it is
possible to apply dense caps or head-nets congglimindreds of electrodes.
Such systems can maximise the available spatiatrmdtion but the limited
quality of the electrode contact (relative to tHmical abrading system)
usually necessitates electrical isolation of thejett and the amplifiers.
Isolation from electrical noise using a Faradayecagyimpossible in most
clinical settings and as a result, high-density Edy§&ems have not yet been
accepted for standard clinical use in the UK. Asplfier technology
develops, it is likely that the acceptable contagtedance will rise, which
may allow such dense-array EEG systems to becomeicatly
commonplace. However, a further important advantad individual
application of electrodes is that it is flexibldp@&rode positions can be

added or omitted depending on the clinical circamses.

Clinical EEG usually involves the application ofoand 20 sensing
electrodes in positions across the whole scalpneéfin a standardised

fashion by the 10-20 international system of ets¢rplacement (Klem et

[13]
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I Preaurical
point

Figure 1.1.6. The 10-20 international system of ettrode placement. (Figure adapted
from www.BCI2000.o0rg).

al. 1999). This system defines 19 main electrat@s & terms of 10 % and
20 % divisions of the nasion-to-inion sagittal deft-to-right pre-aurical

coronal distances, as is shown in figure 1.1.6is Tinethod of positioning

electrodes on the basis of the bony landmarks efniad maximises the
validity of the assumption that a given electrodesensitive to electrical
activity in a given region of the cortex, acrossi®as subjects. In practice,
application of the 10-20 system is fairly subjeetivand in the author’s
experience, electrode positions can vary by as msch cm from recording
to recording. Given the limited spatial resolutwhEEG, such errors are

rarely considered in a clinical environment.

The position of the reference electrode is impdrbstause all variations in
electrical potential difference are recorded re&tio it. As the reference
electrode is moved closer to a sensing electré®esignal recorded across
that channel will be reduced because diféerencein electrical potential
between the two electrodes will tend to zero. &hare, however,
advantages in having the reference electrode paosidi somewhere on the

head or face as certain noise components (sudh Hg Bains noise for
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Figure 1.1.7. A typical anterior-posterior adult EEG montage is shown in image A.
Each red line represents a bipolar pair, or channel across which the electrical
potential difference is recorded. Image B shows @educed neonatal EEG montage,
which typically includes 9 electrodes. (Figure adated from www.BCI2000.0rg).
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Figure 1.1.8. A normal, waking adult EEG showing awvell formed alpha rhythm at
~9Hz. Note also that both the electro-oculogram @G) and electro-cardiogram
(ECG) were recorded in addition to the EEG. (Figure adapted from
emedicine.medscape.com).
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example) will affect both electrodes approximatedyially, and thus will be

reduced by differential measurement.

Although the amplified EEG signal is usually thag¢asured between each
sensing electrode and a reference electrode, itherten an advantage in
displaying the signal between different sensingtedeles. For example,
differential amplification will occur between thdeetrodes E and the
reference electrode and &nd the reference electrode (REF), but it may be
more physiologically and clinically beneficial toomtor the electrical
potential difference between electrodesafd G. The recording of the
electrical potential difference between neighbogitectrodes is known as
bipolar recording, and is easily achieved by sudiva of the two amplified

signals:

(1.2)
In this manner, the arrangement of EEG channetsishaonitored can be
arbitrarily chosen and altered during and afteoréding The arrangement
of EEG channels is known as a montage, and thereseweral common
clinical montages (figure 1.1.7). Figure 1.1.8 whoan example of a
clinical EEG trace. This is the EEG of a healtloulg displayed in the

bipolar montage of figure 1.1.7a.

EEG amplifiers are essentially multi-channel difleial amplifiers
arranged such that the signal at each sensing@dects amplified relative
to that at the reference electrode. Modern systgpisally have a sampling
rate of between 500 and 2000 Hz, filters which banapplied across a
range of ~0.01 to 100 Hz and various data-handlingtions which allow
noise effects to be minimised and the desired relaxdrtical signals to be

focussed upon.
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1.1.2.2 Common EEG artifacts

EEG is highly sensitive to movement, changes irctedde impedance,
external electrical interference and non-cerebréctephysiological
signals. There are therefore many common EEG restwhich are not
related to cortical discharges or any brain acgtivit general, such features
are referred to as artifacts. Experienced elebfysiplogists should be able
to minimise EEG artifacts during recording, butsitdifficult to produce a
completely artifact-free EEG. A selection of thesncommon artifacts is

given below.

Electrode ‘Pop’ (Figure 1.1.9)

This artifact results from a sudden decrease ictrelde contact quality. It
will typically produce a sharp, transient featurieieh is isolated to a single
electrode, therefore producing a mirrored featuceoss two or more
channels in a bi-polar montage. It is of clinizaportance to identify these

artifacts, as they can be mis-interpreted as epjleplated.

EMG (Muscle) Artifact (Figure 1.1.10)

Contraction of muscle produces high-amplitude (180svicrovolts), high-

frequency (20-100 Hz) potentials, as recorded kgtedmyogram (EMG).
Contraction of muscles on and around the headlezefore produce EMG
artifacts within the EEG recording. It is usuallyaight forward to identify
such artifacts, as they typically consist of burdtfigh-frequency activity

which have no cortical equivalent.

ECG (Cardiac) Artifact (Figure 1.1.11)

Similarly, the beating of the heart produces a {agiplitude

electrophysiological signal, which can infiltrateetEEG recording. Clinical
EEG is usually recorded alongside a single-charetettrocardiogram
(ECG), which allows this artifact to be visuallyeeted.

[17]
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Figure 1.1.9. The Electrode ‘pop’ artifact. The elevant feature is identified by the
arrows. The transient spike is apparent on two chanels of the bi-polar montage, but
by using a common reference (electrode Cz), it bec@s obvious that the feature is
limited to a single electrode (). (Figure adapted from emedicine.medscape.com).
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Figure 1.1.10. EMG artifact. The arrow identifiesone period of high-amplitude, high
frequency artifact which is apparent on several chanels over the left fronto-temporal
region. (Figure adapted from emedicine.medscape. .
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Figure 1.1.11. ECG artifact. The arrow identifiesone ECG artifact spike, which is
apparent over several channels. This feature carsually be easily identified because
of it's clear periodicity, especially if it can be compared to the simultaneously
recorded ECG (shown in red at the bottom of the trae). (Figure adapted from
emedicine.medscape.com).

FP = F7 e e et PO N e R PR
F7-T13 MM—MW-W><::

L £ T Y o e AT B et e
L B B i e i s L P
FP2- F8 mewww—/\jw%
I e S i, SBWRIEUIV S St i PRSI
T4 -TB [t s mWWWWW

6 e gl P,
| 2 B S T e e e Y i e

2B e g AN e NP AN AN AN e P IS AN e P NN AA AN it i

0 e e e e o Y T e ol
P2 - FA | AR e S o e ARt P PPN L e ot A
- B [t A n s A prantnd A oo At A P g SN A it AN it e NS MNP g P s P

= P4 | e v e A A DN N T P i PV i i i [
R i T i e e e Ny et 'ZGEEW

T = BF  |rrmrtcrim st i et bt A PP o o P

CPL AN A A A AN AR A A A A AT A A A s AN A ] SEE

Figure 1.1.12. Eye movement artifact. The arrowdentifies one artifact which,
because the deflections are of opposite polarity &7 and F8, is consistent with a
lateral eye movement. (Figure adapted from emedice.medscape.com).

[19]



1.1. Electroencephalography

Eye Movement Artifacts (Figure 1.1.12)

The retina and the cornea of the eye are chargedtimely and positively
respectively. As a result, movements of the epelyee a distinct change in
electrical potential which can be observed by EEGording. Lateral,
vertical and blinking movements of the eye candaiified by polarity and
symmetry of the changes in electrical potentiafledé@nce as recorded at the
frontal EEG electrodes. Eye movement artifactseaiteemely common to
EEG recording, to such an extent that an electrdegcam (where
electrodes are placed either side of one or bath, et the temple and at the
nasion, see Marmor et al. 2004) is often recordedgaide the EEG and

single-channel ECG to allow such artifacts to bslgadentified.

Other significant artifacts include those due toveroent of the mouth and
tongue, interference from at the electrical maireggdency (50 Hz in the
UK) and artifacts due to other medical equipmeniciisas intravenous

drips, respirators etc.).
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1.1.3 Clinical EEG

1.1.3.1 The healthy adult EEG

The healthy adult EEG is dominated by a numbehgthmical oscillations
which are identified by their frequency and amplgéu These rhythms are
representative of continuous, synchronous cortiealronal activity. Hans
Berger, the first man to observe the electroendegham in humans,
named the dominant EEG components in the order bserged them
(Berger 1929). The alpha wave is the principléusmof normal adult EEG
and consists of a rhythmic pattern with a frequenicg to 13Hz. Alpha is
most prominent over the posterior of the head, isrmbmetimes referred to
as the posterior dominant rhythm (PDR). The alphae is most apparent
for a subject in a relaxed but waking state withirtteyes closed, and is
known to be attenuated by eye opening and certasmal stimuli

(Niedermeyer and Silva 2004). Despite having lbersubject of
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Figure 1.1.13. The normalised power spectrum of thEEG recorded at electrode Oz
in a healthy adult in a resting state with his eyeslosed, recorded as part of this work.
The dominant peak at (almost exactly) 10 Hz corresmds to the alpha wave, which
has an observable resonance at 20 Hz. There are oiher prominent features, as little
or no beta was apparent in this individual. Note hat the result of the application of a
50 Hz notch feature is also visible.
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research for over 80 years, the origin of the alhae is still an issue of
debate (Steriade 2000). Many animal studies (loo#itro and in-vivo)

have indicated that the thalamus has a fundameoi&lin the creation and
regulation of the alpha wave, with Morison and B&$3945) being the first
to observe a relationship between 8-13 Hz thalamsicillations and the
synchronised activity of cortical neurons. Theadstof cortico-thalamic
interactions are complex, and are an increasingulpopapplication of
functional imaging techniques, including PET (Daretsal. 2001), PET-
EEG (Schreckenberger et al. 2004), and EEG-fMRId®an et al. 2002).

In a clinical context, the spatial distribution e alpha wave across the
scalp, variations in its frequency and amplitudel persistence of the alpha
wave with eye opening can all provide importamickl information. The
absence of alpha over one hemisphere of the lsaimiost always related
to a pathological condition. A section of normediult EEG was shown in
figure 1.1.8. In this figure the alpha patternesy well developed and most
prominent over the posterior regions of the he&igure 1.1.13 shows a
frequency-domain representation of the EEG at mldet Oz in a healthy
adult.

Beta activity was the second normal EEG componéstved by Berger.
It is defined as activity of 14 Hz or above angbigsent in the background
of most adult EEG recordings. Beta is usually ob=sgrbilaterally with
maximum amplitude over the fronto-central region®ue to its high
frequency, it can be difficult to differentiate bseten beta activity and EMG
artifact. Various drugs are known to affect the radance of beta activity
and hemispheric asymmetry of beta components iallysan indicator of
the presence a pathological condition. An exangplaormal beta activity

is shown in figure 1.1.14.

Theta activity is defined as that between 4 andz7aHd is also usually

present in the waking adult EEG, though much legsfgantly than alpha
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Figure 1.1.14. An example of beta activity in a tadthy adult. As indicated, beta is
particularly present over the fronto-central regions. (Figure adapted from
emedicine.medscape.com).

or beta and can be completely absent without @ingignificance. In
adults, localised theta activity is often relatem underlying structural

disease.

EEG activity below 4 Hz is known as delta activignd is only normally
present in adults during deep sleep. Focal deligity is a good indicator
of localised encephalopathy. Other typical EEG congmts include the mu
rhythm, which is associated with the sensori-mototex and lamda waves,
which are transient, spike-like potentials occugrin the occipital regions

which can be mistaken for evidence of epileptiodisr.

The study of the activity of the adult brain duristgep is a common
application of EEG, and sleep patterns have them distinct phases and
forms of EEG activity (Kandel et al. 2000, Niedeymeand Silva 2004).
Knowledge of the EEG components of sleep is verpartant to the

understanding of clinical EEG because not only dibes sleeping EEG
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differ markedly from its wakeful equivalent, buesp can cause abnormal
EEG features to become more prominent. This isqoidarly the case with
epileptiform activity. In brief, sleep is dividadto two broad types: non-
rapid eye movement (NREM) and rapid eye moveme&MR Non-rapid
eye movement sleep is further separated into steges. Stage 1 of NREM
sleep represents the transition from wakefulnesseep and typically lasts
several minutes. It is characterised by a slowind siagmentation of the
normal waking EEG components described above. eStagontains well
defined ‘sleep spindles’; sinusoidal waveforms etween 12 and 14 Hz.
Stage 3 (which was previously separated into tw@lso known as deep or
slow-wave sleep and is dominated by high amplitudielta frequency
waveforms. The EEG during REM sleep reverts tova Voltage pattern
containing a variety of frequency components, sintib stage 1 NREM but,
as the name suggests, is coincident with rapid mew of the eyes and is
associated with periods of dreaming. While REMepgleis seldom
encountered during an adult clinical EEG, it isyweommon for patients to
become drowsy and enter the early stages of NREdps| In contrast,
infant subjects will often remain in a state of plesteep for the duration of

an EEG examination. This is discussed furthehénfbllowing section.

1.1.3.2 The healthy infant EEG

Neonatal electro-cortical activity is unlike thdiserved at any other time of
life. The healthy neonatal EEG can contain featumdsch are high in
amplitude, transient, mixed-frequency and discardus without being
indicative of encephalopathy. There is also sigaiftly more inter-patient
variability within neonatal EEG than in the adutcordings, which can

make the interpretation of neonatal EEG particylahallenging.

An example of the EEG of a full term, newborn irifasshown in figure

1.1.15. In comparison with the adult, the mostiobs difference is that the
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Figure 1.1.15. A typical EEG trace of a healthy ten neonate during quiet sleep. Note
the mixed low-frequency, high-amplitude nature of he resting EEG compared to that
of the adult. (Rennie et al. 2008).
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Figure 1.1.16. The normalised power spectrum of thEEG recorded at electrode Oz
in a healthy sleeping, term infant. Note that thevast majority of EEG power is
containing within frequencies below 5 Hz.
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EEG is generally larger in amplitude (often up @01uV) and low in
frequency (dominantly less than 5 Hz). A frequedoynain representation
of the EEG of a term infant recorded over the atalidobe is shown in
figure 1.1.16. The EEG of the newborn shows notgr@s dominant
rhythm (which is synonymous with the alpha waveadults) at all, but
rather a continuous combination of rhythmic, butialzle, delta and theta
activity. By the time an infant has reached 3 rhenta more consistent
delta wave will dominate. There is a gradual iasesin the frequency of
this dominant rhythm during childhood, from slovet# by the age of 1 year

to a well-established slow alpha wave at 6 years.

The rapid growth and maturation of the brain fraable pre-term to term is
accompanied by marked changes in EEG activity. -tétra EEG is
characterised by its discontinuity; consisting otermittent bursts of
activity occurring at a rate of 0.1 to 0.5 Hz, lmaintaining a variety of
higher-frequency components (Vanhatalo and Kail@620 The periods
between these bursts will often show almost noedisable EEG activity at
all. Both the rate of occurrence and the conténhese intermittent bursts
(which have recently been termed spontaneous Bctransients or SATS)
changes significantly with pre-term age. These SAfe only occasionally
visible in the healthy term infant, because of iterease in amplitude of
continuous background activity. The EEG typicallytains full continuity
by 45 weeks gestational age (note that gestategelis the age of an infant
measured from the approximate time of concepticually taken as the
time of a mother's last menstruation). Figure 1I71.shows the
discontinuous EEG of a pre-term infant, whilst figul.1.18 shows a
schematic representation of the dominant features. (continuous
background oscillations plus SATS) of infant EEG &row these vary with

pre-term age and sleep state.

Sleep states in newborns are less well defined tihase in adults
(Mirmiran et al. 2003). Though NREM and REM slegm be readily
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Figure 1.1.17. The EEG trace of a 32 week neonadering quiet sleep, recorded with

an extended montage.

Such traces are characterisday the limited-amplitude

continuous background oscillations interspersed wit large, transient periods of mixed
frequency activity. (Vanhatalo and Kaila 2006).
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Figure 1.1.18. A simplified schematic representatin of how the dominant features of
the EEG trace of infants of varying ages and sleeptates can be modelled as a
combination of spontaneous activity transients (SA3) and background activity (of
varying amplitude, frequency content, regularity ard hemispheric synchronicity).
(Vanhatalo and Kaila 2006). Note how the discret8ATs become less distinct as the
infant ages and continuous background oscillationbegin to dominate.
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distinguished from as early as 32 weeks gestationge, further
classification is difficult. In general, the netelaEEG during REM sleep
will show continuous, mixed-frequency activity inorgunction with
irregular respiration and rapid eye movements.s Thintinuous activity will
be of a higher amplitude than that shown duringefakess. Neonates in a
NREM sleep state will exhibit either a high-voltaglew wave (of 1-2 Hz)
or, as sleep progresses, bursts of high amplitoibeed frequency activity
separated by periods of decreased amplitude (lems 40 pV). Such
discontinuous activity can be distinguished fromt thf pre-term infants by
the fact that the low amplitude periods associatded NREM sleep will

still show some activity, rather than complete seppion.

1.1.3.2 Epileptic disorders and seizures

As defined by the International League Against &gl (Fisher et al.
2005), ‘Epilepsy is a disorder of the brain chasdsed by an enduring
predisposition to generate epileptic seizures agdtHe neurobiologic,
cognitive, psychological and social consequenceshigf condition. The
definition of epilepsy requires the occurrence ofleast one epileptic
seizure.” The same publication defines an epitepdizure as ‘a transient
occurrence of signs and/or symptoms due to abnorexakssive or
synchronous neuronal activity in the brain’. Ndgtat this widely accepted
definition of a seizure is based on the occurrerfcg/mptoms pertaining to
abnormal electrical activity in the brain, rathéan the presence of this
activity itself. Inherent to this definition is éhassumption that abnormal
neuronal discharges are occurring, and would berebd in conjunction
with clinical symptoms if recording methods andcaimstances were ideal.
This subtlety is important because it must be [bs$0 define and diagnose
seizures even when the abnormal electrical acticéynot be directly
observed (which may be due to the EEG being nobmbleen (or even
during) seizure events, or simply because an EE@atabe obtained).
EEG recording is the gold-standard approach to dieegnosis and

classification of seizures and epileptic disorders.
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Fundamentally, a seizure is a transient periodxtfeme neuronal firing
and/or hyper-synchrony. Seizures which incorpomieical symptoms
(such as an altered mental state or involuntarsgatier movements) are
broadly referred to as clinical seizures, whilsts@izure which is only
apparent via EEG recording is known as a subclinicaelectrographic
seizure. A seizure can last for as little as a $eaonds, through to extreme
cases where seizure is continuous and will nontelgthout intervention.
A patient suffering continuous, unremitting seizuigg more than 30
minutes is classified as in ‘status epilepticu¥he many types of seizure
are categorised by whether the source of epilaptifactivity is localised
(partial seizure) or distributed across the corfgeneralised seizure).
Partial seizures can sometimes spread to othes afdhe brain, producing
a secondary generalised seizure. Generalisedregizare categorised
further by the effect they have on the body, butyalically involve a loss of
consciousness. Partial seizures are divided imtple partial seizures,
which do not invoke any loss of consciousness aramess, and complex

partial seizures which do (see Engel 2006 for ailéek classification).

It is important to note that whilstpontaneousseizures are inherent to
epileptic disorders, seizures themselves oftenrpdoua variety of reasons,
in people who do not have epilepsy. The causesidi provoked seizures
are varied, and include traumatic head injury, k&rohypoxic-ischemic
encephalopathy, multiple sclerosis, meningitis anain tumour (Engel et
al. 2008). The hyperactivity and hypersynchromgabf neurons during a
seizure is known to result from an imbalance of ma@isms which inhibit
and excite the propagation of action potentialdhe Bominant inhibitory
neurotransmitter in the adult brain is gamma-amurtypiic acid (or GABA)
which typically (by binding to certain membrane-bdueceptor molecules
and altering the flow of chloride and potassium sjpncauses a
hyperpolarization of the post synaptic membranéis hyperpolarization
inhibits the transmission of an action potentiatiie post-synaptic neuron.

Glutamate is the most abundant excitatory neursingiter in the human
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nervous system and causes (at the vast majoritgypépses) the post-
synaptic membrane potential to approach the agidential threshold, thus
increasing excitability. High levels of glutamaitethe extra-cellular space
not only increases the excitability of surroundmeurons, but can result in
an excessive uptake of calcium ions, eventuallgitepto neuronal death.
Neurons therefore exhibit a very efficient activeeananism which

transports extra-cellular glutamate across the melinbrane and into the
cell. Most neurons posses an average intra-celjlaamate concentration
of 10 mM (Bradford et al. 1978), which is much heglthan for any other

excitatory neurotransmitter.

The neurobiology and electrochemistry of seizusesamplex, and many
aspects are still the subject of intense resed@cddford 1995, Engel at al.
2008). However, rises in glutamate, and decrems&#\BA concentration
(or decreases in the effectiveness of those neusminsh control GABA-
mediated inhibition) have been shown repeatedlye@ssociated with the
onset and propagation of neuronal hyperactivity drngbersynchrony
(Bradford 1995, Kandel 2000).

In this section seizures have been discussed agnmgtem of other
neuropathology. Whether seizures are merely a sym@r whether they
can cause or exacerbate neurological damage lisastiissue of debate.
Whilst continuous seizures are known to be potiytimamaging
(Wasterlain et al. 1993) millions of adult epilesti live with regular
transient seizures and exhibit little or no longrteneurological damage.
There is growing evidence however, that even tesniSeizures can damage
the developing brain (Scher 2003, Thibeault-Eybatial. 2009, Glass et al.
2009, Silverstein 2009).

1.1.3.3 The EEG in adult epilepsy and seizures

EEG is able to directly observe the excessive memirtical activity or

synchrony which is inherent to a seizure, and assalt it is the best tool
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available for the study and diagnosis of epilepByere are several well-
defined electrophysiological indicators of epilepactivity, both during
(ictal) and between (inter-ictal) periods of seeufNote that as duration is
the only factor by which this distinction can bedeaathe separation of ictal
and inter-ictal discharges is often problematic aomhetimes meaningless).
The presence of transient inter-ictal feature@sedibly important to the
diagnosis of epileptic disorders, as a typicallyflmng EEG recording will
often not include any ictal periods. Of the iniEgl discharges, the most
common and specific are classed as epileptiforrhis hcludes the spike,
sharp wave and the spike-wave complex. The spi&és name implies, is
a sudden, sharply contoured discharge with a duraif less than 70 ms.
An example of an inter-ictal spike is shown in figuL.1.19. Sharp waves
differ from spikes only in duration, lasting betwe@0 and 200 ms) and
both will typically exceed 100V in amplitude. The spike is usually a
negative deflection at the surface, and will temdhaéve a steep onset and a
slower return. The spike is often observed in godiion with a slow-wave,
typically lasting around 300 ms, usually negativel darger in amplitude
then the spike itself. In combination, this is wmoas the spike-wave
complex and is a classic inter-ictal determinant epiileptic disorder.
Continuous repetition of any of these feature®ggchlly indistinguishable

from ictal EEG activity.

Ictal EEG patterns in adults are typically ideetifiby comparison to that
individual's background EEG, as it is difficult t@me to a meaningful and
absolute definition of what constitutes ictal EEGiaty. The onset of an
ictal period is therefore identified by rapid chaagn EEG amplitude or
frequency content. In some cases this can becdliffto distinguish from

background, because ictal patterns can appeamdtisifrequencies and
amplitudes to background EEG activity. Classiali&EG recordings show
the development of a rhythmical pattern of a neatiitg higher amplitude
than background EEG. It is also common for theageforms to be sharp

in appearance, particularly in comparison to ther+gnusoidal alpha
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Figure 1.1.19 An example of an inter-ictal spike dicharge in an adult, shown in both
bipolar (left) and referential (right) montages. (Fgure adapted from
emedicine.medscape.com).

Figure 1.1.20 The onset of a lateralised temporablbe seizure in an adult. Note the
development of a distinct ~4 Hz sharp wave patterover the right sided electrodes.
(Figure adapted from emedicine.medscape.com).
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Figure 1.1.21 A generalised seizure in an adult, anacterised by the onset of a global,
synchronous ~3 Hz spike-wave complexes. (Figure auad from
emedicine.medscape.com).

pattern. A good example of EEG during a parti#dse is shown in figure
1.1.20. Note the way the sharp wave pattern appane only the right-
sided electrodes increases in amplitude and censigtover a period of
several seconds. Figure 1.1.21 shows an EEG riegoddiring an absence
seizure in an adult. Across all channels thesmnisinmistakable increase in
amplitude and change of form at the onset of sejzepnsisting of a

continuous spike-wave pattern.

1.1.3.3 The EEG in neonatal seizures

Newborn babies are exceptionally vulnerable to iser Seizures are
diagnosed in approximately 10 % of very low birthgie, 5 % of low

birthweight and around 0.3 % of full-term babiesufk&y et al. 2008).
However, these figures rely on clinical diagnosgibjch is only possible if
the seizure is accompanied by changes in movermdrgtmviour and even
then diagnosis can be very difficult. A study shdwkat only 21 % of 393
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electrographic seizures observed in 41 babies gatibclinical signs
(Clancy et al. 1988). There is significant eviderbat a standard EEG,
usually lasting 20 to 40 minutes has a good charicdetecting seizure
activity but prolonged, video-EEG is considered tlest diagnostic method
(Glauser and Clancy 1992). Seizures in the neoaegebrief, usually
lasting 2-3 minutes (Rennie et al. 2008). Neondtesot exhibit sustained
clinical or electrographic seizures in the same aspdults, which makes a

meaningful diagnosis of status epilepticus difficul

There are many factors which contribute towards timereased
susceptibility of the developing brain to seizurés.significant number of
animal and in-vivo experiments have implicated dtgwaental differences
in the expression of glutamate and GABA neurotratters (and in the
number of the receptor molecules which are semsttivthese compounds)
(Johnston 1995, Sanchez and Jensen 2001). Glaetaetsptors are critical
to neuroplasticity, and as a result are over-egaeksn the developing brain
(Silverstein & Jensen 2007). The suggestion isefbee that the increased
level of neuronal excitability associated with degaexpression of
glutamate receptors increases seizure susceptibiibugh this relationship
remains unclear. Conversely, the expression amttibn of GABA
receptors has been shown (in animal models) towerlin the early stages
of life (Swann et al. 1989), suggesting a decreamatity to inhibit the
transmission of neuronal potentials. Howevers ialiso known that (due to
a limited expression of chloride ion transporter§ABA acts as an
excitatory neurotransmitter in the immature braire- it's function is the
inverse of that found in later life (Ben-Ari 2002)These factors partially
explain the resistance of neonatal seizures t@iceanti-epileptic drugs, as
the primary effect of drugs such as phenobarkstab imimic the effects of
GABA by binding to GABA receptors at the synaptiembranes (Painter et
al. 1999, Boylan et al. 2002).
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The causes of neonatal seizures are varied, adddenacerebrovascular
pathologies such as ischemic stroke and haemorrimaggbolic disorders
like hypoglycaemia, and infections of the centratwous system such as
meningitis. Hypoxic-ischemic encephalopathy (HNghere the entire brain
suffers a temporary lack of oxygen, is a commonltes complications at

birth, and is the most common cause of neonatauses (Silverstein and
Jensen 2007).

An EEG recording in neonates is of clinical userewhen the external
symptoms of seizures are unequivocal. EEG caniggamformation about
seizure type, location duration and background/égtivhich can all inform
diagnosis and prognosis. The ictal neonatal EE® wary in location,
localisation, duration amplitude and morphologyt &siin adult EEG, what
is usually observed is the development of a newepabf activity, distinct
from background EEG. Characteristic neonatal seizaonsist of repetitive
sharp or slow wave discharges, or (less commoplResvave complexes.
The vast majority of neonatal seizures have a fodgin (most commonly
in the temporal regions) though a secondary geisedakeizure can result.
Due to immature hemispheric and synaptic connestiogeizures in
neonates often exhibit less generalisation tharadalts, and different
seizure patterns can be apparent in different arehsthe brain
simultaneously (Rennie et al. 2008). Figures 2.1a21.1.24 are examples

of neonatal EEG during seizure events.

Although video-EEG monitoring is rightly consideréde gold-standard
method for seizure detection and observation, theree been reported
cases of clinical symptoms of seizures being pteseithout, or

asynchronously with, ictal electrographic feature¥his phenomenon is
known as electro-clinical dissociation. (Note this term is used
ambiguously: others use it to refer to all seizundgere the clinical and
electrographic elements do not coincide, which udel what have

previously been defined as electrographic seizieghose visible to EEG
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Figure 1.1.22 A high amplitude, slow wave, generakd seizure. Note how there is
asynchrony between the left and right hemisphereswith the right-sided seizure
pattern being of a higher frequency. The top of tk figure shows a two-channelled
aEEG (which shows over 8 minutes of data). The pied corresponding to the EEG
trace is indicated by the vertical, light-blue bar,and is seizure-positive as defined by
aEEG. (Figure adapted from Rennie et al. 2008).

Figure 1.1.23 A repetitive sharp, ictal waveform vih a relatively low amplitude. Note
how early on in the trace the seizure rhythm is oml apparent on right-sided
electrodes, but then switches to being more apparerover the left hemisphere.
(Figure adapted from Rennie et al. 2008).
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Figure 1.1.24. Relatively high amplitude, generaied spike and slow-wave ictal
morphology. Note the very apparent ictal saw-toottpattern in the aEEG. (Figure
adapted from Rennie et al. 2008).

which have no clinical symptoms. Such events aréqularly common in
neonates after the administration of anti-epileptiedications (Scher et al.
2003). There are only two possible explanations é&ectro-clinical
dissociation; that the clinical symptoms are notfact associated with
seizures at all (i.e. the clinical symptoms areseauby some form of
brainstem release phenomena), or that the seizoregiestion are not
visible using EEG or the EEG recording is misintetpd. The most likely
explanation for the observation of electro-clinid&sociation is, of course,
a combination of both of these possibilities. Whimany clinically-
diagnosed neonatal seizures will have non-epileptigins (Mizrahi and
Kellaway 1987), there will also be cases wherertberonal hyper-activity
and hyper-synchrony that defines a seizure willpbesent and will cause
subtle clinical symptoms, but without being appéarena limited-channel
neonatal scalp EEG recording (Weiner et al. 199fhtoPand Giliberti
2001). This is to be expected given the limitatiamfsEEG discussed
previously, particularly in terms of sensitivity tdepth and neuronal

orientation and is not limited to neonates. Usimgasive depth electrodes
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and scalp EEG in a study of adult temporal lobdeppies, Lieb et al.
(1976) found that as little as 10 % of subclinisaizures are detectable by
scalp EEG.

1.1.3.4 Amplitude integrated EEG

In the 1960s Maynard and Prior (Maynard et al. J9%fught to develop a
method of simplifying EEG in order to produce aaheeasily interpreted,
reliable and simple method of monitoring neuromaction. The result was
a signal processing algorithm which takes the EE¢®nded over as few as
two electrodes and produces a trace which is viéigreint to a normal EEG
recording. This trace is designed to highlightrajes in the power content
of the EEG recording at particular frequencies, snkhown as amplitude-
integrated EEG (or aEEG). Originally aEEG was qened using
dedicated systems known as Cerebral Function Manitor CFMs), but
with the onset of digital EEG systems, the aEEGortlkym is now
commonly available in all clinical EEG software gages. The use of
aEEG is particularly common in neonatal monitoriag, it provides a
reasonable sensitivity and specificity in the olaagon of neonatal seizures
even when interpreted by the non-electrophysioto@iset et al. 2002). It
is known however that aEEG is often insensitivestmrt-duration, low
amplitude and focal seizure events (Rennie et@4® Figures 1.1.22 to
1.1.24 all include an aEEG trace at the top ofstiaedard EEG readout. In
figure 1.1.24 the classic ictal aEEG ‘saw-toothit@an is very apparent.
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1.1.4 Event Related Potentials
1.1.4.1 Event Related Potentials and functional processing research

In the study of functional processing in the healbrain it is usual that
experiments are designed so as to isolate theidumnof interest as far as
possible. This will almost always involve providim subject with a
particular stimulus which is known to invoke thett@al process of interest.
As the electroencephalogram represents a summatiah the underlying
electrical activity of the brain, the signal-to-seiratio of the activity
relating to any particular cortical process wilpigally be very low. It is
however possible to isolate and study a particatagnitive function by
time-locking the onset of the stimulus or taskhie EEG recording. Time-

locking in this way means that if the stimulusapeated many times the

Figure 1.1.25. A stereotypical adult visual-evokedesponse to a flash stimulus,
recorded over the occipital lobe. The stimulus octs at zero on the time axis, and the
average electro-cortical response consists of a weform with a variety of peaks and
troughs. These are usually defined by their polaty and the order in which they
occur, hence the labels N1, P1 etc. This waveforis plotted with the negative
downwards on the y-axis, which is contrary to ERP @anvention.
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recording can be block-averaged around the poirgtiofulus onset. This
allows any background EEG activity to be averagaetl aving only the
electro-cortical activity which is directly linketb the stimulus. This
stimulus-linked electro-cortical activity is knowas an event related
potential (ERP). Obtaining an ERP is one of thestmmommonly used
methods of studying cortical processing, and hahesed for decades to
study all aspects of brain function (Rugg and Cd®36, Luck 2005). An
example of an event related potential, in this daseesponse to a flash-

based visual stimulus is shown in figure 1.1.25.

1.1.4.2 Amplification and data processing

Although there is no conceptual difference betwaatiinical EEG system
and an ERP system, there are practical differenddany clinical EEG
systems, especially older versions, will have agamate of 500 Hz or less.
Such a sample rate is perfectly suitable for caistiirs EEG monitoring, and
systems with a lower sample rate are often sigmtily less expensive.
However, systems designed to perform ERP studesemuired to have a
much higher sample rate (usually 2000 Hz and abbeepuse of the fast,
transient nature of stimulus-related electro-cattiactivity. As ERP
systems are often solely designed for researchogasp they are often able
employ a high-density electrode array of the forrantioned in section

1.1.2, which are not commonly used in clinicalisgt.

An ERP study will typically consist of a large nuembof stimulus
repetitions. How many are necessary will dependheninitial signal-to-
noise ratio but it is common for the number of téjpas to be in the
hundreds. In order to process this data, ERP aodtwill usually allow
each trial to be inspected visually and rejected i§ deemed to contain
significant artifacts. The mean of the acceptedstcan then be calculated.
ERP software will also allow a variety of filteracdata handling methods
to be performed in order to remove noise and backgt trends and further

isolate the signal of interest.
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1.2 Near-Infrared Optical Imaging
1.2.1 Introduction to and Fundamentals of Biomedica | Optics

Near—infrared (NIR) optical imaging constitutes ewolution of the basic
principles of NIR spectroscopy (NIRS), a method akhiwas first
demonstrated over 30 years ago (Jobsis 1977).s thus important to
discuss NIRS before moving on to the details of MNiRical imaging.
NIRS uses changes in the intensity of diffuselyttecad NIR light at two or
more wavelengths over a volume of tissue to caleudhanges in the optical
properties of that tissue. These variations incapproperties are the result
of a change in the concentration of certain optiedisorbers (or
chromophores) within the tissue, and using relatisenple models of light
transport and certain assumptions, it is possilde calculate these
concentration changes. The most physiologicaligresting chromophores
in human tissue include oxy-haemoglobin (HhOdeoxy-haemoglobin
(HHb) and cytochrome oxidase. Haemoglobin is rasjide for
transportation of oxygen around the Dbloodstream asda result a
measurement of changes in concentrations of itgenated and reduced
state can provide us with information about loealisissue oxygenation. A
change in haemoglobin concentrations implies tmaidcal oxygen demand
has changed and this has particular implicationenvstudying the brain
and how regional cerebral blood flow is related ttee activity of

surrounding neurons.

NIRS can be performed with one detector and a phico-located NIR
sources (which constitute a single channel) coupletthe body via optical
fibres. The sample rate of a NIRS system is omhytéd by the efficiency of
the optical detectors, and as a result most NIRSeBy have a high
temporal resolution, typically around 10Hz (ObrigdaVillringer 2003).
However, as most NIRS systems employ only a vergllsmumber of

channels, their spatial resolution is limited tawing broadly which area
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of tissue they are applied to, be it a particularsate or a loosely defined

area of the cerebral cortex.

Near-infrared imaging techniques go beyond thistéition by using many
source-detector pairs and intricate reconstructi@thods to produce 2D
and 3D images of changes in chromophore concemttatiMany NIR

imaging systems can provide an optimal resolutiomgarable to that of
functional Magnetic Resonance Imaging (fMRI), buthvthe advantages of

low cost, easy applicability and the potential éodmployed at the bedside.

1.2.1.1 Optical properties of tissue

Biological tissue is an inhomogeneous and anisatropedium made up of
many different structures and substances. Asutrélse manner in which
light interacts with bulk tissue is remarkably cdicgted. At a fundamental
level however, it can be simplified into a combiaatof two possible types

of interaction: absorption and scattering.

Absorption is the process by which the energy platon is taken up by the
medium in which it is travelling, typically by artoaic electron, and as
such the photon will cease to exist. When tranersi purely absorbing (i.e.
non-scattering) medium, the ratio of the intensifylight out () to the

intensity of light in (o) is given by the Lambert-Bouger law:

(1.2.1)
where x is the distance traversed through the medium (@bpécal
pathlength) and 5( ) is the absorption coefficient of the medium aiven
wavelength (). The absorption coefficient is a measure ofghebability
of a photon being absorbed per unit length, andhés product of the
concentration of the absorbing substance and trexifgp absorption

coefficient of that substance. If the medium csissbf several different
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absorbing substances, each with their own absorptioefficient and
concentration, the total absorption coefficientl ¢ a linear sum of the

individual absorption coefficients, such that:

(1.2.2)
Where k( )is the specific absorption coefficient (at wavekng and g is
the concentration, of the"nsubstance. Biological tissue obviously does
consist of many different optically absorbing sabses, and in bulk tissue
the most dominant of these chromophores are wiagemoglobins, lipids,

melanin and cytochrome oxidase.

Water and haemoglobins are present in very higlcexmations in the
human body and as a result it is their absorptpmtisa which dominate the
absorption characteristics of bulk tissue. Theogtison spectrum of water
exhibits a marked increase in absorption of lighwavelengths greater than
approximately 900 nm. Similarly, haemoglobins abswery strongly at
wavelengths below around 600 nm. It is the preseofcthis absorption
‘window’ between 600 and 900 nm which allows NIBhli to be used to
interrogate human tissue. Figure 1.2.1 shows Hseration spectrum of
water from 600 to 1000 nm whilst figure 1.2.2 shdtes absorption spectra
of oxy-haemoglobin (Hbg) and its reduced equivalent deoxy-haemoglobin
(HHb) over the range 650 to 1000 nm. It is worttimg the significant
difference in the absorption spectra of Hb&hd HHb. Their difference
over the visible region of the electromagnetic spex (particularly around
400 nm, the blue end of visible) is the reason wiyl oxygenated, arterial
blood is typically a much brighter colour red tHasser-oxygenated venous
blood. The differences in these spectra over tiierdnge are fundamental
to all NIR biomedical techniques, and will be dissed in greater detail in

section 3.1.2.
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Figure 1.2.1. The absorption spectrum of water. dapted from Matcher et al. 1995.

(nm)

Figure 1.2.2. The specific absorption spectra ofxg and deoxy-haemoglobin over the
NIR range. (Matcher et al. 1995).
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Lipids (which include fats, oils, cholesterols gtare generally highly
concentrated in tissue, but concentration varieskeady with tissue type.

In a similar way to water, lipids also exhibit aihdow’ of relatively low
absorption around the NIR range. Melanin is aginopresent in the upper
surfaces of human skin and is a very efficient disoof ultra-violet light.
It is also a significant absorber over the NIR mnfut is present in

relatively low concentrations.

Cytochrome oxidase (CtOx) is the last enzyme inrdspiratory electron
transport chain, and is a fundamental element lidlae metabolism. It is
responsible for the reduction of molecular oxygeanverting it to two
molecules of water. It is in this manner that ¥ast majority of oxygen is
used up in biological tissue. The concentratio@tx in tissue is, at most,
a tenth that of haemoglobin and as a result CtG®xahlatively small affect
on the total absorption coefficient of tissueislimentioned here because of
the potentially valuable physiological informatiauhich can be obtained by
measuring variations in concentration of differ€mDx states. The relative
quantities of CtOx in a reduced or oxidised staia provide an indirect
measure of the metabolic demand of a region ofi¢gissBecause the total
concentration of cytochrome oxidase does not vaiythe difference in the
absorption coefficient of reduced and oxidised Cufihich is relevant to
spectroscopic measurements. However, as the doaten of CtOx is so
low in comparison to haemoglobin, its contributit@ variations in
absorption coefficient is negligible compared tattbf HbQ and HHb and

is commonly neglected in NIRS measurements.

The second fundamental way in which light can sxterwith matter is
through a scattering process. Scattering is thergéterm used to describe
a variety of light-matter interactions which maintahe existence of the
incoming photon but which may alter its directidrtravel or (in the case of
inelastic scattering) the photon’s energy. Sciieis by far the most

dominant light-matter interaction in biologicaldige at optical wavelengths,
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and as virtually all of these are elastic inte@tdi inelastic scattering is

generally neglected in biomedical optics.

The scattering coefficient, ( ) represents the probability that a photon will
undergo a scattering event, per unit length of omadi In the same way that
the absorption coefficiem a product of an intrinsic property of a subséanc
and the concentration of that substancejs a product of the scattering
cross section of a particle (which is a measurehef likelihood of that
particle causing scattering event) and the numbasity of those particles.
Scattering of NIR light in bulk tissue tends to ocreferentially in the
forward direction, that is, the initial directionf ehe incident photon.
However, as scattering is so dominant, NIR photeifislose their original
directionality after traversing only a few millimres of tissue and the light
can therefore be assumed to be isotropically disted. This assumption is
fundamental to the light-transport model based twn diffusion equation
which is discussed in section 1.2.3.1. This modeuires the definition of
the reduced scattering coefficient ), which is a product of and a factor
pertaining to the anisotropy of tissue scatterinhe reduced scattering
coefficient represents the number isbtropic scattering events, per unit

length.

The effect of scattering in biomedical optics iptevent incident light from
taking the direct path through a medium. Insteaghoton will travel a
random path, from one scattering event to the né&is means that the
chance of any given photon being absorbed will mogér be a simple
function of the thickness of the mediur).( A photon undergoing a greater
number of scatters will (on average) have to travejreater distance to
traverse the medium, and will therefore have atgreahance of being

absorbed.

In order to model the attenuation of light transedtthrough an absorbing

and scattering medium, it is necessary to includector that accounts for
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those photons which are rendered undetectable img lszattering away
from the detector and to replace the optical patilex with a function that
accounts for the increase in average pathlengthtduscattering events.

This approach leads us to what is known as the fraddBeer-Lambert law:

(1.2.3)
In the above equatio® represents the loss of intensity due to scattered
photons which do not reach the detector Bnid known as the differential
pathlength factor (DPF). The DPF is dependent upeneduced scattering
coefficient (), the absorption coefficient () and the geometry of
source and detector. The modified Beer-Lambertiaprobably the most
important equation in biomedical optics and it a#ous to calculate several

physiologically important characteristics.

1.2.1.2 What does NIRS measure?

The modified Beer-Lambert law provides us with atlmod of calculating

the absorption coefficient of a medium given theoant of light lost

through it, the DPF and the geometrical |dSs, The intensity loss due to
scatter and the geometry of the set-G) i§ very difficult to calculate and
as a result, the measurement of absolute values(gfbecomes impossible
in simple NIRS arrangements. This problem is bgspd by recording
changedn the attenuation of NIR light over the mediumclis that between

state 1 and state 2 the change in attenuation is:

$&

e 1 R 1 B e ()

(1.2.4)
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Note that G has been eliminated and only the pitodlithe DPF and the
optical pathlength is still required in order thliae change in absorption
coefficient can be calculated from measurementshahge in attenuation.
The product of the DPF and optical pathlength dturtss the average path-
length travelled by photons within the mediumw# can measure the mean
time taken by photons to traverse the medium andkwosv the medium’s
refractive index, we can calculate the DPF. Thiperformed continuously
in certain frequency-domain NIRS systems (see BR.2ZThe DPF can also
be approximated given knowledge of the optical progs of the medium
(Arridge et al. 1992). In simple applications ofRE, the DPF is often taken
as a fixed, constant value, which will be basedmvious measurements

most suited to the tissue and subject being studied

As mentioned in section 3.1.1, there are many agiexhromophores in
biological tissue, but only those which vary in centration over the
timescale of an experiment will contribute to, and it is these which are of
physiological interest. Of the five major chromopés listed in section
3.1.1, water, lipids and melanin can be safely meslito remain constant
during any normal experiment. This leaves conegioin changes of oxy
and de-oxy haemoglobin and cytochrome oxidase dwige any measured

variation in absorption coefficient.

Equation 1.2.4 allows us to calculate the changgbsorption coefficient at
a single wavelength given the variation in optiedtenuation at that
wavelength. Given equation 1.2.2 and the assumptioentioned above,
by measuring at two wavelengths simultaneouslyg passible to calculate

the concentration change in Hp@nd that of HHb via the simultaneous

equations:
+ e s r&) Jos L- &) o
.8 - o8 o) wos L-u .s) g
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where pup( ) and ppo2 () are the extinction coefficients of respective
chromophores at the relevant wavelength awdy, and chpo2 are the
relevant changes in concentration of each chromm@phoThe standard
method for performing NIRS is therefore to meastime changes in
attenuation of two wavelengths of light over theneavolume of tissue, and
concentration changes are then calculated by gpti@ equations 3.5. By
adding a third wavelength it is possible to measwegiations in

concentration of three chromophores; HpBHb and CtOx.

1.2.1.3 Functional NIRS and the origin of the signal

Because of the manner in which NIRS is limited bserving changes in
chromophore concentration, NIRS is most readilyliadpin experiments
where a change in chromphore concentration is ieddky the application
of a stimulus. The increase in electro-chemicalivilg of neurons
associated with the performance of a cognitive testessitates an increase
in the rate of energy consumption within those near Whilst the details
of cellular energetics are too complex to be disedshere, they can be
summarised in that cellular respiration is undezitai order to produce the
energy-rich molecule adenosine-tri-phosphate (oPAWhich is used to
power almost all cellular processes. Repeatedomaliffiring requires the
continual re-polarisation of the cell back to iessting state potential, a
process which requires ATP to power the activespantation of charged
ions across the cellular membrane. Ultimately,mesiance of an increased
rate of neuronal firing requires an increase inut@l respiration, a process
which is fuelled by both oxygen and glucose. Thisréase in metabolic
demand is met by a response from the localised ulatsice, via an
interaction which is broadly known as neurovascwaupling. Capillary
dilation results in a localised increase in cerebtaod flow (CBF). (See
Buxton et al. 1998 for a discussion of the assediabiomechanical
parameters). As NIRS is able to resolve changdhdnconcentrations of
oxy and deoxy-haemoglobin, it is the balance betwie rate at which

oxygen is consumed from the blood (known as thelrat metabolic rate
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of oxygen, CMRQ®) and the rate at which oxygenated blood is flowintg
a region of the brain which dictates the scale fmmch of the functional
NIRS signal.

Naively one would expect an increase in functiceaivity of a localised
group of neurons to result in a localised decreasexyhaemoglobin and
increase in deoxy-haemoglobin concentrations becatian increase in the
rate at which oxygen is extracted from the blooth fact, the classic
functional NIRS response is the result of a dee@asleoxy-haemoglobin
and an increase in oxyhaemoglobin concentratiohis & due to the fact
that the change in CMRQand the responding change in CBF are poorly
balanced. In a seminal PET study in 1986, FoxRaithle found that the
ratio of the increase in CBF to the increase in @d4Ras approximately 6
for a somatosensory stimulation task, which reprssea massive
overcompensation in cerebral perfusion. Thouglk figure is still the
subject of fierce debate (Tak et al. 2010, Hogs.€2005, Boas et al. 2003),
functional changes in neuronal activity do resulan over-compensation in
local CBF, and this is the basis for the mappindgusictional activation
using fMRI and NIR optical techniques. The cladsiuctional response as
recorded by NIRS therefore consists of a localisedro-molar scale
increase in Hb® concentration, accompanied by a (somewhat more

variable, and smaller) decrease in HHb concentratio

The haemodynamic response to functional stimulatsornypically quite

slow, beginning no sooner that 3 seconds afteotiset of stimulation and
usually reaching its peak within 20 seconds of ghirs onset (Obrig and
Villringer 2003). Time-courses, scale, and tharfasf the haemodynamic
response will vary for different stimuli, stimuliudation, subject group,
subject age and for different regions of the brhirt, a example of a classic

functional haemodynamic response is shown in figu2e3.
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Figure 1.2.3. A classic NIRS functional activatiordata set in response to a visual
stimulus in an adult (Meek et al. 1995). The gregox specifies the period of stimulus.
Note how the increase in oxyhaemoglobin is accompad by a decrease in
deoxyhaemoglobin concentration.

Although the classical functional haemodynamic oese observed by NIR
methods has a time course of the order of secémdgyer ten years there
have been reports of a resolvable fast opticaloesp with a time course of
the order of milliseconds. The depolarization @urons is known to
produce a change in optical attenuation, which alebbed to be due to
changes in optical scatter. This has been shovamgle neurons ex-vivo
(Cohen et al. 1972) and in animal studies in viRedtor et al. 1997). It is
therefore possible that NIRS could not only measeeslow’ signal due to
the vascular response to neuronal activation, Isotthe ‘fast’ signal due to
increased activity in the neurons themselves, wittemporal resolution
analogous to that of EEG. This would render NIR®raarkably exquisite
methodology for non-invasive study of neurovascelaupling in humans.
It would also negate many of the reasons for pangsaicombined EEG and

NIR system. Gratton and co-workers have repeategigrted successfully
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eliciting and recording such fast optical responf@satton et al. 1997,

2006) though how reproducible and robust theseoresgs are remains an
issue of controversy; several experiments havedan reproduce Gratton’s
results and upper-limit estimates of the expeciee sf such a fast optical

signal have suggested it to be several orders @niuale smaller than

reported (Obrig and Villringer 2003, Franceschimil 8oas 2004).
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1.2.2 Types of NIR Instrumentation
1.2.2.1 Spectroscopy, topography and tomography

There are several ways in which the various NIRhtéges and
instrumentation can be classified. The most génerie division of NIR
techniques into three types; spectroscopy, optmabgraphy and optical
tomography. This division is based upon a comhamatif factors, including
how a system is applied to the body, whether tlstesy is designed to
produce images and whether measurements of thariission of NIR light

as well as measurements of diffusely-reflectedt lagie obtained.

NIRS has already been described in detail, andiiegothe use of as little
as one source-detector pair to probe a regiorssfi¢i. Optical topography
will typically employ an approximately planar arragf sources and
detectors, so that measurements of diffusely reftedNIR light allow the

haemodynamics of the area of superficial tissuectly under the array to
be observed. It is important to note the subtiirdition between optical
topography and multi-channel NIRS, which is thaticg topography will,

by definition, result in the production of a topaghic map of changes in
chromophore concentration, whereas multi-channBINis simply a series

of spectroscopic measurements (Gibson et al. 2005).

Optical tomography will also use an array of sosremd detectors, but
arranged so that a transverse slice or full thiseedsional (3D) image can
be generated (Arridge et al. 2000a). This is gudgsible if a number of
sources and detectors are positioned roughly ofgpose another, so as to
record transmission of NIR across the whole thisknef tissue. This is
necessary in order that measurements are sengitichanges in optical
properties of the deepest volumes of tissue. @ptiamography will

usually employ sources and detectors arrangedimgaa series of rings or

so as to cover the whole surface of the head. |&ttex arrangement can
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Figure 1.2.4. An illustration of the fundamental dfferences in application of (from
left to right) NIRS, optical topography and optical tomography. (Figure courtesy of
J C Hebden).

allow whole-head, 3D images of haemodynamics arghenation to be
produced. Figure 1.2.4 illustrates the differengespplication between
NIRS, optical topography and optical tomography.islworth noting that
despite its name, optical topography will inhergnitontain some
information about the depth of any chromophore eatration change, and
certain optical topography systems are able to th&e information to

produce 3D images, albeit of a limited depth.

It is also important to mention, that there is answhat varied use of
defining nomenclature across the NIR communityfu3i# optical imaging
(DOI) is a general term which encompasses all aptioaging techniques
for which scattering is the dominant photon-maimgeraction, though it is
typically applied (mostly in the USA) to mean eitlugptical topography or
tomography. Certain groups do not distinguish leetwtopography and
tomography at all, and often refer to planar imggerrangements as

tomographic.

There are several classes of NIR instrumentatioiciwlre categorised by

the manner in which they emit and detect NIR lighmd by the way
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information is obtained from the light that is de&l. These are defined

below.
1.2.2.2 Continuous wave systems

Continuous wave (or CW) systems employ sources lwbiit light at a
constant intensity, to allow variations in attemoratof this light to be
recorded. These measurements allow chromophoreectation changes
to be calculated using either the modified Beer-harhlaw (in the case of
CW NIRS), or by comparing attenuation measuremenmith more
sophisticated models of light transport (in theecagimaging applications,
see section 1.2.3). CW systems are the simplestearst expensive of all
NIR systems but allow a remarkable amount of phygioal information to
be obtained. The majority of commercial NIRS systeare CW, as are

many optical topography systems.

Continuous wave optical topography systems requidtiple source-
detector pairs, and while the detectors tend tmrcecontinuously, the
sources will either be illuminated in sequence dlt be illuminated in
parallel but with each intensity-modulated at dedént frequency (Gibson
et al. 2005). Intensity modulation in this fashiliows each source to be
isolated using a Fourier transform of the deteatéehsity, or by using an
arrangement of lock-in amplifiers. CW optical tgpaphy systems have
been extensively applied to studies of haemodynaimmges in superficial

tissues, especially the upper cortical surfacéefarain.

As mentioned previously, CW optical topography eyst probe superficial
tissues by measuring diffusely back-scattered .light such they usually
employ relatively small source-detector separatidssthe intensity of light
successfully travelling from source to detectoroasra region of tissue
decreases exponentially with source-detector se@parathese small
separations mean the intensity of light incidentaatdetector will be

relatively high. This reduces the necessary sigmtalgration time at the
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detectors which will increase the possible sampte of the system. CW
optical topography systems typically have a samgie of around 10Hz, but
50Hz has been demonstrated (Franceschini et a8)200

Continuous wave methods have also been appliegticab tomography
(Schmitz et al. 2002, 2005). As optical tomograpguires the use of large
source-detector separations (to provide sensitiatthe deepest regions of
the tissue) the intensity of light which reacheshedetector will typically be
extremely low. This necessitates integration af thcident light over
several seconds in order to provide an adequatelsiglhis process will

limit the acquisition speed of such a system.

Continuous wave systems have the advantage of ls#ngle, versatile,
inexpensive and able to provide a good temporaluésn. However they
have two fundamental disadvantages. The firdhas they tend to be very
sensitive to the changes in the coupling of a soorcdetector fibre to the
scalp. Variation of the force with which a fibsepressed to the skin affects
the intensity measurements significantly, as canpfresence of hair. As
with many of the inherent problems associated wit&@W measurement,
this problem is negated by assuming that such ptiepe remain
approximately constant during a given experimeut \&ifl not contribute to

any short-term change in optical properties ofititerrogated tissue.

The second fundamental issue is that for a suitblif acquisition time,
measurements of intensity are only sensitive taoregdirectly below a
source-detector pair, as defined by the photon areasent density function
(PMDF) (Arridge 1995). The PMDF constitutes a #icBmensional model
of the probability that a detectable photon (i.ee avhich terminates at the
detector) traverses a given optical path. Photeasurement density
functions have been produced for models of thepsakiull, cerebo-spinal
fluid and brain of varying complexity (Schweigerdafrridge 1999). These

models provide us with an accurate assessmeneddthpe and size of the
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volume of the cerebral cortex that a given sourtector pair applied to the
scalp is able to sample. Although it varies dejpendn the instrument and
the optical properties of the target tissues, aegdrexperimental rule-of-
thumb is that a source-detector pair separated tigtance d will only be

sensitive to a depth of approximately d/2 (Arridg®5).

The amount of light which can be coupled into tb&ls is limited for safety
reasons, and most NIR systems maintain an outpensity below that of
the eye safety limit (10 W/hfor NIR wavelengths in continuous operation
(British Standard EN 60825-1:2007)). Continuousvevasystems are
usually designed to enable a relatively high samale (10 Hz or above).
This limits the integration time (and therefore homany photons are
available) for each measurement to be performele maximum source-
detector separation which can be achieved is therelimited by the
sensitivity (and ultimately, the cost) of the détecapparatus. There have
been some recent advances made in the separaticerefiral functional
activation with systemic changes of haemoglobin ceatrations in
superficial tissues (i.e. the scalp) using soureeecor separations which
deliberately only sample those superficial tissygeff et al. 2007).
However, the majority of continuous wave systemi typically operate
with source detector separations of between 154&naim, large enough to
have a good chance of sampling brain tissue, batl #nough to allow a

suitable amount of light to be detected.

1.2.2.3 Frequency domain systems

If intensity-modulated light is used to interrogdigsue, it is possible to
measure not only attenuation of this light, but dpmparison with the
source modulation we can measure the change ireptfathe modulated
light at the detector. This principle is illustdtin figure 1.2.5. Adding this
measurement of phase shift has the significantradga of allowing the
actual optical pathlength (the product of the DIRE aissue thickness see

equation 1.2.3) to be measured continuously. ift@ans that estimates of
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Figure 1.2.5. A representation of a frequency donia NIRS measurement. Both the
drop in intensity and the change in phase of diffusly reflected, frequency-modulated
NIR light are measured. (Figure courtesy of J C Heden).

the optical pathlength based on the source-deteefmaration and estimates
of the DPF need not be used, and this removesn#isaqnt source of error
from measurements of absorption coefficient. Bysueing phase shift it is
also possible for the effects of absorption andtedag to be separated,
which is not possible for CW systems. By companngasurements of
attenuation and phase with predictions of suitatdelels of light transport
in tissue, the absorption and scattering coefftsiecan be calculated.
Frequency domain systems have been designed torpeNIRS, optical
topography and optical tomography (Chance et &8 1%ranceschini et al.
2000, Culver et al. 2003).

1.2.2.4 Time domain systems

Time domain systems are the most sophisticated IBf $ystems as they
involve the measurement of the time taken for iiehligl photons to traverse
a volume of tissue. This is achieved by illumingtthe tissue with a short
duration (a few picoseconds) pulse of NIR light aneasuring the time of
flight of the emerging photons using very sensitatectors. On emerging
from the tissue, the NIR pulse will have broadeimeduration, from a few

picoseconds to several nanoseconds, because efféw of scattering on

the path of the photons. This broadened pulsegmporal point spread
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function, TPSF) represents a histogram of the taken for each photon to

travel from source to detector (Hebden and Del®4)9

The information contained within a TPSF will alwalge greater than a
single wavelength measurement of attenuation arabeplas obtained by
frequency domain systems. The integration of tHRSH provides an
intensity measurement equivalent to a CW measuremadrile the Fourier

transform of the TPSF provides a continuous spectofi amplitude and

phase shift data, each point of which is equivatena single frequency
domain measurement. As with frequency domain systebsorption and
scattering components can be independently caémilatsing a Beer-
Lambert approach or a more sophisticated approamh ifnaging

applications (see section 1.2.3). Figure 1.2.6stthtes how changes in

optical properties of a volume of tissue will atféite associated TPSF.

Figure 1.2.6. A summary of how the optical charaetistics of tissue affect the TPSF
recorded in time-domain imaging systems. (Figureaurtesy of J C Hebden).
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1.2.3 Photon Transport and Image Reconstruction

Producing 2D and 3D images of changes in chromapleoncentrations
from measurements of the TPSF, attenuation ancepstaf or solely from
attenuation is a very challenging mathematical fgmob(Arridge 1999). At
x-ray wavelengths, the effect of scattering inuesss minimal, and as a
result, the path taken between source and detemtobe well approximated
to a straight line. As a result, the reconstructid 3D images in x-ray
computed tomography is a relatively straight-fodvamathematical
problem. This is not the case in NIR imaging beeascattering is
dominant, and the propagation of light certainlpmat be approximated to
a straight line. Instead, the first stage of gdtimage reconstruction is to
provide a model of how photons will travel throughvolume of tissue.
This model can then be used to calculate the ldigtan of light throughout
a given volume of tissue, which will allow measussns to be simulated
for a given arrangement of sources and detectdrle prediction of a
measurement from a model of intrinsic propertiethis manner is known
as theforward problem In solving the forward problem in NIR imaging, a
sensitivity matrix is produced that relates theiggbtproperties of a volume
of tissue to the resulting measurement at the serf&alculating the optical
properties of a volume of tissue given an arrayn#fasurements at the
surface constitutes anverse problemand solving this is the third and final

stage of optical image reconstruction.

1.2.3.1 Modelling light transport in tissue

A complete description of light propagation througimedium is provided
by the radiative transport equation (RTE) which hasn successfully used
to model the transport of a variety of particlesotigh a variety of media.
The RTE is a conservation equation. It statestti@trate of change of the
number of photons (travelling in a given directiaha given time, per unit
volume) is equal to the rate of gain of photonavgtling in a given

direction, at a given time, per unit volume), minke rate of loss of photons
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(travelling in a given direction, at a given timger unit volume). The
mechanisms by which photons are gained are themresof a source and
the scattering of photons, whilst the mechanismesd are absorption and

scattering. The time-domain RTE is shown below:

222 16891 , <=> <7685
45 s

< @AG2B> <?683BB 1C <7685

(1.2.6)
In equation 1.2.6D E£? F? 6 the number of photons per unit volume which
are travelling from point in directionfFat time t, .. 1 as defined
in section 1.2.1A 68@® is the scattering phase function, which is the
probability of a photon scattering from directi@to direction® , C <? 685
is representative of a light source aH the speed of light in a vacuum
(Arridge et al. 1999). In order to calculate thestwbution of light
throughout a large 3D volume, the RTE is unsuitabbmputationally
expensive (Aydin et al. 2002). As a result, sifiqditions of equation 1.2.6
are often applied to optical image reconstructioBy expanding theF~
dependent elements of equation 1.2.6 in spher@ahdnics and taking a
first-order approximation, and then by approximgtifurther using the
assumptions that all sources are isotropic andophitix varies slowly, we
can obtain the diffusion approximation to the RTdsqg known as the

diffusion equation);

34K <?5
7 <IK <?51 K <?51 T C <?5

(1.2.7)
Here,K <?5is the photon density andl is the diffusion coefficient such

thatd &L M. The diffusion equation is the most widely useaded
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of light transport in tissue for optical imagingpdipations. Its fundamental
assumption, that NIR light travels diffusely, islidafor media in which

@) which is generally true in bulk tissue. Howewiis assumption
can breakdown near sources, at internal or extdroahdaries, in tissue
which is particularly anisotropic and in regions particularly high
absorption or low scatter. It is worth noting thiaére are several other
approaches to the modelling of light transporisaue and perhaps the most
important of these is statistical modelling of midual photon paths using
Monte Carlo simulation. Monte Carlo simulatioroiéen used in situations
where the diffusion equation is not valid and alijlo it produces arguably
the best possible model of light transport in tssits computational
expense makes it impractical for experimental im@genstruction (Boas et
al. 2002).

1.2.3.2 The forward and inverse problems and image reconstruction

The next step towards optical image reconstrudsoto use the diffusion
equation to calculate the light field in a giverlwoe of tissue for a given
arrangement of sources and detectors, allowingysrdduce a simulated
set of measurements. This constitutes solvingdheard problem(Gibson

et al. 2005). In order to solve the forward problé is necessary to
determine the forward operatd?, which relates the internal optical
properties of our given volumé)(to a simulated set of measuremeng, (

The forward problem can therefore be describehbyetjuation:

Q P(
(1.2.8)
Despite the simplification of the RTE into the ds#fon equation, producing
a model of light distribution in a 3D volume is Istmathematically
challenging. It has been shown that there areytcal solutions to the
forward problem using Green’s functions (Boas etl8B4) but in order to

model complex geometries it is usually necessaryuse numerical
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modelling techniques, most commonly a finite eletmaethod (Arridge et
al. 2000b).

The finite element method (FEM) involves the prashrcof a mesh, which
separates the interrogated volume into a finite memof elements. FEM is
used to solve partial differential equations ovemplex geometries by
estimating, in our case, the photon density atres®f points throughout
the volume, points which correspond to the nodeghef finite element
mesh. Producing a mesh suitable for modellingrapdex, inhomogeneous
volume whilst minimising computational expense fis itself a difficult
problem, and one which is the subject of activeassh (Schweiger et al.
2003, Elisee et al. 2010).

The FEM solution to the diffusion equation resutisthe production of a
sensitivity matrix which is a discrete approximatido the continuous
forward operatoP ( . Using this approximation, we can perform thelfin
stage of optical image reconstruction by findingadution to theinverse

problem

Equation 1.2.8 shows how the forward problem ctutsts calculating a
simulated set of dat&)( given knowledge of the internal optical propestie
of our volume (). In order to reconstruct an image it is necessar
calculate the internal optical properties giveneasured set of data, i.e. the

inverse of equation 1.2.8;

( P &%Q.
(1.2.9)
The inversion of the forward operat®@ris a non-linear problem, but it can
be linearised if we are able to assume that thieadgiropertieg are close
to the initial estimaté (which was an input to the forward problem ) and
that measured dat@are similar to the simulated data §et(which comes

from the solution of the forward problem). Suchamsumption is typically
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valid when the aim is to produce an image of tHéeince between two
states, i.e. when measurements are taken beforaf@mch small change in
optical properties occurs. This is commonly theec&hen performing NIR
imaging of functional activation. Given this asgition, we can use a

Taylor series to expand equation 1.2.8 aljout

Q Q1P ( (( 1P ( (( *1R

(1.2.10)
P andP Sare the first and second order Fréchet derivatfe®, Fréchet
derivatives being a form of linear integral operaithese derivatives can in
general be represented respectively by the Jacdfjiaand Hessianl)
matrices of the forward operator. The Jacobiatalsulated by solving the
forward problem, and is the approximation to theviard operator which is
calculated using the finite element method desdréi®ve.

If we neglect the higher terms of the expansioregquation 1.2.10 and
consider the changes in optical properjies( ( , and changes in our

datase)Q Q Q then equation 1.2.10 becomes linear:

)Q T)( .
(1.2.11)
The inverse problem now constitutes the inversibthe Jacobian matrix
which can be performed using standard matrix ingarsgechniques. The
most suitable is to introduce a Tikhonov reguldiasaparameter () into

the generalised Moore-Penrose inverse such that:

Y TVTYL # 4)Q
(1.2.12)
where | is the identity matrix (Gibson et al. 2005)his linear solution to
the inverse problem is known as linear image recooson. If the
assumption that we are reconstructing the differdnetween two similar

states is not valid, either because the changmitatge or because we wish
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to reconstruct absolute images of optical propgrtinen the inverse
problem cannot be linearised and the full non-kinpeoblem must be
solved. This is generally the case if the aimmtfcal imaging is to observe
an optical inhomogeneity, as in optical mammographyorms of static

brain imaging.

The non-linear image reconstruction problem dodashawe an analytical
solution and must be solved using numerical methodis generally
involves defining what's known as an objective fume, which represents
the difference between measured data and that afieauln solution of the
forward problem. The aim of non-linear image restarction is then to
minimise the objective function (Arridge 1999). ¢oftware package
developed at UCL (the time-resolved optical absorptand scatter
tomography (TOAST)) defines a finite element mesloider to discretely
model the diffusion approximation to the radiativansfer equation and
reconstructs images iteratively by adjusting theicap properties of the
finite element mesh to minimise the differencesweein modelled and
recorded data (Arridge et al. 2000a, Schwieget. 083)

1.2.3.3 Optimisation of Image Reconstruction

When performing optical topography of functionafiation, the functional

response constitutes a small perturbation to théngeoptical properties of
the system. Linear image reconstruction is theeefine most suitable
imaging approach (Gibson et al. 2005). A carefydbrformed optical

image reconstruction is the only way to extractla available information
from a multi-channelled NIR recording, however ttemplexity of the

mathematical problem of image reconstruction wikays result in certain
limitations. These include a propensity to prodactfacts (particularly
close to the source and detector array (Stott.2(13) and limits to the
optimum resolution. One particular issue with #inédmage reconstruction

is a tendency to inaccurately reconstruct the stchéechange in absorption,
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often producing an under-estimate (Boas 1997). eMes of linearly

reconstructed images of functional activation d@s in figure 1.2.7.

All image reconstruction methods are constrainedhiir accuracy by
(among other things) the design of the sensing/are the arrangement of
sources and detectors attached to the scalp. slgrdeg an array, the aim is
always to maximise the number of detectable photwhih traverse a
given volume of sample tissue, i.e. to maximise #wume sampling

density (Boas et al. 2004, Dehgani et al. 2009 r&hl array design can

produce completely homogenous sampling, but a pa@digned array will

Figure 1.2.7. An example of linearly reconstructedmages of functional activation
taken from Zeff et al. 2007. A high-density optial imaging array over the visual
cortex (a) is used to image functional activation we to a rotating, reversing
checkerboard stimulus (b). The resulting reconstrated changes in oxyhaemoglobin
concentration (which are normalised to each figurethe peak changes are 0.34, 0.60,
0.45 and 0.32 uM respectively) are shown (c). Thegh density of this imaging array
resulted in images which are generally considerecbtbe the best example of optical
topography of functional activation yet produced, ad as such represent a current
upper limit of the quality of diffuse optical images.
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produce significantly distorted reconstructed insagén practice there are
several rules which must be adhered to in ordem&ximise an array’s
suitability for image reconstruction. These rulg8 often, in practice, be
mutually incompatible, and it therefore becomesessary to prioritise
depending on the aim of the experiment in questidrhese rules were
compiled by the author during the course of thiskvand are as follows:
First, the number of source-detector pairs (cha)r@ér unit surface area
should be maximised. Second, these channels sheulitranged so that
their sampled volumes overlap; the number of chisns@mpling a given
volume of tissue should be maximised. Third, thenctels sampling a given
volume of tissue should have as large a varietysobirce-detector
separations as possible, so as to maximise thee rahgepths for which
meaningful images can be reconstructed. Theseadtiea optimisations
are then restricted by certain practical requiremand limitations, namely
that source-detector separations larger than 50amarunlikely to yield a
viable signal-to-noise ratio, the optical fibre bies which carry light to
and from the head are of a non-zero diameter, timber of sources and
detectors is limited by the optical instrument ahdt the array has to be

comfortable, relatively light and easy to apply.

[67]



1.3 Simultaneous EEG and NIR Techniques

1.3 Simultaneous EEG and NIR Techniques
1.3.1 Why Perform Simultaneous EEG and NIR Imaging?

The benefit of any multi-modality imaging system fsund in the

complementary information provided by each of tbestituent modalities.
For simultaneous EEG and NIR imaging, it is theurmatof the signals
which are observed and the differing spatial amdpieral characteristics of
these signals which make a dual-modality systenefi=al.

As described in the previous chapters, EEG prowedesasure of the group
activity of cortical neurons with a sub-millisecote&mporal resolution but a
severely limited spatial resolution. NIR technigwan observe the vascular
response to such neuronal activation with a googpteal resolution (10 Hz

or better) and an excellent spatial resolutiondpoally as good as ~5 mm

in all three dimensions).

Therefore, a combined system has several fundamadiantages. The
first is obvious, and it is that a dual-modalitysggm simply provides more
information about the brain. For example, obtainiag event-related
potential and a functional haemodynamic response to a givenustisn
inherently teaches us more about the brain’s peiegsf that stimulus.
The second advantage encompasses the fact tregtia observed by each
modality is fundamentally different, and this allwne to inform the other.
For example, a more meaningful event-related piatectould be obtained if
only those electrodes closest to the location efriauronal activation were
studied, and NIR optical imaging can provide tloaialisation. Conversely,
there are many clinical scenarios where cerebramioaynamics during
particular electroencephalographic events are pooriderstood, and a
combined system allows for EEG-informed optical gimg of those events
(for example, see Roche-Labarbe et al. 2007). $bétond advantage is
also a result of the fact that simultaneous EEG-B#R provide both good
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temporal and good spatial resolution, a quality alwhis important in

functional activation studies and is rare amongomaging techniques.

The third advantage of a combined EEG-NIR systerthas it allows the
relationship between neuronal activation (be itmatus related or
spontaneous) and the resulting macroscopic vasawsponse to be
explicitly studied in-vivo (the qualifier ‘macrosp@’ is used here to
explicitly express that EEG-NIR systems will onlyee be able to study the
neurovascular coupling relationship in bulk (i.e100 mni) brain tissue, as
opposed to methods which study the microscopicoresgs of individual
blood vessels to a localised change in neuronaladicin (for example see
Bouchard et al. 2008). The neuro-vascular couplmetationship is
incredibly important not just for direct clinicabasons but because the
assumption that an increase in cerebral blood fievea good proxy for
increased localised brain function is fundamentatite vast majority of
functional neuroimaging techniques (including fMRET, SPECT and NIR
techniques). Simultaneous EEG-NIR recording allowsodels of
macroscopic neurovascular coupling and neuronahiedism to be tested
in a simple and versatile fashion. Such experimédmve already been
performed using simultaneous EEG and NIR spectmpsdsee section
2.1.3). Variations in this relationship under eifnt circumstances can
potentially provide new information about healthgaib function and the
nature of certain brain disorders, and may provide with a better

understanding of the effects of certain drugs (Eeanhini et al. 2010).

The nature of these advantages, and the clinied a6 EEG, lead to three
specific applications: the study of functional wation, the study of
neurovascular coupling itself and the clinical stud the haemodynamics,
neurovascular coupling and localisation of epilepseizures. As this
technique is in its infancy, these applications agmquite general, and
much work is needed in order to identify how EEGQRNEchniques may

best be used to improve our knowledge of healthginbfunction and
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provide clinical benefit. A brief description ofdbe three applications is

provided in section 1.3.3.
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1.3.2 Simultaneity and Dual Modality Data Fusion

In the development of a dual-modality functionalaging system, it is
important to understand the advantages and distabes of fully
simultaneous dual-modality data acquisition in cangon to the sequential
application of each modality. Performing two nemaging techniques
simultaneously will always result in each data @sitjan process being less
than optimal. This can be the result of the twsteays interfering with one
another or can simply be because the applicatidwofimaging systems is
more challenging than the application of one. Teéwent to which
simultaneous recording is detrimental to the actpiis process must be
weighed against what can be gained from fully siendous data. Because
NIR and EEG systems do not interfere with one amtit is only the
additional difficulties of application and experintal design which are a

detriment to a simultaneous EEG-NIR imaging model.

Simultaneous acquisition clearly has the advantageallowing dual-
modality datasets to be obtained in a single reagrdession, but such an
arrangement is only inherently superior to seqaéwcquisition when the
physiological feature under investigation exhitsignificant inter-feature
variability, and where that variability is of sctdit interest. If the
characteristics of a given physiological feature mlat vary from one
instance to the next, then the data obtained frequential measurement is
completely equivalent to that of simultaneous meament. In such
circumstances simultaneous acquisition would bedlyous. In addition, if
the variability is not of scientific interest itéethen by recording a large
enough number of features and taken an averageyvahability can be
removed and, once again, sequential acquisitiol @ completely

equivalent to simultaneous acquisition.

A good example of a case where simultaneous atiguisis explicitly
desirable in a functional activation experimenthie study performed by

Obrig et al. (2002). In this study, it was theigdon caused by habituation
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effects, both within and across periods of visuiahglation, which was the
subject of investigation and necessitated fully udiemeous EEG-NIR

acquisition.

Simultaneous acquisition is also desirable when pugpose of the
neuroimaging study is to investigate a feature twhewell defined with
one modality but not with another, which is the ecas the EEG-NIR
imaging study of seizures (though simultaneous iatt@n is also necessary
in the study of seizures because of the signifiganability between seizure
events and because seizures are spontaneous aedliatgble). The use of
the EEG to define a seizure, and then investigatiteg haemodynamic
variations using simultaneously recorded NIR imggoonstitutes EEG-
informed NIR imaging, and is an example of an aswtnim data fusion
model. This purely temporal correlation approaeini¢h could equally
apply to NIR-informed EEG recording) is the simpldsrm of dual-

modality data fusion.

The spatial information present in each modalispgbresents a number of
other forms of asymmetric data fusion. The sintplesnsist of
arrangements which use the spatial information lavie in the first
modality in order to better target the second mibgdafor example, in
circumstances where the location of focal seizheege been approximated
by EEG and a NIR imaging system can be appliethieécatea of interest, as
performed by Gallagher et al. (2008). An extensibrhis approach is to
restrain the solutions of the inverse imaging peobbf one modality using
the spatial information provided by another. Ammple would be the use
of BOLD-fMRI clusters to restrain the solutions the EEG source
localisation problem in studies using EEG-fMRI (letial. 2006). Similar
approaches should be possible using an EEG-NIRiimgagethod.

The full, symmetrical integration of two differeninaging modalities

requires the inversion of a forward model which agrsulates the signal
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observed by both modalities, and how these sigam@iselated. In the case
of EEG-NIR imaging and EEG-fMRI, this requires atadled model of
neurovascular coupling mechanisms. The hierardidata fusion models
in the context of EEG-fMRI are reviewed by Vuillemet al. 2010.

As mentioned previously, the reasons why NIR tegphes have continued
to thrive, despite the prevalence of fMRI (portépjl cost, ease of

application, suitability to vulnerable subject gpsuand the significant
ability to resolve changes in particular chromosdwill also support the
use of EEG-NIR techniques in a field where EEG-fM&lcommonplace.

No discussion of the benefits of a combined NIR B&{ technique would

be therefore be complete without a brief discussibthe successes and
limitations of EEG-fMRI. This is included in seoti 1.3.5.
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1.3.3 Applications

1.3.3.1 Neurovascular coupling

The relationship between neuronal activity and thealised vascular

response is of incredible importance to functiobghin imaging. How

neuronal activation results in an increased meiald@mand and how this
in turn affects haemodynamics is a very complenassnd though various
models have been proposed, there are still mangcespvhich are poorly
understood (Sheth et al. 2004, Attwell and lade@fl02). High density,

simultaneous EEG and NIR imaging would allow thegse temporal and
spatial relationship between neuronal firing an@ thcalised vascular
response to be observed in-vivo in a manner sinastudies performed
with EEG-fMRI (see Arthurs et al. 2000), but witietimportant advantage
of being able to explicitly measure change in oxg @eoxyhaemoglobin

concentrations.

How neurovascular coupling is affected by certagtabolic, cognitive and
vascular disorders is also of great importancas known that vasodilation
can be affected by hypertension, diabetes and MAmETs disease
(D’Esposito et al. 2003, ladecola 2004). An untierding of alterations to
neurovascular coupling in such conditions couldeptally lead to new

methods of diagnosis and new methods of treatmrehtiasessment.

1.3.3.2 Functional activation

The use of ERP methods to study healthy brain foncts very well

established but does have severe limitations, quéatily in localisation of
functional activity. Although fMRI is rightly coimdered to be the gold
standard of functional image techniques (at leastterms of spatial
resolution), there are certain subject groups idarly children with

developmental disorders) which are not well suitedarge scale EEG-
fMRI studies. The spatial localisation provided &yombined EEG and

NIR imaging system would allow previous ERP studiede extended to
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specify exactly where in the brain certain procesae being performed, a
question which remains unanswered for many funatioprocesses,

particularly in infants.

There is also the important question of whetherrovascular coupling
itself varies with the type of functional activatio Neurovascular coupling
will vary with location in the brain because of t#ferences in cerebral
vasculature, but whether the response to a givaronal metabolic demand
varies with task and what this would tell us ablgin function is not yet

understood.

1.3.3.3 Epilepsy and seizures

As the study of epileptic disorders and seizurdhassingle most important
clinical application of EEG, it will also be a damaint application of any
combined EEG and NIR imaging system. The exact gésnin
haemodynamics related to seizure events are k#llsubject of active
research (see sections 1.3.3 and 1.3.4), and asard expect are variable
across subjects, age groups and seizure typeialRaizures (particularly in
the temporal lobes) have long been the subjec&df &#hd SPECT imaging
studies (Casse et al. 2002, la Fougeére et al. 2008¢h routinely show that
ictal events are associated with a localised irseran cerebral blood flow
and increased glucose uptake (hypermetabolism).mBgsuring the same
ictal increase in regional cerebral blood flow,ds&s have already shown
that NIR imaging can provide good quality seizuoeus localisation (see
section 1.3.3).

As well as the ability to localise partial seizuiecus, we hope that a
combined system will have several other signifida@mnefits. First, it will

provide a simple method of studying the haemodyoamassociated with
seizures, how they differ from those of functionativation and how they
vary with subject and what this could potentiallgan for diagnosis and

treatment. These applications are well alignedhimse of EEG-fMRI,
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though the Ilimited sensitivity of combined EEG-NI®chniques to
movement artifacts and their ability to appliedtts bed side may prove
significant, particularly in the study of ictal (agpposed to inter-ictal)

epileptic events and those which manifest themsetliaically.

Second we believe it is possible that a combinesdesy would provide a
greater rate of neonatal seizure diagnosis, p#atiguf simultaneous EEG
and whole-head optical tomography are performed.thls scenario the
whole volume of the brain could be interrogated ahhivould potentially
allow seizures originating in sub-cortical regiafshe brain (which would
likely be invisible to EEG) be observed and studiedhere is also
potentially an application of a combined systenagsess the suitability and
effectiveness of the medication prescribed to seipatients, and how such

medications affect cerebral haemodynamics.
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1.3.4 A Review of Previous Combined EEG and NIR Stu dies

There are already a good number of studies whicle l@aoked to take
advantage of the complementary information avadlabsing combined
EEG and NIR methods. These include examples froamyndifferent
research areas, including studies of visual codetivation, the relation
between background electrophysiological and haemeic activity and a

number of studies relating to epileptic seizureadalts and children.

Although in the following passage the most relewafrthese studies will be
described in terms of their research applicatibis worth noting that they
can also be arranged into three distinct categariegshe basis of their
protocol. There are those which use multi-charfieG with single-site

NIRS, those which have performed optical topographith a limited

arrangement of EEG electrodes and finally a limitesmber which have
used multi-channel NIRS and EEG arranged overdheesarea of the scalp.
At the time of writing and with the exception ofthvork presented here,
no-one has yet performed full clinical EEG and cgltiopography over the

same cortical area in either adults or infants.

The first NIRS system became commercially availalrle1986, with
smaller, more advanced and more popular versiongsgbeeleased
subsequently. As single-channel NIRS is easy pdyap conjunction with
EEG, many combined NIRS-EEG experiments have besforned. A
large proportion of combined EEG and NIR studiegehtocussed on the
diagnosis, treatment and understanding of epilegisorders. One of the
earliest of these was a pilot study of the use IBNin the lateralisation of
temporal lobe epilepsy (Steinhoff et al. 1996). ough there had been
earlier assessments of the use of NIRS in the stéidgizures, EEG had not
been performed simultaneously and seizures wegndsed using clinical
observation (Villringer et al. 1994). In a pregigal evaluation of two
patients suffering from intractable temporal lolpelepsy, Steinhoff et al.

concluded that NIRS had the potential to providsimple and effective
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method of lateralising the primary source of sessuin adults. This study
used single-site NIRS located on alternating siofethe frontal cortex to

observe a lateralised increase in oxygen saturaseaciated with seizures.

Between 1997 and 2000, Watanabe et al. successfmployed combined
EEG and multi-channel NIRS or optical topographg istudy of 28 patients
exhibiting partial seizures (Watanabe et al. 20B002). The ability of
combined scalp EEG and NIR techniques to correletigralise seizure
focus were compared to that of SPECT using invasitvacranial EEG as a
benchmark. These studies found that EEG-informdB kechniques
successfully lateralised 96% of seizure foci anespnted evidence that an
observable haemodynamic shift (most commonly ctingi®f a large, slow
increase in regional cerebral blood volume) mayuoauring subclinical
seizures and even prior to seizure onset in sorsesca The use of the
Hitachi 1010 24-channel optical topography systéliowed the production
of rudimentary, interpolated maps of changes imfagobin concentration,
but prevented EEG from being performed over theesarea of the scalp.
In 2002, Haginoya et al. performed an EEG-NIRS tatl 15 children,
ranging in age from 1.5 months to 16 years, wittioes forms of epilepsy.
In this study ictal haemodynamic responses wererobd consistently, and
although the form of these responses varied with tifpe of epileptic
seizure, the most common observation was an iotakase in Hb@and
HHb concentrations which persisted beyond the tiessaf electro-clinical
symptoms. The use of EEG-informed NIR techniques ldcalise
epileptogenic foci has continued and in 2008 Ghakaget al. published a
single-subject case study briefly comparing thealisation provided by
optical topography with that of SPECT, PET, fMRIEK and EEG.

Although their methods allowed only interpolated psmiaof haemoglobin
concentration to be produced, the optical topogyapdsults were in
agreement with those of all other modalities, thoog quantification of the

accuracy of localisation was presented. The hagnavdic response was
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found to consist of a significant increase in Is=d oxyhaemoglobin
concentration with was sustained beyond the endhefseizure and a
smaller, delayed decrease in deoxyhaemoglobin, biath clinical and

subclinical seizures.

In 2004 Buchheim et al. performed NIRS and vided=Ei& the study of
absence seizures in adults and reported a rephidutecrease in oxy and
increase in deoxy-haemoglobin consistent with aicédn in cerebral blood

flow. A similar result was obtained by Roche-Ldimet al. in 2008 in a

Figure 1.3.1. ‘Seizure-like’ activity as recordedby EEG is shown in (A). The
haemodynamic response to this event, for several atnels is shown in (B). The first
vertical line represents the start of the seizureike discharge, the second marks the
start of HbO2 increase, the third line is related 6 EEG power (not shown) and the
fourth gives the intercept of HHb concentration. Nte that no scale was provided
(Wallois et al. 2009).
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study of absence epilepsy in children, though thaper also describes an
initial increase and decrease in H&hd HHb respectively, beginning 2-10
seconds prior to the spike and wave EEG activigpaated with absence
seizures. A preliminary study has also used coethiBEG-NIRS as a
method of assessing the effectiveness of antifetmlemedication in an
infant exhibiting status epilepticus with littleiical manifestation (Diaz et
al. 2006).

In late 2009, Walllois et. al performed the firsheitaneous EEG and NIRS
study of ‘seizure-like’ activity in a single, ceally ill neonate. This
experiment was designed to allow the study of theraction between
neonatal epileptic discharges and haemodynamic ati@ms in
circumstances where (due to ventilation and theidiration of muscle
relaxants) there were no cardiorespiratory vanmtior clinical symptoms.
This would allow the cerebrovascular response inuse activity to be
isolated, without the secondary interference oingea in respiration, heart
rate or cerebral blood flow due to seizure-induoexements. This paper
suggested that ‘seizure-like’ discharges result an increase in
oxyhaemoglobin and deoxyhaemoglobin concentratieer @ period of a
minute or greater followed by a return to baselme an under-shoot in

deoxyhaemoglobin concentration (see figure 1.3.1).

It is also important to mention that there has médgebeen an explicit
examination of the need for a combined NIR and Ey§&em for neonatal
monitoring, with Toet and Lemmers (2009) concludihgt a combination

of EEG and NIRS will probably become the futurenebnatal monitoring.

Simultaneous EEG and NIR techniques have also bsed for many non-
clinical applications, particularly to study theumevascular coupling of
cognitive function. In 2001, Kennan et al. were tlirst to perform a
simultaneous optical topography and ERP study. ngJsin auditory odd-

ball stimulus an ERP and a localised haemodynagspanse (consistent
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with previous fMRI studies (Bénar et al. 2007)) evsuccessfully observed.
Horovitz and Gore (2004) explored the use of comthiERP and optical
topography to study semantic processing and coadluthat such a
combined system is suitable for the study of lagguanction. Combined

EEG and NIR techniques have also been used inaesteidies exploring

the link between electro-cortical activity and d#e# haemodynamics in
relation to sleep (Roche-Labarbe et al. 2007, Uzitida et al. 2008) and in
relation to functional activation of the visual t&x (Obrig et al. 2002, Koch
et al. 2006 and 2008, N&si et al. 2010). In tsdies of neuro-vascular
coupling in the visual cortex, Koch et al. (2006gsdribed certain

discrepancies between the maximal electro-cortanad haemodynamic
responses in relation to visual stimulus frequendlyis important to note

that Koch et al. are the only group to have perdrEEG/ERP and multi-

channel NIRS over the same cortical area. Thigngement was possible
because of the use of an integrated electrode @a@ioing ring-electrodes
allowing the necessary optical fibres to contaetgbalp through the ring.
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1.3.5 EEG-fMRI

Despite their vastly different approaches, funalomagnetic resonance
imaging and near infrared imaging are inherentiyilsir techniques. As
described previously, it is changes in localisedeloral blood flow that
provide the source of both fMRI and NIR imagingrsits. The current
resolutions of these imaging techniques are alsoswilar order. (Though
it is likely that both will improve as technologieievelop, particularly
fMRI, which is spatially limited only by signal-toeise ratio, whereas
diffuse optics which always be somewhat limited the scattering

properties of tissue (Logothetis 2008)).

The dual modality approaches of EEG-fMRI and EE®Nire therefore
also closely related. The number of studies peréat using EEG-fMRI is
vast, and a thorough review is not provided hekdarief introduction to the
technique is included below, in order to highligité successes and
limitations and the variety of potential applicatsoof EEG-NIR. The
ongoing success of EEG-fMRI should be consideragason to pursue
EEG-NIR techniques, rather than as a reason tadaloethem.

EEG-fMRI has several inherent compatibility issughich make it a
difficult technique to perfect. Electromagnetidurtion requires that a
non-zero rate of change of magnetic flux througtosed, conducting path
will induce a current to flow around that path. eTiecording of EEG in the
static and time-varying magnetic fields of an fM&jstem introduces two
forms of EEG artifact: one due to movements ofghbject and electrodes
in the static magnetic field (which are apparenérevn a subject who
remains still, as movements due to the cardiacepasult in what is known
as the ballistocardiogram artifact) and one duihéonecessary variations of
the magnetic field gradients during MRI imaging seces. Radio-
frequency emissions from EEG recording apparatss bave the potential

to affect fMRI image quality.
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However, these difficulties have largely been owere. Initially
techniques were pursued where recording of EEG #MRI were
sequential, and timed in a manner which minimiske importance of
artifact-corrupted data (e.g. Warach et al. 199@lpre sophisticated inter-
leaved acquisition designs, which approach simaltgnare still in use, but
EEG post-processing and synchronisation methods haen successfully
developed which remove (or at least minimise) bt@tardiogram and
imaging EEG artifacts and allow truly simultanearsl continuous EEG-
fMRI (Allen et al. 2000, Lemieux et al. 2001, Borssar et al. 2002, Salek-
Haddadi et al. 2003a, Mandelkow et al. 2006). Heewe despite these
advances, movement is still a serious problem. evwant of the subject
will produce EEG artifacts which, as they are Ipssdictable than either
ballistocardiogram or imaging artifacts, are difficto remove. In addition
movement of the head by as little as a few millmegtover the course of
fMRI acquisition can corrupt the resulting imagesthe point of rejection
(Gotman et al. 2006).

The vast majority of EEG-fMRI studies performeddate can be broadly
grouped into three: those which have investigatedctional, stimulus-
related cerebral activation, those which have sbugh elucidate the
relationship between resting state electro-coracsvity and cerebral blood
flow, and studies of the localisation and haemodyna of ictal and inter-

ictal epileptic discharges.

Early paradigms based on sequentially obtained B&B& fMRI data sets
were performed in order to study various aspectsbi@in function,

including visual processing (Linden et al. 1999ual-spatial attention
(Mangun et al. 1998, Noesselt et al. 2002, Di Russoal. 2003),

somatosensory stimulation (Grimm et al. 1998) andvement-related
cortical potentials (Toma et al. 2002). Simulame and quasi-
simultaneous methods are continuing to develop, e been used to

study auditory and visual evoked responses (Borenasal. 1999, Scarff
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et al. 2004, Bénar et al. 2007, Mayhew et al. 204)J to compare and
combine fMRI acquisition with EEG source localisatiusing both visual
evoked potentials (Bonmassar et al. 2001) and s¥s®asory stimulation
(Thees et al. 2003). Bonmassar et al. used fMRpbing data to constrain
EEG source localisation methods, an approach wtocid well be applied
to EEG-NIR. Though there remains some debate &swoprecisely EEG
and BOLD signals can be assumed to result fronsdhee neuronal activity
(Nunez and Silberstein 2000, Ritter and Villrin@®06, Rosa et al. 2009),

which is ultimately a question of neurovasculargmg.

The study of resting-state cerebral haemodynamisge$ some particular
problems for fMRI, as conventional fMRI imaging pealures are heavily
dependent on paradigms with distinct periods afaad activation, in order
that statistical hypothesis testing can isolate theent-related signal
contribution (Salek-Haddadi et al. 2003b). Destlitese issues, EEG-fMRI
has been used extensively to study the BOLD flumina associated with
background EEG rhythms (Goldman et al. 2002, Laifsal. 2003, de
Munck et al. 2007, Laufs 2008) and with sleep (Kean et al. 2006,
Horovitz et al. 2007).

It is in the study of epileptic disorders that EEMERI has proved most
successful. In general, this research has sooggither provide a method
of localising the focus of partial seizures, orct@racterise the relationship
between epileptic electro-cortical activity and tr@emodynamic response,
in both partial and general epilepsies. The m@jarf these studies have
dealt with inter-ictal discharges, as seizures #@wes are impossible to
predict and rarely occur during scanning. Agade, humber of significant
findings is too great to list, and only an overviesngiven here, excellent
reviews are provided by Gotman (2006 and 2008) nilemoz et al.
2010.
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In studies of partial seizures, the time-lockingMRI acquisition to EEG-
recorded inter-ictal spike discharges has beerategly shown to produce
images of seizure focus (as defined by variousdstals, including EEG
source localisation, inter-cranial EEG and struatiRI (in the case of
lesional epilepsy)). However, both the reliabiland form of the BOLD
response to inter-ictal discharges have proveabkri(Krakow et al. 1999,
Krakow et al. 2001, Jager et al. 2002, Al-Asmi le2@03, Kobayashi et al.
2006, Salek-Haddadi et al. 2006, Thornton et a0920 There have also
been a limited number of examples of fMRI imagegua@d in response to
ictal epileptic events. Salek-Haddadi et al. (90@2re the first to detect a
BOLD signal in response to a focal electrograplezige. This study
showed a biphasic pattern lasting ~100 secondsspanse to a 41 second
partial seizure. The BOLD response consisted ohaial increase which
continued for several seconds after the end ofeteetrographic seizure,
then a subsequent decrease in BOLD signal and wanréd baseline.
Interestingly, this single dataset suggested that BOLD changes may
actually precede the EEG-defined seizure onse¢atufe which has since
been pursued in relation to inter-ictal epileptikes (Hawco et al. 2007).
Tyvaert et al. (2008) recorded ictal events in 8ep#s with malformations
of cortical development (MCDs) and found exampldsboth positive

BOLD (referred to as activation) and negative BO(d@activation).

Studies of inter-ictal and ictal generalised epitepischarges (commonly
spike-wave discharges associated with absencerssjzbiave consistently
shown activation of the thalamus and predominaatciieation of cortical

regions. These results have begun to further ddieithe known role of
thalamo-cortical interactions in the lapse in p#tieresponsiveness
characteristic of absence seizures (Salek-Haddadi 2003c, Gotman et al.
2005, Hamandi et al. 2006). This negative cortiB®LD response
associated with absence seizures is consistent wiéh increase in

deoxyhaemoglobin concentration found in the limitedmber of EEG-
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correlated NIRS studies of spike-wave activity idulss and children
(Buchheim et al. 2004, Roche-Labarbe et al. 2008).
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2.1 Dual Modality Probe Design and Evaluation
2.1.1 Design Considerations

To allow simultaneous EEG and NIR imaging to befqrered over the
same cortical area in a versatile and easily apiplec manner, it is first
necessary to consider how to couple optical filares EEG electrodes to the
scalp of a subject. The applications of simultareedeEG and NIR
techniques described in this work are primarilynicil, i.e. the bed-side
study of electro-cortical and haemodynamic actiaityl their interaction in
relation to functional activation and neonatal ses. Clinical EEG is
almost always performed using disposable Ag/AgE€ktwbdes which are
affixed to the scalp using a conductive paste aswhal amount of adhesive
tape. The area to which they are attached is pedpasing alcohol wipes
and an abrasive paste. This method is widely s®duse it consistently
produces a very good electrical contact, whichfithe utmost importance
in the electrically noisy environment of the hoapitvard. Integrated,
whole-head EEG nets and caps have struggled toagagptance in clinical
application because of the difficulty of achieviagyood electrical contact
and because of the versatility of application whihequired in a hospital
environment. For these reasons and because ohahge of the EEG
systems which will be used in forthcoming experitseit was decided that
we should aim to produce an application method wiiosely mimics that
currently used in clinical EEG. We also did notskito have to
significantly re-design the optical fibre bundlekieh are used to carry light
to and from the head of the subject, as these leeady optimised for
optical topography. By remaining as true as pdessib pre-existing

methodologies, it was also likely that design esnwould be minimised.
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2.1.2 The Opto-Electrode Probe Design and Prelimina  ry Testing

In order to pursue clinical application of simukams EEG and NIR
imaging, and particularly in order to study neohagaizures, it was
necessary to design an opto-electrode which a)beansed in conjunction
with standard EEG systems, b) was as simple toyagplstandard EEG
electrodes, and c) occupied the minimum possibda af the scalp. As
described in chapter 2, clinical EEG systems typicase Ag/AgCl

electrode cups, coupled to the scalp using a cdivéygaste or gel.

The design shown in figure 2.1.1 makes use of adsra Ag/AgCl

electrode cup, and allows the normal method offsigparation and use of a

Figure 2.1.1. The opto-electrode probe design. 8o a photograph (a) and a
schematic (b) are provided.
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Figure 2.1.2. The transmission spectra of 1 cm dfledical Devices EEG gel (in blue)
and the 1 mm thick anti-reflection coated polycarbaate (in red).

contact gel to be maintained. It also minimises d@hea of scalp which is
occupied (which increases the possible samplingsiignand, by co-
locating the electrode and the optical fibre, aBowior optimal co-
registration of the two modalities. A standardctlede (Micromed
Electronics Ltd., Italy) is modified so that theilcg of the cup is replaced
with a 4.5 mm diameter anti-reflection coated patponate (VisionTek
Systems Ltd., UK) window. The electrode is thewdi to a plastic housing,
which holds the optical fibre bundle directly behithe polycarbonate
window. When the opto-electrode is applied, thecebde cup must be
filled with an electrical contact gel, as is tydiga clinical application. As
this design places the contact gel in the optiedthpit is necessary to use a
contact gel which exhibits a minimal absorption MR light. One
particular commercially available EEG contact gét (Medical Devices

SPA, ltaly) is well suited to this task.

It is clearly possible to employ a similar arrangemof optical fibre and
electrode and perform simultaneous EEG and NIR ingagithout the use
of a window. However, because the fibres must draovable and are

typically very expensive, we believe the window il in order to protect
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the optical fibre from repeated applications ofc#lede contact gel and to
make the probe easier to clean and re-apply. fEmsmission spectra of the
polycarbonate window and Medical Devices EEG cdanget are shown in
figure 2.1.2, each was measured using a PC linkdute light source
spectrometer (Ocean Optics, Inc., USA). During #oguisition of the
transmission spectrum the Medical Devices EEG abrgal was held in a

cuvette cell measuring 1 cm across.

2.1.2.1 Electrical contact

As a stable and low-impedance electrical contagteisessary to perform
EEG, it was important that the electrical contacbperties of the opto-
electrode design were explicitly tested in vivowol opto-electrodes were
placed 38 mm apart, on the forehead of an adulinteér, spanning the
midline just above the hairline. The contact si@swarefully abraded prior
to application using NuPrep abrasive paste (Weavel Co., USA) and
cleaned with a disposable alcohol wipe. A smalamgity of Medical

Devices EEG contact gel was placed within the sdelet cup of each of the
two probes, which were then held in place by ligahdaging. The contact
impedance across these two opto-electrodes wasntieaisured at 10 Hz
using an impedance meter (Checktrode, UFI corpA)U%en repetitions of
this measurement at different contact sites ardbhadrontal region of the
head resulted in a mean contact impedance of 3.&tandard deviation of
1.3 k ), below the clinical benchmark of 5 k The maximum recorded
impedance was 5.8 k This result provides explicit proof that altéoat to

the electrode and the presence of the polycarbamatiow do not prevent

a good quality electrical contact being achieved.

2.1.2.2 Optical attenuation

As the opto-electrode design places the polycaieomandow and the
electrode contact gel in the optical path, it sacly necessary to assess how

the intensity of light measured between source -efgotrodes and detector
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opto-electrodes is affected. Although we have ipresty measured the
transmission spectra of the polycarbonate and ltbsen contact gel, there
are additional affects such as collimation andaagfreflection which need
to be accounted for. In order to measure the alpsitenuation due to the
opto-electrode design a single-channel NIR experimas performed on a
solid, tissue-mimicking phantom (Firbank et al. 899with an absorption

coefficient of 0.01 mr and a reduced scattering coefficient of 1 fam

Ten measurements of intensity at 670 nm and 85@vera taken using the
UCL OT system (see section 2.1.4) with a pair afichl opto-electrodes
separated by 25 mm acting as source and detectBetween each
measurement, the probes were removed and cleaf@® being re-applied
over a different region of the phantom surface. pfavide a control, this
experiment was repeated with two standard optodiesriy the same source
and detector optical fibre bundles. Standard cgggocbnsist of a plastic
housing which holds the optical fibre bundle ingela They are identical to
the opto-electrode design of figure 2.1.1 but withthe addition of the
electrode and polycarbonate window. In order tovipl® a best-case
measure of the intensity of the recorded light leemvsource and detector
(and thus a worse-case measure of the light losstawur opto-electrode
design) the optical fibre bundles were positionedhat their terminus was
in direct contact with the phantom surface. Tligesponds to the highest
intensity arrangement of source and detector. HKewat is worth noting
that in practice the fibre bundles are often reg@slightly (by up to 5 mm)
from the surface, as anecdotal evidence has shaintliis can minimise

the attenuation effect of hair between the fibradie and the scalp.

The result of this preliminary measure was that tyo-electrode
arrangement recorded an average (and standardideyimtensity equal to
54.5 (7.5) % and 46.3 (6.9) % that of the controhmgement at 670 nm and
850 nm respectively. Although this upper limit regents a significant
attenuation, it is not enough to affect the usefatof the design. The UCL
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OT system allows the intensity of each source dutpube adjusted as
required. It is often necessary to keep the soordput well below its
maximum in order to prevent detector saturationti@darly with recent
improvements to the efficiency of the optical fibbeindles. There is
therefore some headroom with respect to the anwiuight that can be lost
in transmission without affecting the viability tfie system. Though in-
vivo testing is obviously necessary, in this phamtarrangement, despite
the extra losses due to the opto-electrodes, itstihanecessary to set the
sources below their maximum output (which is, imfuvell below safety

limits) in order to prevent saturation of the détec

2.1.2.3 Movement artifact

A further important characteristic of the opto-élede is how its design
affects the susceptibility of NIR recording to mownt artifact. It was
necessary to investigate whether the presenceecélécttrode between the
optical fibre and the target object would cause @moent to have a greater
effect on measured NIR intensity. Typically, thBeet of movement
artifact is difficult to quantify because it is dato find a method which
produces a consistent, reproducible artifact. H@wnean attempt was made
to quantify the susceptibility of the probe to mment artifact using a
pendulum. Movement artifact is caused by relath@ement between the
optical fibres and the object being investigateticlv alters the optical path
between source and detector. By attaching a gpealtiulum to the array
which holds the opto-electrodes, reproducible mcams of the array
relative to the target object can be produced. arhplitude of a pendulum
swing can be easily controlled and its constaniilason frequency allows
an experiment to be performed numerous times andesults averaged, as
individual recordings can be shifted so as to bphase with one another.
The amplitude of the average oscillation in intgnsaused by the swinging
of a pendulum attached to the opto-electrode awdlythus provide a

measure of how vulnerable the arrangement is tcemewt artifact.
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Such an experiment was performed using a singlececand detector pair
coupled to a solid, tissue-mimicking phantom udight bandaging. The
bandaging was removed and re-attached for eachidodl measurement.

The phantom has a reduced scattering coefficiehtrofri* and an

Figure 2.1.3. An illustration of the experimentalarrangement is shown in a) whilst
the mean percentage shift in intensity resulting fom pendulum-induced movement
artefact for the clinical opto-electrode and a stadard optode arrangement is shown in
b).
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absorption coefficient of 0.01 niln The experiment was performed using a
pair of our clinical opto-electrode probes and wahpair of standard,
optical-fibre-only probes so a direct comparisoruldobe made. Five
measurements each were performed for the optoretlctand control
arrangements. In each measurement, the pendulsrheld at the top of its
arc and released. Single-channel NIR data werairaat using the UCL
Optical Topography System until the pendulum hathedo a complete

stop. The arrangement is shown in figure 2.1.3a.

Each measurement was converted to a fractionalgehénom a baseline
intensity (taken as the average of 10 seconds dedoprior to pendulum
swing) and the time-course of each was shiftechabthe first maximum of
all five measurements for the opto-electrode androbarrangements were
exactly in phase prior to a mean being calculat€de result of this process
is shown in figure 2.1.3b. Both the value of thaximum intensity shifts

(i.e. the perturbation caused to the optical reiogrdvhen the pendulum
reached its extremed) and the rate of damping @firttensity oscillation

suggest that the opto-electrode design is actulbs susceptible to
movement artifacts. The average (and standard tivjantensity change,
at the peak of each pendulum swing for the optotelde design is 38
(11.8) % of that recorded using the standard op&wingement. It is likely
that this additional robustness is due to the mm=eof the electrode

coupling gel and the additional rigidity provideglthe electrode itself.
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2.1.3 Dual-Modality Liquid Phantom Experiment

In the development of a new medical imaging teahejgt is common to
test the system by applying it in the laboratoryatoobject which mimics
the properties of in-vivo tissue. In NIR imaginigese phantoms are built to
have a reduced scattering coefficient and an abiearpoefficient similar to
that of bulk tissue. Optical imaging phantoms wsually contain a target
with a different absorption coefficient to the resdtthe phantom. This
target is then either moved, or made to exhibit@nge in optical properties
so that NIR imaging of the change can be performEEG phantoms have
also been built (Leahy et al. 1998), and are mostneonly used to test the
accuracy of dipole source localisation, which ignathod of localising
neuronal activity by modelling the field it prodscen that of a current
dipole. EEG phantoms usually consist of a heagethaobject with an
electrical conductance equivalent to that of tisssemetimes with
additional layers to mimic the scalp and skull. tiWi the phantom body
will be one or more current dipoles which produceaaying electric field
and provide the source of the electrical activityistt can be measured via
EEG electrodes at the surface of the phantom. posg&ion of the source
dipole as calculated from the surface EEG datatlvan be compared with

the actual known position and amplitude of the entrdipole.

The previous section described the preliminary wat&n of our opto-

electode design. However, more rigorous testingtled design was
necessary before it could be applied in a clingzalironment. To that end,
we designed and performed a series of dual modatiyntom experiments.
These experiments were performed not only to tastpoobe design, but
also as an investigation of the construction ofldoadality EEG and

optical imaging phantoms in general. We believat tthe ability to

construct increasingly complex and realistic dualdality phantoms may
be of use in the development of methods to optirtiisentegration of EEG
and optical imaging data. Our first phantom desiged an optically turbid

and electrically conducting liquid and is descrilbedow.
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2.1.3.1 Liquid phantom construction

Construction of a dual-modality EEG and optical gimg phantom requires
the integration of the pre-existing phantom methogies of each imaging
modality. The target body must contain a currepolé, but also provide

contrast for NIR imaging. The whole body of theaptom should optically
mimic tissue, but also be electrically conductivihe simplest way to meet
these requirements was to build a liquid phantosi,saitable optical

scattering, optical absorption and electrical catidity can be achieved by
the addition of a scattering emulsion, an absorbiygand sodium chloride
to water. A current dipole was embedded withimodygster resin cylinder
with a known optical absorption which is higherriraverage bulk tissue.
This cylinder would thus provide ‘contrast’ for hanodalities when moved
within the liquid phantom. The liquid phantom svn in figure 2.1.4.

A plastic tank of approximate dimensions 240 x %620 mm was used to
contain a solution of 1 % Intralipid® emulsion (whiprovides a reduced
scattering coefficient of 1 mm(Flock et al. 1999, a NIR absorbing dye
(5109564 ICI Ltd.) (which provides an absorptiorféicient of 0.01 mrit
at 800 nm) and 0.2 % sodium chloride which providesnductance similar
to that of brain tissue (Tidswell et al. 2001). eTtarget cylinder had a
height of 20 mm and a diameter 20 mm and the sagptieab scattering
properties as the solution, but with an absorptiefficient of 0.04 mn at
800 nm. The current dipole embedded in the tacgihder consisted of
two Ag/AgCI pellet electrodes, 2 mm in length amd 5.5 mm apart. The
pellet electrodes were coupled to the positive @naimon terminals of an
11 Hz sine-wave generator (a frequency chosen miavadult alpha wave)
so as to provide a current dipole moment of 20mm. This current dipole
moment was found to provide a maximum electrical. pscillation
amplitude of around 20V as measured at the surface of the liquid,

equivalent in amplitude to in-vivo EEG signals. eTtarget cylinder
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Figure 2.1.4. The dual-modality liquid phantom armangement.

was suspended in the solution using an electricadlylated arm connected
to a three-axis micrometer stage, allowing thedaaylinder’'s position to

be precisely controlled.

An array containing 8 opto-electrodes, arrangea isimple 2 x 4 grid,
providing ten viable source-detector pairs at eachvelength was
suspended at the surface of the liquid phantom soa@hall 8 electrodes
were submerged and no air gaps remained betweerligiind and the
polycarbonate window. The opto-electrode arrashiswn in figures 2.1.5a
and 2.1.6a.
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2.1.3.2 Experimental Methods

Optical data were recorded using the Universitylégal London Optical
Topography System, (Everdell et al. 2005). Thisteay can employ up to
32 laser diode sources (16 at 770 nm (or 670 nrerttBpg on the version)
and 16 at 850 nm) and 16 avalanche photodiode tdetecAll sources are
illuminated simultaneously, with each modulatedaadifferent frequency
which allows a Fourier transform of the diffuselgflected intensity
measured at each detector to isolate the contibutom each source.
Optical images were reconstructed using the limeeonstruction methods

described in section 1.2.3.

EEG recording was performed using a Grass-Telefad®0 32-channel
EEG system, which has a sample rate of 400 Hzad”@ interface running
the EEG Twin 2.6 acquisition software package (&rdgchnologies,
AstroMed inc.). Data were recorded over the rahg® Hz with no filters
applied. Data were exported in a raw format amst@ssed offline using
Matlab (The Mathworks Inc.).

The target cylinder was positioned at a depth blatdor imaging via

optical topography, extending from between appraxety 4 to 24 mm

beneath the opto-electrode array. The cylindertivass translated along the
path dissecting the short axis of the array in 5 steps, with 10 seconds of
optical topography and EEG data recorded at easliiggm A further 10

second set of optical data was recorded with tihgetaabsent from the
liquid phantom tank in order to provide a referemoeasurement for
difference image reconstruction. Note that theaigt each EEG electrode
was recorded relative to a common reference eléetptaced in the bottom
corner of the phantom tank. The impedance of el channel was

measured at the start of the experiment and ak feernd to be below 1 k
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Figure 2.1.5

Figure 2.1.6

Figures 2.1.5 and 2.1.6. Figures 2.1.5a and 2.1%®w the 8-point opto-electrode array, where redicles correspond to sources and blue circles to tietors.
Figures 2.1.5 b—e are the reconstructed images dfanges in optical absorption at 850 nm in the dualodality liquid phantom for four target positions,
scaled to the maximum range across all four imagesnd viewed from above. The black cross denotes tlaetual position of the optically absorbing, curret+
dipole target. Figures 2.1.6 b-e are interpolatecepresentations of the simultaneously recorded EE@ata for the same four target positions.
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2.1.3.3 Results

Figures 2.1.5b to 2.1.5e show the reconstructedyeaf the change in
optical absorption coefficient as measured at 850for four positions of
the target cylinder at a depth of 10 to 20 mm. Tean (and standard
deviation) two-dimensional error between the pesdonstructed change in
optical absorption and the actual target centrefauasd to be 3.8 (1.9) mm.
Note that the scale of these absorption changesisantly underestimates
the size of the change in optical absorption, ihidue to the limitations of
optical image reconstruction and was discusseceation 1.2.3. Figures
2.1.6b to 2.1.6e show the equivalent interpolatdiSRamplitude images
calculated from the EEG data. Rather than a dijpmlalisation, these
images are a simple representation of the pedkeofieasured amplitude of
electrical potential difference oscillation. Themgly represent the position
of the dipole to within a distance equal to hal #lectrode separation (15
mm) in each dimension. The error in the positionas therefore quoted as

it would be of little relevance.

2.1.3.4 Discussion and conclusions

The results summarised in figures 2.1.5 and 2.E@ahstrate that it is
possible to simultaneously record EEG and NIR imggiata over the same
volume using our clinical opto-electrode desigrhe Tocalisation provided
by optical reconstruction, even with this low samgldensity array, is very
good. This experiment has proven that the optotrelde design provides
sufficient optical signal to perform image recouostion and that alterations
to the electrode and the simultaneous use of the Oftical Topography
System do not prevent the recording of EEG-mimiglatectrical potential

difference signals.
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2.1.4 Solid-Surface Dual-Modality Phantoms

Once the liquid phantom experiments had provedessfal, we began to
consider whether it was possible to produce an BHE&imaging phantom
that was reusable and, ultimately, more stablequidi phantoms are not
ideal for such experiments primarily because direontact with a
conducting fluid is a poor representation of thedwectivity of the human
scalp. It also removes the need for introductibaroelectrode contact gel
and therefore does not provide an optical arrangéc@mparable to an in-

vivo experiment.

If a more stable and reusable phantom could betrated that also
provides an electrode contact impedance compatabileat of the human
scalp, it would provide a better test of the suiiigbof current and future
opto-electrode designs. A stable and re-usabletphamay also prove
useful in the future development of reconstructimethods which take
advantage of the spatial information present irhldbe optical and EEG
data, such as in the testing of algorithms whichrfguen optically

constrained dipole source localisation.

An ideal dual-modality phantom would consist ofadids optically turbid,
translucent electrically conducting material intohigh an optical
inhomogeneity and dipole source could be embeddewever, solid,
electrically conducting and (at least approximgtéignsparent materials are
extremely rare. In fact the pursuit of such materis a very active area of
condensed matter physics (Ginley 2010). We thesef@gan to consider
whether it would be possible to design and buildhantom with a solid,
conducting, and optically turbid interface, whiclowid house a liquid core
identical to that described in section 2.1.3. Tdusld potentially provide a
more suitable electrode contact impedance, woulevemt the opto-
electrodes and optical fibres from coming into eshtwith the liquid and

would hopefully be easier to use and re-use. dsdwt, however, solve the
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problem of stability, as phantoms based on scagesmulsions (Flock et al.

1992) can only be used for few days before thadigeeds to be replaced.

2.1.4.1 Solid-surface phantom construction

A number of phantoms were designed which utiliseoptically scattering
and electrically conducting interface. This intedas based on a polyester
resin (Alec Tiranti Ltd., UK) to which an absorbintye (pro-jet, Avecia
Inc., USA) and a scattering compound (superwhignre@igment, Alec
Tiranti Ltd., UK) are added prior to curing so as provide optical
absorption and scattering properties equivalentthiat of bulk tissue
(Ma=0.01 mnT, ps = 1 mni* at a wavelength of 800 nm). The resin

mixture can be formed into almost any shape usisgjtable mould design.

In order to make the interface electrically conéhgit a dense array of
0.25 mm diameter gold-plated copper wires (Griftagrmany) is embedded
in the mould prior to the addition of the resin tmpe. The lengths of wire
are arranged so as to traverse the polyesterlss&n with one end flush to
the surface of the resin, and with the other pobiry by approximately
5 mm. Once cured, this resin interface is desigoefdrm one wall of the
container which holds the liquid component of themom. This design
allows an array of opto-electrodes to be couplethie¢cssmooth surface of the
interface, with the gold wires providing an elecafi contact between the
opto-electrodes and the liquid core of the phantdmthis arrangement the
gold plated wires lie parallel to the optical paftthe NIR light coupled in
to and out of the phantom via optical fibre bundl&ecause the wires are
fine, their affect on the optical characteristiéghe interface is likely to be
negligible. The presence of the wires will noteaffoptical imaging of the
phantom because the arrangement is designed te BIB optical imaging
of a change in absorption, and the optical progertif the interface will
remain constant throughout any experiment. Goldeglavire was chosen

because of its high conductivity, chemical stap@ihd availability.
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The density of the array of gold plated wires desathe contact impedance
of the interface surface. After some trial ancderwe found that a square
grid array with a separation of 2.5 mm provideditiable electrode contact
impedance for a planar interface arrangement. @&leetrode contact
impedance was measured using two standard silversihloride EEG
electrodes connected to an electrode impedancer pégating at 10 Hz
(Checktrode, UFI Inc., USA). The electrodes wessifioned 30 mm apart
and coupled to the interface surface using a stdrdBG contact gel. The
contact impedance was measured at twenty randomtidos on the
interface. The mean contact impedance was foardet6.1 k with a

standard deviation of 1.1 k

This interface design has, to date, been applievan different phantom
constructions. The first consisted of a rectangtdak arrangement where
the interface constituted one wall. This planaamgement was designed to
allow simultaneous EEG and optical topography tgpbdormed using an
aqueous solution and an optically absorbing electipole target identical
to those described in section 2.1.3. The resiilthi® experiment not only
proved the efficacy of the interface design bub @lsowed, once again, that
our opto-electrode probe design could yield antedée contact impedance
equivalent to that of standard, clinical cup eled&s. It also provided a
further test of the electrical compatibility of th&CL optical topography and
a commercial EEG system. The details of this @rpant can be found in
Cooper et al. 2009.

This interface has also been implemented in a d@ytal arrangement,
which has allowed time-domain optical tomographyd aEEG to be

performed simultaneously over the same volume. s Tphantom

arrangement consisted of a cylindrical contain€,nTm in diameter and
110 mm in height. This container is constructezhfrthe same polyester
resin (Alec Tiranti Ltd., UK), and again was mad#ically turbid by the

addition of ‘super-white’ resin pigment (Alec Titahtd., UK). In this
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Figure 2.1.7. The design of the cylindrical, optally turbid and electrically conducting
phantom.

construction, no additional absorber was addeddemmg the optical
properties of the phantom equal t9510.0022 mrit andps = 1 mmi'. The

lengths of gold wire were spaced 2.5 mm apart atahe surface of the
cylindrical mould so as to form a ring. Five suwlgs, vertically spaced by
2.5 mm, form a conductive band 10 mm thick arouml riddle of the
cylindrical container. This phantom design is shawfigure 2.1.7. Again,
by filling this phantom container with the aqueopbBantom solution
described in section 2.1.3, and introducing ancafiyi absorbing current
dipole source (in this case reduced in diametet®tanm) we are able to
provide a target for optical imaging and a sourdeE&G-equivalent

variations in electrical potential difference.
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2.1.4.2 Experimental Methods

A simultaneous EEG and NIR optical tomography eixpent was

performed using an array of twelve opto-electroeesnly spaced around
the external circumference of the cylindrical sdedidface phantom at the
level of the conductive band. Each of these ofgotedes acted as an
active EEG recording electrode whilst a standafdreace electrode was
placed in contact with the aqueous solution. Thigrence position was
chosen in order to maximise the number of activeonding electrodes
around the conduction band, and EEG data were feeereed to the
average of all recording electrodes before furthealysis. The optically-
absorbing, current dipole target was positionectllevith the conductive

band, 18 mm from the centre of the phantom, as shiovigure 2.1.8a.

EEG data were recorded using twelve channels ofes<=Telefactor H20
32-channel EEG recording system (Grass Technologisso-Med Inc.)

with a sample rate of 400 Hz. Data were acquirethguthe software
package EEG TWin 2.6 (Grass Technologies, Astro-NMed), and then
analyzed offline using Matlab (The Mathworks Ind$A) and EEGLab
(SCCN, UC San Diego, USA). EEGLab was used toymed topographic
representation of the electrical potential fielddaa current dipole
reconstruction of the recorded EEG data. (Noté BtGLab performs an
independent component analysis of the EEG data, taed provides a
dipole localisation and a topographic representatd each independent
component. As our data was essentially a sine wanby the primary
independent component results are presented imefigul.8. For more

information see Delorme and Makeig 2004).

Optical tomographic data were obtained using UCBZ-channel time
domain imaging system (Schmidt et al. 2000). Hystem produces light
pulses with a duration of 2 ps at 780 and 815 nnictwlkare coupled
sequentially to the object under investigation wiaset of optical fibre

connectors. Each connector consists of a detloterbundle and a source
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fibre arranged co-axially. Diffusely scattered Night from the illuminated
medium is detected using a series of microchania¢é f°MTs, which, in
conjunction with timing electronics and variablgeauators to prevent
overexposure, enable the time of flight of eachedetd photon to be
recorded. For this experiment, only twelve chasrald connectors were
required, each coupled to the ring-array via amo-@kectrode probe. One
complete data set was obtained prior to the difaiget being inserted into
the phantom in order that an image of the changgpiital absorption could
be obtained. Images of the change in optical rplism coefficient were
reconstructed using the non-linear reconstructigorahms of the TOAST
software package developed at UCL (Arridge et @002, Schweiger et al.
2003, Gibson et al. 2005).

2.1.4.3 Results

Figure 2.1.8 summarises the results of this phantaperiment. Figure
2.1.8a shows the experimental phantom geometryh wie red circle
representing the size and position of the opticablgorbing current dipole
target. Figure 2.1.8b shows a topographic reptasen of the dipole field

Fig. 2.1.8. The actual phantom geometry cross-samt is shown in figure a, the red
circle indicating the location of the optically absrbing, current-dipole target and the
orange semi-circles show the position of the 12 apelectrodes. Figure b shows the
topography of the re-scaled, dominant independentamponent of the recorded EEG
data and the resulting dipole reconstruction. Figee ¢ shows the reconstructed image
of change in optical absorption coefficient at 788m.
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and the result of a current dipole localisatioroattym, performed using the
EEGLab package for Matlab (Delorme and Makeig 200@)e error in the
reconstructed dipole position is 8.1 mm. An actudipole localisation is
to beexpected given the electrical isotropy of the pbemtthough this is
confounded by the relatively small number of EEE€cebdes used and the
probable errors in phantom construction (slightalality in the length and
position of the conducting wires, surface deforasitivariation in electrical
contact etc.). Figure 2.1.8c shows the reconstdutdmographic image of
change in optical absorption coefficient at 780 nhote that the scale of
the change in optical absorption is, once agaiacdaorate: a common
problem in optical image reconstruction techniquBse focal change in
reconstructed absorption coefficient is accuratielyated, with a peak
change at 3.3 mm from the actual target positidie dimensions of the
focal change are also similar to that of the actarglet, with a full-width at

half maximum of 11.3 mm.

2.1.4.4 Discussion and conclusions

As one of a series of tests, these phantom stuldéa® contributed
significantly to the evaluation of our opto-electeodesign and the phantom
constructions themselves may well prove usefuluiture development of
combined EEG and NIR imaging techniques. Howeter best test of our
EEG-NIR application methods can only be provided &y in-vivo
experiment. Such an experiment is described iaildat the following

section.
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2.1.5 Motor Cortex Activation Study
2.1.5.1 Justification and experimental design

Performing an in-vivo experiment using the optocelede design was
necessary to test two fundamental characterisideether the probe is
capable of providing a good enough optical contaatbserve the cerebral
haemodynamics which are the basis of NIR imaging, whether the opto-
electrode can provide a good enough electricalambrib observe en-mass

neuronal activity.

It was therefore necessary to perform an experimvéith would produce a
well defined electro-cortical response of a weltdmented form but that
would also produce a well defined haemodynamicarsp over a known
area of the cerebral cortex. The experiment wabet@erformed on an
adult, and ideally needed to produce electro-crtand haemodynamic
responses which were significant enough to be wbdein a single-subject

study.

As it was necessary to know where and when theiplogscal responses
were to occur, this experiment lended itself tauactional activation/ERP
paradigm. However, finding a suitable functiortthsllus was challenging.
First there is the problem of timescale. Everaterl potentials typically
last anywhere between 50 and 1000 ms post-stimwhdst the

haemodynamic response usually peaks between 5 @nsedonds post
stimulus and can take another 15 seconds to rétubaseline. As ERP
paradigms typically require hundreds of repetitiohg stimulus in order to
achieve a suitable signal-to-noise ratio, usingrgle stimulus event to
provide both responses will force the experimeriitéoome unsuitably time
consuming. There is also the problem of the soélide stimulus. Most
well-documented ERP signals are in response torgp sebtle, discrete
stimulus, such as a single finger extension in motwytex activation or a

single tonal sound in auditory cortex studies. ldeer, the most robust
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functional activation stimulus in NIR studies catsi of a repeated,
continuous thumb-to-finger opposition task so asattivate the primary
motor cortex (Franceschini et al. 2003, Everdedile2005).

The first paradigm considered was a visual stimplasadigm involving a

checkerboard pattern reversing between black antewi single reversal
produces a known ERP (Odom et al. 2004) and regeNersals (at 2 Hz for
example) for 20 seconds should produce a well-dectied haemodynamic
response (Zeff et al. 2007). However, this expeninwas abandoned
because of technical problems unrelated to the-eleitirode, specifically
the excessive absorption of 670 nm light over thengry visual cortex.

Because a finger-to-thumb opposition task has preditso many reliable
and repeatable haemodynamic responses it was detideead that the
experiment should be designed to incorporate tinsutus. This required
us to separate the stimuli for the NIR imaging &MP aspects of the
experiment. This was due to the technical difiesl of event marking an
EEG trace for every finger-to-thumb movement, aeddnse of the less

well defined ERP it would produce.

The paradigm that was finally employed consisted aa@ntinuous,

simultaneous EEG and NIR recording but with theeexpent divided into

two halves. The first consisted of fifteen, 30@®t long periods of self-
paced finger-to-thumb opposition of the dominamidhainterspersed with
30 seconds of rest. The start and end of eachhedet periods was
controlled by a visual cue and time-locked to tHeLUOT system. The
second half consisted of 15 minutes of self-paca@finger extensions,
again, of the dominant hand. Each movement was-lircked to the EEG
system using a simple, purpose-built break-beancaprigger. The first

half of this paradigm was designed to elicit thewn haemodynamic motor
cortex response as shown previously by Francestiml. (2003) and
Everdell et al. (2005), whilst the second half whBesigned to produce

what's known as a Bereitschaftspotential (BP) adneess potential. A BP
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is an electrophysiological sign of the activatidrttee supplementary motor
area of the motor cortex prior to a voluntary moeem(Shibasaki and
Hallett 2006) and is characterised by a slow negatieflection beginning
between 2 to 3 seconds prior to movement. BPsisually observed over
both motor cortices, even if the stimulus is lalieeal, but an additional
feature (known as ‘late BP’) tends only to be seear the hemisphere
contralateral to the movement. Late BP consists mifarked increase in the
rate of deflection ~500ms prior to movement. Thevié# used for the in-
vivo test of the opto-electrode design because wtery well documented,
has an easily recognisable form and is usually ¢asgbserve, even in

single-subject trials.

As the stimulus and the expected vascular resparesdateralised in this
experimental design, it was necessary to consanabpto-electrode array
which covered both the right and left motor cosiceAs this experiment
was intended to be as simple as possible, a syncaletrelatively low-

density array with 10 channels per wavelength, Emisphere was built.
Two 3 mm thick thermoplastic housings, each holdisgven opto-

electrodes, were constructed and attached to omeanusing a thin strap
of velcro. This velcro strap was then run over tihye of the head such that
the central opto-electrode of the left and rightisings were positioned over
C3 on the left and C4 on the right motor cortexpeesively. The array is

shown in its approximate position on the headdnries 2.1.9a and 2.1.10a.

2.1.5.2 Experimental Methods

Optical data were recorded using the UCL Opticgbdgraphy (UCL OT)
System, (Everdell et al. 2005) as described ini@ec?.1.3.2. Optical
images were reconstructed using the linear reasctsin methods
described in section 1.2. EEG recording was peréar using a Neuroscan
Synamps 32-channel EEG/ERP system with a sampeofa? kHz linked
to the Scan 4.2 EEG acquisition software packagem{imedics Ltd.,
USA). Data were recorded over the range 0.01 tBlZWith a 50 Hz notch
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filter to minimise the electrical interference bétmains frequency. Artifact
rejection, baseline correction and averaging wendopmed offline within
Scan 4.2.

The subject was a healthy, right handed, 24 yehmule volunteer. The
opto-electrode contact sites were abraded prioth® study using an
abrasive paste (NuPrep, Weaver and Company, USAjleassribed in
section 1.2.2. The contact impedance of each chava® measured before
the beginning of the paradigm and all were founteqor quickly adjusted
to be) below 5 k. Note that a good electrical and a good optiocaltact

were achieved despite the subject having a fldkiakhort, head of hair.

The two opto-electrode housings were linked togethwer the top of the
head and then secured into position using lightdegmg. A ground
electrode was placed at Cz and a common referdeceaee was placed on
the tip of the nose. The subject was instructedep his eyes closed for the
second part of the experiment in order to minin@ge-movement artefacts

on the EEG trace.

2.1.5.3 Results

Figures 2.1.9b to 2.1.9f show changes in opticalogition over the left
(contralateral to movement) motor cortex with timea depth of 10 to
15 mm, whilst figures 2.1.10b to 2.1.10f show tleresponding changes
over the right (ipsilateral to movement) motor ea@rtEach of these figures
represents the difference in optical absorptiowbeh a sample data set and
a reference data set. Each sample set is the nfearspecified 5 second
long data ‘bin’ recorded during the movement talhe reference set was
taken as the mean of the 20 second of data recqmdedto movement
onset. All of these data are grand means over @lrepetitions of the
movement task. Note that absorption images (a®sHgp to images of

haemoglobin concentrations)
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Figure 2.1.9

Figure 2.1.10

Figures 2.1.9 and 2.1.10. Figures 2.1.9a and 2@alshow the approximate positions of the opto-eledde arrays over the left (contralateral to movemeh

task) and right (ipsilateral to movement task) moto cortices respectively. Red circles correspond teources and blue circles to detectors, all positie were

opto-electrodes. Figures 2.1.9 b-f and 2.1.10 tshow the reconstructed images of mean changes insalption at 770 nm for five second time windows
beginning five seconds after the onset of the latalised finger-opposition task, for the left and ridit opto-electrode arrays respectively. These imageshow
the voxel layer at a depth of 10-15 mm. All are s¢ed to the maximum range across all 10 images.
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Figure 2.1.11. The changes in oxy and deoxyhaemolgin concentration for two

channels within the left (upper axes) and right (laver axes) optical imaging arrays, for
the same period as depicted in figures 2.1.9 and1210. The lateralised finger-
opposition task begins at time = zero. A perfectancordance between the dominant
features of the reconstructed image series and tltata from individual channels is not

expected. However there is agreement in the appriorate peak change positions for
these single channels. Note that heart rate oseilions are clearly apparent despite
these data being the average of 15 trials, which mde indicative of the fact that this

functional response is of a relatively small scale.

are presented because of a technical failing inadrilbe optical topography
channels at 850 nm, however figure 2.1.11 showsdmeparable, average
spectroscopic time course of changes in haemoglobmeentrations for a
selected optical topography channel on each sidbeohead. These time

courses show a typical contralateral haemodyname&panse; with a
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stimulus-locked increase in oxyhaemoglobin conegioin and a decrease

in deoxyhaemoglobin.

The optical imaging data shows a distinct changabisorption coefficient
over the motor cortex contralateral to the handgpering the movement
task. The absorption change peaks 10 to 15 seadtetsthe onset of the
finger-to-thumb opposition task and slowly decaystilureturning to

baseline completely within 5 seconds of the endhef stimulus period.
With the exception of a relatively slight absorpti@oefficient change
towards the end of the stimulus period, the ipsiltoptical images show

only the effects of source noise.

Figure 2.1.12a shows the Bereitschaftspotentiasrded at the uppermost
and central electrodes (approximately C1 and Cpewwely) over the

motor cortex contralateral to the paced, volunfarger extension. Figure
2.1.12b shows the equivalent data for the ips@atezlectrodes at

approximately C2 and C4. These data are the awevb334 events, after
43 were visually rejected due to movement or otmefacts. Baseline
correction was performed on the basis of the peiriooh 3.5 to 3 seconds
prior to movement. The characteristic slow-buitgimegative deflection of
a BP, beginning 2 seconds prior to movement, iy a@parent over the
contralateral electrodes (figure 2.1.12a) but, & apparent over the
equivalent ipsilateral electrodes (figure 2.1.12khjch shows only a post-

movement positive deflection.

2.1.5.4 Discussion and conclusions

The reconstructed optical absorption images ofrédu1.9 and 2.1.10 show
an increase in optical absorption, which is domirarer the contralateral
motor cortex and occurs on a timescale which meaay are almost
certainly physiological. These absorption changesl the corresponding

spectroscopic data of figure 2.1.11 are consistéthta contralateral
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Figure 2.1.12. Figure a shows the BP recorded ahe contralateral opto-electrodes
positioned approximately at C1 and C3 using the l&ralised finger extension task.
The red arrow highlights a particular noise-spike vihich makes the division between
early and late BP indisitinct. Figure b shows thecorresponding ipsilateral signal
which does not show a BP. Note the different scaleFigure c is a representative
waveform which illustrates the expected form of thecontralateral BP (Shibasaki and

Hallett 2006).
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functional response to lateralised motor cortexvatbn which has been
shown in many previous studies (Franceschini e2@03, Everdell et al.
2005).

The reconstructed absorption changes reach a peaialaterally at 10-15
seconds after stimulus onset from which time tHewly decay, despite the
stimulus continuing until 30 seconds after onsktis not unusual for the
haemodynamic response to reach a peak at thisaitee stimulus, but in
general we would expect the changes to become apipearlier (at 3-5
seconds, see Obrig and Villringer 2003). Similathe observed change in
absorption starts to decrease before the end ofstmeulus period,
suggesting some level of habituation to the stimuluGiven the limited
scope of this single subject, proof-of-concept gtids difficult to establish
the significance of these irregularities, but tipedroscopic time courses
shown in figure 2.1.11 provide us with strong supipg evidence that these
reconstructed absorption images do represent thaltref functional
activation as they are consistent with a stimubgkéd increase in cerebral

blood flow.

Although the noise recorded during the ERP aspé&this experiment is
significant, by examination of the raw data it {garent that noise levels
are not unusually excessive, and given the low aminimpedances
achieved, there is no evidence that the opto-eldetrdesign is more
susceptible to electrical noise than a standardcell electrode. Because of
the spike occurring at approximately -0.35 secomusfigure 2.1.12a
(marked by the red arrow), the division betweerlyeand late BP is not
well defined. However the apparent trend of amgase in gradient appears
consistent with late BP, particularly for the opgtlectrode at C1. For
comparison, figure 2.1.12c shows a representati?e @ compiled by
Shibasaki and Hallett (2006).
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Given that the aim of this study was to test whette opto-electrode
design is fundamentally suitable for in-vivo sinameéous EEG and NIR
imaging studies, the conclusions that are drawmateelated to the nature
or intricacies of the electro-cortical or vascul@sponses which were
observed but rather the fact that they could beeviesl at all. Using the
clinical abrasion methods it is possible to uséxadf array of many opto-
electrodes and still achieve suitably low electrammtact impedances.
Similarly, the opto-electrodes do not obstruct tif@smission of light, and
are not overly prone to movement artifacts in a meanwhich prevents their
use in-vivo. The opto-electrode arrays need tagpied carefully, and it is
particularly important that abrasion is performedroughly and in precisely
the locations where each opto-electrode will masmtact with the scalp.
However, application of an opto-electrode arraysdoet take significantly
more time than the application of a standard EEGoptical imaging

experiment.
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3.1 Functional Activation in the Neonate
3.1.1 Objectives and Experimental Design Considerat  ions

The ultimate clinical goal of the work describedis thesis is the study of
neonatal seizures, their diagnosis and their effecn cerebral
haemodynamics. Prior to conducting studies of aolegically
compromised infants, we set out to perform EEG-Mi&ging of functional
activation in the healthy, term-age neonate. Anpry motivation for this
work was to validate the technology, and develaprttethods of applying
our system in a clinical environment. However,sthatudies also enable
many scientific questions regarding neurovascutaupting and functional

activation in the neonate to be addressed.

Functional activation in the neonate, and its i@ato development has
been a prolific application of NIR techniques (Mestkal. 1998, Hebden et
al. 2002, Austin et al. 2006, Liao et al. 2010)hisTis despite the fact that
neonates (particularly in a clinical setting) cae &n intensely difficult

group to study. Obtaining an acceptable rate o§eat from new parents is
a significant challenge, experiments must be flexdnough to cope with
constant variations in the hospital environment amy research must
ultimately be considered a low priority in comparisto the clinical (and

even nutritional) needs of the subject.

The number of experimental paradigms which areabletfor application to
newborn infants is small. Stimuli must be passam ideally robust with
regard to the subject’s varying sleep and behaslaiate, their inability to
interact and their tendency to move. The most contynapplied stimuli

are visual, passive motor, somatosensory and aydito

The haemodynamic response to functional activationfants is known to
be more variable than that of adults (ZaramellaleR001). The classic

haemodynamic flow response, consisting of an irseea oxyhaemoglobin
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and decrease in deoxyhaemoglobin concentrationcfwborresponds to a
positive BOLD-fMRI signal) has been repeatedly se@emoth fMRI and
NIR functional studies of neonates (Erberich e28D6, Karen et al. 2008,
Liao et al. 2010). However, there have also beanymeports of stimulus-
related haemodynamic responses in neonates cogsstian increase in
oxyhaemoglobin and an increase in deoxyhaemogl@bmegative BOLD-
fMRI response) (Meek et al. 1998, Hoshi et al. 20B0rn et al. 2000) or
even a decrease in oxyhaemoglobin and increasesaxytlaemoglobin
(Kusaka et al. 2004). This variability is believedreflect the immaturity of
neonatal vasculature and is an area of ongoingresgColonnese et al.
2008, Zimmermann et al. 2010).

The studies presented in this section are intertdette a preliminary
investigation into electro-cortical and haemodymamiesponses in
newborns, it is important to choose a stimulus whian provide a well
understood and robust response in both EEG andabptipography (OT).
The chosen stimulus must also lend itself to thecaie block paradigms
necessary to perform simultaneous ERP and NIR ingagiThe basis of
these paradigms is, in general, that the eventegtlpotential resulting from
each individual stimulus can be recorded via EEGafdeast theaverage

ERP can be, as the signal-to-noise ratio is ustadylow to resolve single-
stimulus ERPSs) whilst the comparatively slow haeymaghic response to
each block of repeated stimuli is recorded usindgr Néchniques. As
described in section 1.3, the importance of sinmelbais acquisition of
functional NIR and ERP data (as opposed to seqieatquisition) is that
the neurovascular coupling relationship can beistudh conditions where
there is intra-stimulus and inter-stimulus variapiin the evoked electro-
cortical and/or haemodynamic responses. Such ewpatal designs have
been used to study the neurovascular couplingioaktiip in cases of intra
and inter-stimulus variability due to habituatiddbfig et al. 2002) and due

to the effects of visual attention (NA&si et all@D Such block-paradigms
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require careful planning and extremely precise rignand event-marking.

To compare the electro-cortical and haemodynamipamses, it is
important to be able to obtain enough ERPs withicheblock of stimuli to
provide a reasonable ERP signal-to-noise ratio (SNRa reasonable SNR
can only be obtained by averaging across all satiar blocks, then any
information about the variation of the neurovascwupling relationship
between those blocks will be lost. This would alegate the advantages of

simultaneous (as opposed to sequential) EEG-NIRjimga

As mentioned in section 1.1.4, hundreds of stimuépetitions are usually
necessary to produce a relatively low-noise ERRe Way of producing an
experiment which is more robust with respect to lthe signal-to-noise
ratio of ERPs is to design an experiment whichvedldor analysis in the
frequency domain. By presenting the stimulus kh@wn rate of repetition
and performing a Fourier transform of the resuliteG data, the variation
of the spectral power at the rate of stimulationd(ats harmonics) can
provide a measure of the contribution of stimulated neuronal activity to
the recorded EEG (Hermann et al. 2001, Koch €06, 2008).

Given all these considerations, it was decided thdtash-based visual
stimulation was the most suitable. Flash stimalh de controlled very
precisely, and the haemodynamic and electro-cortesponses are well
documented (Odom et al. 2004, Liao et al. 201@deéd, the presentation
of a flash or stroboscopic stimulation is oftentpaf a clinical EEG

assessment, and this familiarity makes using sustinaulus for research
purposes in a hospital environment somewhat lesblgmatic. Flash

stimulation is also entirely passive, and it hasrbshown that it can be
performed through closed eyelids in adults as asllin neonates (Koch
2006 et al., Liao et al. 2010). This is particlylamportant, as maintaining
attention, or even wakefulness, is almost impossihl newborn infants.

The flash visual evoked potential (VEP) is knowrthange with sleep state
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Author Method Subject age Subject state Stimulus Result

Martin, 1999 BOLD-fMRI Term to 12 years Sedated Bred LED goggles BOLD, BOLD or no change
Altman, 2001 BOLD-fMRI 2 months to 9 year$ Sedated| 8 Hz white LED goggles BOLD
BOLD (17/28)
Sie, 2001 BOLD-fMRI 18 months Sedated 8 Hz red Ldgiggles no change (10/28),
BOLD (1/28)
Yamada, 2000; Morita, 2000; Muramoto, 2002 BOLD-fMIR Term to 32 weeks Sedated 8 Hz white light BOLD 7 weeks
BOLD 8 weeks
Meek, 1998 NIRS 3 days to 14 weeks Awake 5 Hz patieversal HbO,, HHb
Hoshi, 2000 NIRS 4105 days Asleep 10 Hz whitbtlig HbO,, HHb or HHb or no
change
Taga, 2004; Watanabe 2008 NIRS 2 to 4 monthg Awake 14 Hz pattern reversal HbO,, HHb
Kushaka, 2004 NIRS 1 to 4 months Asleep 8 Hz wilgte HbO,, HHb
Wolf, 2004 NIRS Term Unspecified 2-3 Hz red LED gtas No change
Karen, 2008 NIRS 2 to 9 days Asleep 1 Hz red LEDgiEs HbO,, HHb
Liao, 2010 NIRS Term to 3 days Asleep 2 Hz LCDHlas HbO,, HHb

Table 3.1.1. A summary of previous visual stimulaon paradigms in infants and their results. Note lte variety of stimuli and haemodynamic response.

Adapted from Liao et al. 2010.
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(Apkarian et al. 1991), but this is true of all ERBnd although it is an

undesirable variable, it is not necessarily a pabfor our paradigm.

The development of the experimental arrangement #re intricate
stimulus paradigm required for an EEG-NIR studyflagh stimulation in
neonates is described below. Table 3.1.1 provadegammary of previous

visual stimulation paradigms performed using NI 8MRI methods.
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3.1.2 Experimental Design and Development

3.1.2.1 Experimental arrangement and control

All EEG-NIR experiments were performed using UCL®ptical
Topography System, as described in section 2, tpgrat 670 and 850 nm.
This system was used in conjunction with a cliniE&G system based at
the Neonatal Intensive Care Unit (NICU) of The RosHospital,
Cambridge, UK. Though designed primarily for amli use, this EEG
system (MicroMed SystemPlus SAM-FC1, MicroMed S.pl#aly) has a
maximum acquisition rate of over 4 kHz and enougftmsare flexibility to
allow us to implement the system in an event-rdigietential experiment.
However, the EEG system does not allow for anyirefprocessing of ERP
data without an additional software package, am&l ghoved prohibitively
expensive. Data were therefore exported in a @mdt and offline data
processing (including filtering, baseline correntiepoching and averaging)
was performed using routines written using Matlabg Mathworks, Inc.,
USA).

As was described above, any simultaneous EEG-NIRerarent,

particularly when studying functional activatioeguires extremely precise
control of the timing of both the stimuli and eaeleording modality. It was
determined that the simplest way to achieve thisllef control was to use
a single laptop computer to initiate both the flastimulus and the
corresponding event-marking signals that time-ltllk EEG and optical
topography systems to the stimulus. This necesditéhe design and
construction of bespoke LED stimulation goggles,iclwhis described in
detail in the following section. A diagram showinlgis experimental

arrangement is shown in figure 3.1.2.

The paradigm control software was designed usiagiperimental toolbox
Cogent 2000 (UCL, UK www.vislab.ucl.ac.uk/Cogentyhich is used

within the Matlab environment. Cogent is a framexwehich allows visual
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Figure 3.1.2. A diagram showing the basic experinmal arrangement for EEG-NIR
studies of flash-evoked functional activation.

and auditory stimuli, as well as digital signalling be performed with

milli-second precision.

Event marking for the optical topography system islatively

straightforward, as it is designed to be used ichsexperimental
arrangements. The sampling rate of the systenDisd4, and for each
sample the system records a dedicated event-makami externally-
triggered, serial-port connection. The event-miadem also be triggered by

a manual keyboard input.
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Figure 3.1.3. A representation of the triggering rmachanisms for the optical
topography system, EEG system and LED goggles undéwo different conditions. A
particular serial port output from the control lapt op will result in the simultaneous
firing of the LED goggles and the positioning of arEEG event marker (figure a). A
second type of serial port output results in eveniarking of the optical topography
system only (figure b). The box labelled ‘signal anverter’ interprets the incoming
serial port output (an 8 bit ascii character) and onverts it into a 0-5 Volt pulse to
trigger the EEG system.

The time-locking of the EEG system is somewhat marmplicated. It
requires the transmission of a 0-5 Volt rising edigmal to an isolated USB
triggering hub connected to the EEG computer. Trigeming pulse is then
recognised by the EEG SystemPlus software and e-looked, ~2 mV
spike is added to a recorded EEG channel of th€sushoosing. It is
therefore necessary to place an extra ‘dummy’ chlaimeach of our EEG
montages to act as a triggering channel. Thedrigg spike is added to the

chosen dummy EEG trace before any selected filages applied, and
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therefore the low pass filter setting must remaith@00 Hz or higher whilst
recording ERP data in order that the timing trigiieelf is not filtered out.
Despite being somewhat idiosyncratic, this eventking procedure proved
suitable, as recording of an incoming trigger oscwithin one sample of
the EEG system (which, for most experiments occura¢ a rate of
2048 Hz). This triggering precision is above witahecessary to study

event-related potentials.

As described above, performing a simultaneous ERPoatical topography
study requires a carefully designed block paradignth that the ERP can
be recorded in response to each individual stimuhMsist the OT system

records the haemodynamic response to a block miukti The EEG data

must therefore ideally be time-locked to each imiial stimulus (or flash in

this case), whilst the optical topography systemdnenly be triggered at the
beginning and end of each block of flashes. Whithse requirements in
mind, it was decided that instigating each flasimglus with the exact same
laptop output used to provide the EEG trigger wdwddthe easiest way to
ensure synchronisation. A schematic of the triggemechanisms is shown

in figure 3.1.3.

3.1.2.2 Development of flash stimulation goggles

The design of flash stimulation goggles for appiara to infants in a
clinical environment is subject to a number of &iint requirements. First,
and most fundamentally, they must be able to etlicé flash evoked
response, which is essentially a question of flasghtness and duration.
Second, they must be electrically, optically angigidally safe. Third, they
must meet the standard of hygiene defined by timcal unit’s infection
control team (an issue which is particularly impattin the NICU). Fourth,
they must be compact and easy to use in the linggate of a hospital
ward, and fifth, they must not interfere in any wayjth our recording

systems or the hospital’'s medical equipment.
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Red-light LEDs, with a peak output at a wavelermti®25 nm (Kingbright
OptoElectronics Ltd., UK) were selected to form li@esis of the stimulation
goggles. Flash VEP responses are commonly elibiyearhite or red light
sources which stimulate the full field of view (Qdcet al. 2004). Light
emitting diodes are particularly suitable for tleisperiment because they
can be easily controlled and have a fast, congistsponse time at a known
output luminance. Red LEDs were chosen because dtee particularly
suitable for illumination through closed eyelidsiedto the relatively high
transmission of red light through tissue. Using ffublished luminance
values of previously designed LED stimulation gegg{Koch et al. 2006),
the standards for flash stimulation (Odom et aD&ZMarmor et al. 2004)
and with knowledge of the British safety standaif8S EN 60825-1:2007)
we determined that goggles consisting of 6 LEDsqye, providing a total
luminous intensity of 7.2 candela (Kingbright Opkedronics Ltd., UK) for
a duration of 10 ms per flash would safely prodtiee required response.
Using a worst-case assumption that the output lofwalve LEDs was
concentrated to a point source, the total outptensity would be 2.4 W/fn
where the safety limit is 10 W/m

Holding an LED stimulator in front of an infant'yes is significantly easier
than designing actual goggles and coupling thenthéohead. Our first
prototype therefore consisted of the twelve LEDscdbed above soldered
onto a rigid 25 x 100 mm printed circuit board. Shioard was electrically
shielded and encased in disposable rubber insnlatio order to aid

disinfection. A shielded, twisted-pair cable waed to connect the LED
circuit board (at the cot) to a shielded circuitxbmontaining subsidiary
electronics. This circuit box is placed next te tontrol laptop, which is
either at a workstation or on a portable trollepelading on the location of
the experiment. These subsidiary electronics veceie Cogent-controlled
serial port output of the laptop and, if specifipdovide a 20 mA, 10 ms

duration current to the LEDs via the shielded calileey also convert the
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3.1. Functional Activation in the Neonate

Figure 3.1.4. Schematic arrangements of the interpting electronics, with respect to
physical location, for the first LED goggle prototype (a) and the final design (b). Note
how the final design relocates much to the electrics, and the power supply, to a
position at the cot, where they form part of the gggles themselves.

laptop output into a 0-5 V pulse in order to triggee EEG system, as

discussed above. A diagram of this arrangemestiasvn in figure 3.1.4a.

This initial design was tested by performing a denyEP experiment (i.e.

EEG only) with an adult volunteer. A single, stardl clinical EEG
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electrode was attached to the head at Oz over togi@l lobe and
referenced to Fz. The EEG was recorded at 204®ithiza bandpass filter
operating from 0.5-1000 Hz with a 50 Hz notch filtéThe contact
impedance of this channel was maintained below 5 Khe subject was
placed in a dimly lit room and asked to hold thedgles’ in front of his
eyes, which were closed throughout the experimeftimulation was
performed at 2 Hz but with a random jitter of bet¢we and 250 ms added

to each inter-stimulus interval. This helps to imise the effects of

Figure 3.1.5. The adult flash VEPs obtained fromhe initial prototype LED goggles
(a) and the final design (b). A large and distincartifact is apparent at time = 0 in the
upper trace, this artifact presents as an oscillatin (or ‘ringing’) which decays by
approximately time = 60 ms. A flash VEP waveforms apparent between 75 and 250
ms. There is no evidence of the time = 0 triggerinartifact when using the re-designed
goggles (b). These two VEPs were obtain using teeme adult subject, and provide a
good indication of the intra-subject variability of the flash VEP.
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3.1. Functional Activation in the Neonate

background electrical oscillations. The stimulussvpaesented in 12, ~30-
second long blocks, with 20 seconds of rest in betw This additional
complexity was unnecessary for a simple VEP expanimbut it allowed

the block-paradigm software to be tested.

This experiment provided a (very large) 720-eveatadset. The data were
exported in a raw format and, on the basis of tleeassfully obtained EEG
event markers, cropped into 625 ms long epochs (h&5pre-stimulus

onset, 500 ms post-stimulus onset). Each epochdeasended using a
linear extrapolation of the signal recorded over filst 125 ms. Of the 720
epochs, 54 were deemed to be corrupted by moveonasther artifacts via

visual inspection and were rejected. The remaimipgchs were averaged

and the resultant waveform is shown in figure 31.5

The result confirms that the goggle design is ableslicit the standard
visual evoked potential. However, it is also vepparent that the process
of providing the flash stimulus (or the processtiofe-locking the EEG
system) is causing a substantial triggering artifatmost certainly due to
some form of electro-magnetic interference. Thefaat consists of a
classic ‘ringing’ effect associated with a rapidreil change despite all the
components being independently isolated and shdeldeAfter some
investigation, the most likely source of this iféeence effect was found to
be the transmission cable carrying the 20 mA curparses from the
subsidiary electronics to the goggles at the hédee use of optical fibres to
carry the flash to the subject and thus negatendesl for this cable was
initially investigated, but eventually it was deedtthat the battery powering
the LEDs (and the associated electronics) needbéd tepositioned to form
part of the goggles themselves. A representatiothis arrangement is
shown in figure 3.1.4b. Once completed, this neggle design was tested
using the same simple VEP paradigm described abdve result of this

experiment is presented in figure 3.1.5b. A numbércomparable
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experiments was performed, none of which showedfiantlger evidence of

a stimulus interference artifact.

3.1.2.3 Preliminary data

Once all the triggering and stimulation methods Hesn perfected in
adults, it was necessary to perform some prelingiraperiments on infants
before proceeding to a full EEG-NIR imaging paradigMost importantly,
we had to test whether the LED goggles could elecitVEP and a
haemodynamic response in infants. Ethical appraal obtained from the
Cambridgeshire Research Ethics Committee for atliss prior to subject
recruitment. Two healthy neonates were therefoceured to allow us to
perform a simple flash-VEP experiment using the EE{tem and,
independently, a functional activation experimesing a limited number of
optical topography channels. All the infants réed to the studies
described in this work were in-patients of The Rodibspital’'s Neonatal
Unit. As a result, the majority of the infants @anle for recruitment were
born prematurely, or had some condition at birtt trecessitated in-patient
care. The cohort cannot therefore be considersdrgdy healthy, term-age
infants. However, no experiments were performefbrieethe infants had
achieved a good state of general health and wertherverge of being

discharged.

The first infant had a gestational age of 36 wqalis 3 days at the time of
study. A single channel VEP experiment was peréapsimilar to that
performed on an adult and described in the prevseation. On the advice
of our clinical research team, the experiment vimed to occur within an
hour of the infant being fed. Newborn infants téadbe at their most docile
immediately after a feed, and this makes applicatdd the necessary
equipment far easier. Performing these experimisntgear impossible if
the subject shows any significant agitation. Tileject was in a quiet state

in his cot, which was wheeled into a dimly-lit siccem where the EEG and
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Figure 3.1.6. The grand average VEP response of erinfant to the flash stimuli
produced using our LED goggles, from a total of 138esponses. The flash occurs at
time = 0, and a corresponding waveform is apparerfrom 150 to 650 ms. The signal
to noise ratio, time scale and form is consistentithh previous studies of the neonatal
flash VEP. Note that the 100 Hz noise clearly prest in the data corresponds to the
1% harmonic of the 50 Hz mains electricity frequency.

stimulation systems had been prepared. A singledard clinical electrode
was then affixed to 10-20 position Oz, and refeegntdo Fz. Before
recording began we ensured that the contact impedaithis channel was
below 5 k and that the resulting EEG trace appeared conismuand

relatively noise-free.

Once again, our LED goggles were operated usingcek iparadigm, which
consisted of 12, 20-second long blocks of flastmgkation, interspersed by
30 seconds of rest. The inter-flash interval wasskconds plus a randomly
assigned jitter of between 0 and 250 ms. Thiseaimulation is smaller
than that used in adults because the neonatal ¥iB$his known to have a
significantly larger latency than that of adultsthafeatures often persisting
for longer than 500 ms post-stimulus (Ellingson @98 The goggles were
held approximately 1 cm in front of the subject®bsed eyes by a

Neonatologist member of the research team. Theere®pnt lasted
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approximately ten minutes and the subject remained still, quiet state

throughout.

A total of 149 events were recorded, 16 of whicliemdsually rejected due
to movement or other artifacts. After each wadrdeded the remaining
data were averaged, and the result is shown irrdi@l.6. A distinct
deflection in response to the flash stimulus isaappt, with a timescale and
shape consistent with a neonatal flash visual evoketential. No

triggering artifact is apparent.

The second healthy infant was the youngest infadisd in any of the
experiments described in this work, with a correcage of 35 weeks + 4
days, but again, was in a good state of generdthhbg the time of the
study. A simplified experiment was performed using pairs of sources
and two detectors of UCL’s Optical Topography systéorming 4 near-
infrared spectroscopy channels. The sources aedtdes were fitted into a
purpose built silicone-rubber array (figure 3.1.7)Silicone rubber is
particularly suitable for optical topography arrags it is rigid enough to

maintain source-detector separations (which is iamb for accurate

Figure 3.1.7. The simplified, four-channel silicoa rubber array design. The red
circle represents a source pair (with output at bdt 690 and 850 nm) and the blue
circles represent detectors. The grey regions arelcro pads which allow the array to
be strapped to the head. The four channels (and g&rations) are S1-D1 (20 mm), S1-
D2 (60 mm), S2-D1 (20 mm) and S2-D2 (20 mm).
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measurement of concentration changes and imagenstegotion) but
flexible enough to conform to the head. It alse tie advantage of being a
very high-friction material; it tends to adheretbe skin and thus helps to

reduce movement artifact.

The flash stimulation paradigm consisted of 12s&bend blocks of LED
stimulation at 8 Hz. This stimulation rate was @msn the basis of
previous successful studies (see table 3.1.1). impertance of the choice
stimulation frequency is discussed further in seri8.1.2.4. The subject
was initially asleep in her cot and the experim&as performed in a dimly
lit room. The rubber array was centred over positDz and attached to the
head using a velcro strap. A layer of bandaging than applied on top of
the array and the optical fibres to provide exwaport and minimise the

effects of ambient light.

The experiment proceeded as before with the Netmgsd holding the
LED goggles in front of the infant's closed eye#fter nine periods of
stimulation, the subject began to wake up and mose head. It was
decided that nine samples was probably sufficiext the experiment was

stopped.

The data were band-pass filtered between 0.02 #nHiZ (using a '8 order
Butterworth filter) in order to remove slow var@ts due to instrumental
instability and vasomotion and the fast variatimasised by the cardiac
pulse. Each of the nine epochs was then sepasadisually inspected.
One epoch was rejected due to a significant movearéifact. It was also
apparent from the raw data that a small triggearigact occured on some
optical topography channels. This feature had lieentified previously in
the use of UCL’s Optical Topography System, andriselectrical artifact
which can be easily removed by ensuring that thepeder providing the
event marker (i.e. the laptop in this case) isaisml from the mains

electricity supply. This was performed for evenbsequent experiment,
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and the effect was not significant enough to undeenthe experiment
described here. Data were converted from measofeghange in
absorbance to measures of change in chromophorewiwation using the
Beer-Lambert law with a differential pathlength ttacof 5.13 (Duncan et
al. 1995), as described in section 1.2. The baselas taken as the average
of the 10 seconds of data immediately precedinghibginning of each
stimulus block. The average changes in conceotraif HbGQ, HHb and
HDbT for all four channels are shown in figure 3.1.8

Comparing the five seconds of mean data aroungeiad change in each
channel to the 10 seconds of mean data prior toukis onset, all four
channels show a very significant increase in oxgiagobin (two-tailed

student t-test with a confidence level of 99 %)heTsignal-to-noise ratio

(SNR) of all four channels is good. Using the @emin concentration of

Figure 3.1.8. The average of nine haemoglobin camtration changes for 15 seconds
of LED goggle flash stimulation at 8 Hz (represeni® by the shaded region) for
channels 1-4 (axes a-d) as defined in figure 3.1.€hannels 1, 3 and 4 show a rapid
change between 0 and 3 seconds which is known to & artifact. All four channels
show a significant increase in oxyhaemoglobin conctation, peaking at 7 seconds
post-stimulus onset.
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HbO, the signal to noise ratios of channels 1-4 ar®,18.98, 18.5 and
13.9 dB respectively. The SNR of channel 2 is ssirmly high, given its
60 mm source-detector separation. The changeseaxytiaemoglobin
concentration are more subtle. The SNR of deoxyloagobin changes for
channels 1-4 are 2.07, 1.56, 12.8 and 6.00 dB c&sply. However, only
channels 1, 2 and 4 show a significant (as defaisul/e) decrease in HHb
concentration. This is consistent with a typicaemodynamic flow
response. Channel 3, which shows the largest ehamglbQ, exhibits a

significant increase in HHb concentration.

This dataset provides strong evidence that thé Btsnulation provided by
our LED goggle arrangement is able to induce a lo@gmamic response in
newborn infants. Despite the apparent spatial tiana in
deoxyhaemoglobin signal (which is not necessarihexpected given
previous visual stimulation experiments performednfants (table 3.1.1)),
measures of oxyhaemoglobin concentration show asistemt and
significant change which is time-locked to the dnskflash stimulation.
These changes are significant on both sides o$dlgéal sinus, suggesting
that flash stimulation produces bilateral changeserebral blood flow over
a relatively large area of the visual cortex. Awgahis is consistent with

previous studies (Yamada et al. 2000).

3.1.2.4 Paradigm development

Having proven that our experimental arrangemeabis to elicit both VEPs
and functional haemodynamic responses, we set alesigning a paradigm
which would enable us to study the macroscopic e&scular coupling
associated with flash responses in the neonatal.biais important to note
that it is conceivable for a study of the relativipsbetween VEPs and the
haemodynamic response to be performed using segludata acquisition.
However, because the electro-cortical and haemadignaesponses in

infants are so variable, and the neurovascular lcauprelationship
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throughout these variations is itself of interestsimultaneous method is

preferable.

Ideally such a paradigm should include some formasfation in stimulus

presentation in order to induce different electootical and haemodynamic
responses. The consistency (or otherwise) of theavascular coupling
relationship throughout these variations can therstudied. For a flash
stimulation experiment, there are four possiblealdes: flash brightness,
flash duration, stimulation rate (number of flashe= second) and the
duration of each block of flashes. The variatidibioghtness and duration
of each flash would require further alterationshi® electronics described in
section 3.1.2.2, and therefore it was decided thase would remain

constant.

Varying the duration of the stimulus block is anenesting experimental

paradigm as it relates to the issue of habituatidn.adults it has been
shown that continuing stimulation for longer pesdeénything greater than
~15 seconds) can result in the haemodynamic respensrning to a steady
baseline before the stimulus block has come tondn(Eathout et al. 1994,

Condon et al. 1997). This has raised questionsitalvbether the cerebral
flow response habituates despite the level of dtisrelated neuronal

activity remaining constant; i.e. is there a dedimgpof the neurovascular

relationship (Frahm et al. 1996)? At present iacsepted that there are
linear and non-linear aspects to the relationst@fwben neuronal activity

and localised changes in CBF (Kriger et al. 1998eM2001).

In 2002, Obrig et al. set about explicitly comparithe simultaneously-
recorded VEP and functional haemodynamic responsedults during
extended (1 minute long) stimulation periods inEEG-NIRS experiment.
Their results tentatively suggested that a linedationship between the
amplitude of certain VEP features and changes irOMHland HHb

concentration appeared to be maintained throudhalituation. No similar
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experiments have been performed in young infamis,the result of such a
study would not only be important from the perspecbf the development
of neurovascular coupling mechanisms but also vapect to habituation
itself, which is an important feature of neurola@didevelopment (Colombo
and Mitchell 2009, Nakano et al. 2009). Howevarpider to pursue any
such paradigm it would first be helpful to know wihiflash stimulation

frequency is optimal for the production of both dtianal haemodynamic

responses and visual evoked potentials.

As is apparent from table 3.1.1, there has beange Ivariety of stimulation
rates applied in previous studies of infant visacivation, ranging from 1
Hz to 14 Hz. As far as the author is aware, tla® been no study (using
any modality) which has sought to determine how tlctional
haemodynamic response varies with flash stimulatide in infants. Given
the number of NIRS studies of the flash responseeanates, and the
continued popularity of such paradigms, it seemsevant question to seek

to answer.

In adults, the flash VEP has a total duration géragimately 300 ms after
the flash. In infants it is significantly longexrs much as 750 ms (Ellingson
1986, Odom et al. 2004). The result of repetitiash stimulations at a rate
faster than ~3 Hz in adults and ~1.5 Hz in infastshat these visually-
evoked components begin to smear together and daroscillation. This is
known as the steady-state visual evoked potenti8ISYEP. This response
is well documented and quite striking in adultsa(éite et al. 2010) but has
also been studied repeatedly in infants (Taylor ke€Culloch 1992, Birca
et al. 2006, Pieh et al. 2009).

An experiment designed around SSVEPs and the iaariaf stimulus
repetition rate lends itself to analysis in thegfrency domain, which allows

event-related EEG components to be identified evenases where the
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time-domain signal-to-noise ratio is low (VictordaMast 1991, Isler et al.
2007, Pieh et al. 2009).

Adding further motivation for such an experiment tlse fact that a
comparable paradigm has been applied in adults.2006, Koch et al.
recorded the SSVEP and the resulting haemodynasmonse in adults to
flash stimulation at rates between 1 and 25 Hze Mlost striking result of
this study was the fact that a peak in SSVEP augsitat the alpha wave
frequency is not associated with a peak in the loalgmamic response. It
was hypothesised that this was because groupsuobme that are already
synchronously firing to produce the spontaneoukalpave do not show an
increased metabolic demand when recruited to dorigito the SSVEP.
The authors of this study went on to examine tha&tiomship between an
individual's alpha frequency and their electro-mat and haemodynamic
responses to steady state flash stimulation (Koeth €008). As described
in section 1.2, newborn infants do not exhibit tlgaokind activity
comparable to the alpha wave; they have no postéominant rhythm.
Instead they exhibit global, mixed, low-frequen@ckground oscillations.
Whether any discrepancy exists between peak freyuaiithe SSVEP and
the haemodynamic response in infants is unknowauygh previous studies
show that a haemodynamic response can be obsenvetiniulation at 8 Hz
(table 3.1.1), despite the corresponding SSVEPdgosomewhat variable
(Pieh et al. 2009).

A study of the neurovascular coupling relationshipesponse to a varying
rate of flash stimulation in infants would ideatlgver a range of ~1-15 Hz.
This would encompass the stimulation frequenciegleyad in the majority
of NIRS and fMRI studies, and also the range ovéictv Koch et al.

discovered a decoupling of the SSVEP and haemodgnessponses in
adults. However, the paradigm must not exceedratida of around 15-20
minutes, as it is unrealistic to expect a newbafant to remain cooperative

for any longer. Given this limit, a balance mustazhieved between the

[141]



2Hz

4Hz
=
9
®
3 n
o 6Hz 3 ~
2 =] -
T g <
| E [
S = H
- =] L=
o 5 o
g 8Hz %
-— o
w

10Hz

12Hz
20 e :
500 1,000 0 2 4 & a 10 12 14
Time (ms) Frequency (Hz)

Figure 3.1.9. The SSVEPSs recorded from EEG channé&z-Fz for six stimulation frequencies in an adult,presented in the time domain (each 20 second
stimulation block is cut into 1-second epochs, gr@ed by stimulation frequency then averaged) and thérequency domain (the normalised average power
spectra produced from each 20-second stimulation btk, right column).



Figure 3.1.10. The data recorded using the samdrstlation paradigm which resulted in the data shownin figure 3.1.8 but with the goggles placed abovée
eyes so as to not be visible. The absence of analgprovides an explicit proof that the results preented in figure 3.1.9 are not the result of eledtral
interference.
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number of different stimulation frequencies empbbgsd how many times
a block of a given stimulation frequency can beesgpd. A good number
of block repetitions is essential if a reasonalimal-to-noise ratio is to be

obtained in both VEP and optical topography measargs.

Three, 20-second long blocks of stimulation atsaie?2, 4, 6, 8, 10 and 12
Hz, randomly ordered and interspersed with 30 sgxoif rest constitutes a
paradigm with a total duration of 15 minutes. Qtfisadvantage of the
analysis of SSVEP data in the frequency domairha &any stimulation-

locked noise (i.e. any remnants of the triggerfaotidescribed in section
3.1.2.2) will be indistinguishable from SSVEP sign&he data shown in

figures 3.1.9 and 3.1.10 were recorded in a siadldt, using a single EEG
channel (Oz-Fz) and the block paradigm describexveab The presented
time-domain data were obtained by cutting the thP&esecond long

stimulation blocks at each frequency into 1l-secepdchs and taking a
mean of these epochs. The average power speerth@rmeans of the
power spectra of each 20-second long stimulationkol These experiments
were performed partly as a test of the stimulapanadigm and partly to

identify any remaining interference artifacts. Ylere presented here to
show the distinctive nature of SSVEP responsesdults and also the
suitability of frequency domain analysis. This uledss consistent with

previous studies of the adult SSVEP (e.g. KocH. &006).

3.1.2.5 Array design and application methods

One of the aims of this visual activation experitmeas to show that the
methods described in section 2 for simultaneous EBG NIR imaging
were applicable to the neonate. Without expliesting, it is difficult to
know what practical difficulties may be encountemgten attempting to
apply such complicated apparatus to an infant stiracal setting. Such
difficulties are likely to be more pronounced whstndying neurologically

damaged infants in intensive care.
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Figure 3.1.11. The silicone-rubber EEG-NIR imagingrisual cortex array. Red circles
represent NIR imaging sources and the blue circledetectors. Those probes with
yellow centres are opto-electrodes. The grey areaspresent velcro connectors to
allow the array to be strapped to the head and thevhite arrows explicitly show three
optical topography channels which sample the voluméeneath one of the opto-
electrodes.

The EEG-NIR imaging array designed for this visaetivation experiment
is shown in figure 3.1.11. This array was desigasidg the rules set out in
section 1.2.3.3 which optimise diffuse optical inmagarrays. However, it
was also important to maintain the visual cortexX20(lectrode locations as

closely as possible, to be consistent with previteenatal VEP studies.

The final array design consisted of 13 probes; tEhdard optical fibre
bundles and 3 opto-electrodes. Five probes wet&abpsource fibres
emitting both 670 and 850 nm light, and the renmgn8 were detector
fibres. The array was designed around a centr@-electrode which was
coupled to 10-20 position Oz using the methods ritest in section 2.
Either side of this central probe were two moreoeglectrodes positioned
approximately at O1 and O2. These positions wppFaximate because a
single array was used for multiple subjects. Tha&yawas maximally
accurate (i.e. the positions O1 and O2 were efac@n infant with a head

circumference of 36 cm, which is a relatively latgam infant. The
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Figure 3.1.12. A reconstructed image of the changa absorption coefficient at 670
nm, obtained from a dynamic phantom using the imagig array shown in figure

3.1.11. This image represents a depth of 15-18 mrfthe array positions are indicated
by the green crosses, whilst the red circle showke position and size of the phantom
target.

positioning was less accurate for smaller infabtg,even for an infant with

a 30 cm head circumference, the location error vbelonly 3 mm.

The array contained a total of 40 source-detecamspof which 18 had a
separation of 18 mm, 10 had a separation of 36 &fmd a separation of
47 mm and 4 had a separation of 65 mm. Althoughldhger separations
were unlikely to yield useful data (as not enoughtl can traverse that
distance through tissue) this array still providesdatively dense, over-

lapping sampling of the occipital lobe. The smlllseparation (18 mm)
was shorter than is optimal for sampling of thesbeal cortex. However, as
our previous in-vivo study (section 3.1.2.3) andcerg in-vivo and

theoretical work (Taga et al. 2007, Heiskala e2@D9) have both suggested
that 20 mm is a suitable source-detector separaicgample the neonatal
cortex, we believe the compromise made betweesi#geof the array and

the length of the shortest separation was reasenabl
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As an explicit test of the suitability of this ayraesign for NIR optical
imaging, we performed a simple imaging experimesa the UCL optical
topography system and a solid, dynamic phantorhe phantom consists of
an epoxy resin with comparable optical properties Hdulk tissue
(Ua=0.01 mmt and w= 1 mm™) (Hebden et al. 2008). Embedded within
the resin, at a depth of approximately 15 mm ipatislly discrete region
containing a thermally-activated pigment, which drees less absorbing as
it is heated. By passing current through a resmstahe centre of the region
of pigment a localised change in optical absorpt®produced, which is
designed to mimic changes in cortical haemoglolmncentration. An
image of a change in optical absorption within fhiintom was produced

using our visual cortex array, and is shown inrfeg8.1.12.

Image reconstruction was performed using the limathods described in
section 1.2.3.2. To evaluate the suitability cf geometrical arrangement
of optical sources and detectors standard optibed fprobes were used in
all positions. The reconstructed image shows aively focal decrease in
optical absorption at 670 nm, the reconstructeclpiith the minimum

value of optical absorbance was 3.8 mm from thdreeof the phantom

target. This result confirms that the density arrdragement of sources and

detectors in this array is suitable for opticaldg@phy.

The process of applying the combined EEG-NIR imgganray involves
several stages and is not just a question of stryggpto the head of the
subject. The opto-electrode contact sites havetoarefully abraded, and it
can be difficult to correctly position an opto-dlece over the abraded site
when the opto-electrode is part of an extendedyarr&his difficulty is
addressed by the following procedure. First, thendard optical fibre
probes (i.e. the 10 outer positions of figure 3L} dre fitted into the silicone
rubber array, whilst the three central positions Eft empty. The Oz
position is located, and the array is centred dyersing adjustable velcro

straps to hold the array in place. The three epgotrode contact sites are
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Figure 3.1.13. A photograph showing the abradingfoan opto-electrode contact site
through an empty position in the imaging array. N¢e that the clinician in the photo is

only demonstrating the application process, as ththree opto-electrodes had already
been applied before the photograph was taken. A mober of the optical fibres (black

cables) have yet to be fitted into the array, as swetimes it was easier to fit them after
the process of abrasion. The three electrode leadlsrown, white, blue can be seen
emerging from the array.

Figure 3.1.14. A photograph of an infant during tle combined EEG-NIR imaging
study. Note the layer of bandaging applied over # array and the goggles held in
front of the subject’s eyes.
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then abraded through the empty probe positionggusinotton bud and an
abrasive paste (NuPrep, Weaver and Co., USA) asstaedard, clinical
EEG application (see figure 3.1.13). Following #ierasion of a contact
site, the translucent electrode coupling gel (EtdMa Devices, Italy) is
introduced into an opto-electrode, which is theottet into the relevant
empty array position. This approach ensures thah epto-electrode is
located exactly over the site that has been abraw@dmising electrode
contact impedance. Once all the probes have b#aohad, a reference
electrode is placed at Fz and a ground electrod@@oximately Cz. The
electrode leads are connected to the appropria@ &Etem inputs and a
layer of bandaging is strapped around the headchefsubject, over the
imaging array (figure 3.1.14). This helps to aghi@ good optical contact,

as well as minimise movement artifacts and theceffef ambient light.
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3.1.3 Results

A total of six healthy subjects with a mean cordcage of 37.6 weeks were
recruited from The Rosie Hospital Neonatal Unitthwinformed consent
being obtained from all parents in advance of estigtly. A summary of the
medical histories of these infants is given in@aBl1.15. In all six infants
we performed an EEG-NIR imaging experiment with ywag-frequency
flash stimulation, using the visual cortex imagiagay described in the
previous section. In two of the six infants (reéer to as OEV_01 and
OEV_02) we employed a paradigm of six stimulatioreqtiencies
(2,4,6,8,10 and 12 Hz). Three blocks of 20-sedong stimulation were
performed at each frequency, in a randomised caddrinterspersed with
30 seconds of rest. In the remaining four inf{@EV_03 to OEV_06) we
employed a simplified paradigm using six blocks 2-second long

stimulation at only three frequencies: 2, 5 andz8 H

All six studies were completed successfully, with subjects remaining
relatively still and quiet throughout. Only onefant (OEV_05) was
observed to open their eyes during the course efstody. The contact
impedance of each opto-electrode was measured poiothe start of
recording using the EEG SystemPlus software. Weedito achieve
contact impedances below 5 kn each case, though in some infants this
proved difficult despite repeated application of @kctrodes and opto-
electrodes. The highest contact impedance recondsd9.8 k , but this
did not produce an excessively noisy EEG tracesanthe experiment was
continued. EEG data were recorded with a sampéea2048 Hz, with a
band pass filter from 0.3 to 1000 Hz and a 50 Hzméilter.

Optical data were inspected for movement artifhet®re being band-pass
fitered (3" order Butterworth filter, 0.02-1.2 Hz) and croppiedo 60

second-long epochs on the basis of the positicgaoh stimulus block. The
optical dataset from infant OEV_02 was completedjected because of

excessive artifacts, which were likely to be theuteof poor coupling of
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Infant

Age at birth
(Weeks +
days)

Age at study
(Weeks +
days)

Previous pathology

Drug regime

Condition

Behavioural state
during study

Experiment
performed

OEV_01 35 36+3 Duplex kidney Antibiotics Stab_le,_self- Soundly asleep, Full, §|x-frequency
ventilating almost no movement paradigm
OEV 02 3641 3644 Hypothermia .and Vitamin Stab_le, _self- Soundly asleep, Full, §|x-frequency
- hypoglycaemia supplement ventilating almost no movement paradigm
Antibiotics, .
OEV_03 34+3 36+3 Respiratory distress vitamin Stab_le,_self- Variable, some Reduced three- .
ventilating movement frequency paradigm
supplement
Intrauterine growth N -
OEV 04 37 3045 retardation, Vitamin Stab_le,_self- Asleep, minimal Reduced three- .
. supplement ventilating movement frequency paradigm
hypoglycaemia
Vitamin Stable, self- Variable, eyes open Reduced three-
OEV_05 37 39+5 Laryngomalacia L at some points. Somg .
supplement ventilating frequency paradigm
movement.
OEV 06 3544 3643 None Vitamin Stab_le,_self- Asleep, minimal Reduced three- .
- supplement ventilating movement frequency paradigm

Table 3.1.15. A summary of relevant information fo each of the six flash-stimulus EEG-NIR imaging shjects.
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certain optical channels to the scalp. Once cropmach epoch was
individually inspected for artifacts before beirfpaed to contribute to the

mean result.

The EEG data were exported in a raw format andallisinspected for any
gross artifacts before being low-pass filtered waththreshold of 40 Hz.
This filter is applied in order to further reduceyab0 Hz electrical mains
interference (although the notch filter removes mo$ the 50 Hz
component, its harmonics are often still apparent)sing the associated
triggers, the EEG dataset was separated into 2fhdedong blocks
coinciding with flash stimulation, and these bloaksre then divided into
twenty, 1-second long epochs. The 20-second ldogkb were used to
produce power spectra at each stimulation frequersiyg a fast Fourier
transform. Power spectra were also obtained fer EEG data in the
absence of any visual stimuli, using the latters2bonds of data from each
30 second rest period. The 1-second long epochs aeraged together
after being subjected to a simple threshold attifagection algorithm,
which excludes epochs where the peak-to-peak ardpliexceeds 300 pV.
This threshold was chosen on the basis of inspectiprevious infant EEG
recordings, and was found to provide reasonablyrate identification of
larger (i.e. movement) artifacts. These data @sing methods are exactly
that performed on the adult SSVEP data presentefigimres 3.1.9 and
3.1.10.

In order to assess the significance of any SSVEPorese in the frequency
domain, it is necessary to compare the power speetrorded during rest
periods with the power spectra recorded duringgaeriof stimulation.

Because of the significant natural variation in EE@htent in infants, the
absolute scale of power spectra calculated frofereiit periods of data can
vary significantly. Therefore, before stimulus andn-stimulus power

spectra can be compared, each is scaled by iisptmteer content (i.e. the
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power at each frequency is divided by the sum & power at all

frequencies).

The total power contained in a 0.5 Hz window, cemhtat each flash
stimulation rate (and it's first two harmonics) tigen calculated for each
stimulus block and each of the three EEG channBfe same calculation is
performed for each non-stimulus power spectrumwhich there are 18;
one for each rest block). The resulting frequesgseific stimulus and non-
stimulus power contributions can then be comparsithgua suitable
hypothesis test (i.e. a student t-test, with a identce level of 95 % or

above).
3.1.3.1. Infant OEV_01

The SSVEP data obtained for the varying-frequencyuwation paradigm
in infant OEV_01 are shown in figure 3.1.16. Oditactotal of sixty, the
numbers of 1-second epochs automatically rejededdch stimulation rate
(2,4,6,8,10 and 12 Hz) were 10,1,1,6,1 and 3 reéisppde  The first feature
to note about this dataset is that the responseaapjuite indistinct. This
is particularly true of the time-domain data (lelumn), as any frequency
components related to the stimulation rate are ajgparent in these
averages. The frequency domain data (each axihich is the average of
three power spectra, one for each of the 20-selmorgdstimulation blocks)
exhibits some observable response at 2 Hz and 4&tidmlation rates,
although it is much less apparent than in the astulies. The statistical
analysis described above for the SSVEP data ohin@EV_01 (figure
3.1.16) indicates that there is a power increas®cisted with 2 Hz
stimulation, but it only reaches significance fbe telectrode position Oz,
and not for positions O1 and O2 (at a confideneellef 95 %). There is
also a significant increase in power measured aledtrodes for 4 Hz flash
stimulation, but not for any higher stimulationestat any electrode. The
SSVEP data obtained with infant OEV_02 show a \&myilar result; with

only 2 and 4 Hz stimulation rates producing a digant response.
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Figure 3.1.16. SSVEP data recorded in channel OzHkn infant OEV_01 for six flash stimulus frequenaes presented in the time domain (left column; eac20
second stimulation block is cut into 1-second longpochs which are grouped by stimulation frequencyral averaged) and frequency domain (right column;
the average of the power spectrum of each 20 secostimulation block). Note the lack of any consista stimulus-locked response.
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Although SSVEPs in infants are known to be sigatiity less distinct than
those in adults (Ellingson 1986, Pieh et al. 20@8¢se datasets exhibit a

lower signal-to-noise ratio than is expected.

Figure 3.1.17 shows the average changes in oxyxydemd total
haemoglobin recorded in a representative channéleobptical topography

array for each of the 6 stimulus frequencies usigd subject OEV_01.

Figure 3.1.17. The average haemoglobin concentrati changes for a representative
channel for all six flash stimulation rates in subgct OEV_01. The shaded regions are
the periods of stimulation.
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There is no distinct haemodynamic response to fiishulation at any
frequency. This is unexpected given the large tesponse described in
section 3.1.2.3. Sitill present in the average @agarelatively large (~0.2
HM) spontaneous oscillations in haemoglobin comeginins, which

suggests that the number of stimulus trials matpbesmall.

As described previously, the haemodynamic resptmsésual stimulation

in neonates is highly variable, so a null-resulbire infant is not necessarily
indicative of a failure of the experimental paradig One concern with all
optical topography experiments is ensuring thatitite that is detected has
actually passed through the tissue of the subijattier than being reflected
directly into the detector. This requires that daxptical isolation and a

tight fit to the scalp are maintained.

Whether or not an optical channel is sampling Bssian be easily
established by observing the presence of a subjretirt rate in the optical
topography data. Figure 3.1.18 shows the nornthiE®ver spectrum of
the same optical topography channel shown in figulel7. This clearly
indicates that the heart rate is being recorded additional consideration is
related to array design and the dynamic range @fofbtical system. As
described previously, a major factor in the desifany optical-topography
array is the balance between source-detector sepagand obtaining a level
of light incident at the detector which is largeoegh to exceed the level of
background noise but is small enough not to saulet detector. This also
affects whether the array is sampling the intendgldme of tissue, as the
more channels which are saturated or not recoreimayugh light, the lower
the sampling density of the array. Figure 3.1.48ws the mean intensity
recorded across each channel as a function of s@@atector separation for
the optical topography dataset recorded from in@BEYV_01. It shows that
the shortest separations are not saturating thecies, whilst many
channels exceed the noise floor (of approximatety B?) for separations

as large as 47 mm.
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Figure 3.1.18. The normalised power spectrum of @epresentative optical topography
channel. The contribution of the cardiac pulse isery apparent at around 2.4Hz. The
activity below 1 Hz will include respiration rate and vasomotion.

Figure 3.1.19. A plot of mean intensity against sioce-detector separation for the 40
channels of the visual cortex array. This is takefrom the optical topography dataset
of infant OEV_01. The red crosses are 670 nm sows and the blue circles are 850
nm sources. Channels which are partially saturateavill show an intensity of greater
than ~1-1.5 (A.U.), whilst complete saturation caes the detector to shut down and
produce an intensity measure of approximately zero.The approximate noise floor is
represented by the green line. It is therefore appent that no channels are
saturating, and a reasonable level of light is indient for all 36 mm channels, and

many 47 mm channels.
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3.1.3.2 Infants OEV_03 to OEV_06

As the signal-to-noise ratios for both recordingdalgies appear less than
expected for infant OEV_01 (and partially in infaDEV_02), the paradigm
was simplified for the remaining four infants. Bsducing the number of
different stimulus rates from six to three, the twemof stimulus blocks for
each stimulus rate could be doubled. This yiel@®, Jone-second long
SSVEP epochs and six optical topography trials dach stimulation
frequency. The paradigm was therefore redesigoneddude only three

flash stimulation frequencies: 2, 5 and 8 Hz.

Figure 3.1.20 shows the time-domain SSVEP resultshe reduced-
paradigm performed in four infants (OEV_03-OEV_06Figure 3.1.21
shows the corresponding frequency domain data. rébelts of the EEG
processing and statistical analysis for each infainteach stimulation
frequency and for each EEG channel are shown ie &.22. In general,
this reduced paradigm produced a much improved $SHEnal-to-noise
ratio, as can be seen in the form (and scale)eohtlerage 1-second epochs
shown in figure 3.1.20. Statistically significachanges in stimulation-
frequency power were found at all three stimulatiogguencies, in all
infants except OEV_05.

The average changes in oxy, deoxy and total haexbimgtoncentration for
a representative channel of the visual cortex afomyall four infants and all
three stimulation frequencies are presented inréidi2.23. Again, there
appears to be no distinct haemodynamic respons\aide in any of these
four infants, at any stimulation frequency. Thevele of background
haemodynamic oscillations present in this mean datat clearly less than
that obtained in infant OEV_01, despite having dedbthe number of
blocks of flash stimulation at each frequency. sTikilikely due to the fact
that movement artifacts were more abundant in ptiea topography data

of infants OEV_03-OEV_06 (which is consistent witheir noted
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Figure 3.1.20. The average 1-second stimulation @ghs for all four subjects and all three stimulatioa frequencies recorded over Oz-Fz (the 20 second
stimulation blocks are cut into 1-second epochs, guped by stimulation frequency and averaged). Notéhat the signal-to-noise ratio for all infants
(particularly OEV_04) is much improved in this reduced paradigm.



Figure 3.1.21. The mean within-stimulus power spé&@ for all four subjects and all three stimulation frequencies of the reduced paradigm recorded oveDz-
Fz. Note that peaks corresponding to the stimulabn frequency are apparent in all infants at nearlyall stimulation frequencies.
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Power increase significant at 95%7? Y/N
Stimulation Number
(p-value, 2 s.f.)

Frequency of epochs

(Hz) rejected Oz

2 9 Y (42e3) Y (5.2e3) Y (8.4e-4)
5 6 Y (Lle-6) Y (8.1e3) Y (6.3e5)
8 3 Y (85e4) Y (10e3) Y (3.4e3)
2 3 - Y (43e2) Y (L7e2_
5 1 Y (6.1e6) Y (3.7e5) Y (Lde-d)
8 2 Y (16e2) Y (2.4e-2)

2 2

5 4

8 7

> 2 Y (2.4e-4) Y (1L8ed) Y (2.5e-4)
5 2 Y(26e3) Y (Lled) Y (L4e3d)
8 2

Table 3.1.22. The results of the automatic EEG tleshold epoch rejection algorithm
and the statistical analysis of SSVEP data descrideabove. Whether the power
increase was significant (at the 95 % confidenceuel) is highlighted and the p-values
are provided in each case. Only OEV_05 shows nogsificant response at any
frequency, despite fundamental and harmonic peaks ding apparent in the
corresponding power spectrum data at a stimulatiorirequency of 2 Hz.

behavioural state). This resulted in an averagekblejection ratio of
approximately 27 %. Once again, the frequency exanof each optical
topography dataset was examined, and the heanvest@resent for all four

datasets, suggesting that optical isolation wasrsignificant issue.

In order to compare the SSVEP and haemodynamiconssg, we were
hoping to obtain a response in each individualripfar even in individual

trials as was the case for the data presentedctipse3.1.2.3. As this is
clearly not the case for infants OEV_03-OEV_06, tp@nd average
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Figure 3.1.23. Representative channels showing tlaverage of the haemodynamic response to 20 secoradsflash stimulation, arranged by stimulation

frequency and subect. The shaded regions are stithows periods.
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Figure 3.1.24. The grand average of the haemoglabconcentration changes resulting
from 20 seconds of flash stimulation at 2, 5 and8z. For all accepted trials across five
infants. A single representative channel is preséed. The shaded region represents
the period of stimulus. Note that the scale is halthat of previously presented

haemoglobin concentration changes.

haemodynamic response across all recorded infa@is ealculated to
determine if any signal was present but hiddendkbround physiological

oscillations.

The grand average of the haemoglobin concentratiamges recorded at a
single optical topography channel, for each stitiuta frequency,
calculated using data from infants OEV_03-OEV_Q0&l(&akom OEV_01 at
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2 and 8 Hz stimulation rates) is shown in figure.34. The absence of any
response strongly suggests that the small numbeepmdtitions of each
stimulus block is not to blame for the absence of @bservable

haemodynamic response.
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3.1.4 Discussion and Conclusions

This series of experiments had two objectives. fiis¢ was to serve as a
prelude to future experiments with neurologicalbmpromised infants; to
explicitly prove that the EEG-NIR imaging applicati methods described
in section 2 could be applied to newborn infanta linical setting. This is
not simply a question of the effectiveness of optoeelectrode design, but
also of the suitability of the silicone rubber arréhe process of application,
the mechanisms for time-locking EEG and NIR imagiaga and all offline
data processing and analysis methods. In thisrdeghis series of
experiments was very successful. As the reseaam tbecame more
skilled in the application of the sensing arrayhe head, the time taken to
complete the process was reduced. In the latieliest, all equipment was
applied, and the experiment was completed withititds as 30 minutes.
The opto-electrodes were not dramatically morelehging to apply than
standard EEG-electrodes, and provided a comparpidéty of electrical

contact.

In many ways, this series of functional experimeistanore practically
demanding than the continuous EEG-NIR imaging ohearologically
damaged infant in intensive care. Although studiesmtensive care will
present different challenges (due to the necesdigonstant nurse access,
the prevalence of other equipment, subject vemnaetc.) they will not
involve stimulation, and will not require such antricate event-marking
procedure. Furthermore, because sedation is commmowvement artifacts
are likely to be significantly reduced, if not absentirely. This complex
flash stimulation paradigm therefore provides aceignt test of our EEG-
NIR imaging arrangement, in preparation for stud¥smore vulnerable

infants.

The second objective of this series of experimevas to study how the
steady-state visual evoked potential and the fanati haemodynamic

response are related to flash stimulation rate tamshe another, in newborn
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infants. Although statistically significant stinus-related electro-cortical
activity was successfully recorded in the majoatynfants, at the majority
of stimulation frequencies, the failure to recordyahaemodynamic

responses prevents the second objective beingvachie

Clearly, our inability to observe a haemodynamispmnse to flash
stimulation in these infants is either because ddimre of the array to
sample the relevant volume of tissue or becausesd@nse was too subtle
or absent altogether. As described above, thetibnmad haemodynamic
response to visual stimulation in neonates is Kigldriable. There have
been several fMRI and NIRS studies using similanwi in which many
infants exhibited no stimulus-related changes (Maat al. 1999, Sie et al.
2001, Wolf 2004). However, there have also beenynsudies where a
reliable response was obtained, in a large prapontif subjects. In the
recent study by Liao et al. (2010) seven of thes mirfants studied exhibited

a significant increase in oxyhaemoglobin conceiomat

Given that we were able to obtain both a VEP andaamodynamic
response when performing EEG and NIR imaging setplisn the failure
to obtain a haemodynamic response with simultaneecsrding could be
indicative of the inherently sub-optimal NIR imagiacquisition associated
with simultaneous EEG-NIR. The array design isc#eto this study, and
has not been explicitly tested for its suitabilfor imaging of the infant
visual cortex. However, its design is based on estiablished principles
and was successful during phantom testing. Alleetgd source-detector
separations produced a signal within the dynanmgeaof the system and
the heart rate was apparent in the dataset of iefaft. It is also unlikely
that any activation was missed because of pootiposig of the array, as it
is large enough to cover a substantial proportibtn® occipital lobe. It is
important to note that this series of experimentsveh failed to
simultaneously observe a VEP and a functional hasgmamic response,

despite such features being
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It is impossible to determine whether no haemodyoaresponse was
produced or whether we were simply unable to olesérv However, we
believe it unlikely that a response of the expededle could have been
produced in the expected region of the visual covéhout our optical

topography array detecting it.
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3.2 Neonatal Seizures
3.2.1 Objectives and Experimental Design Considerat  ions

As described in section 1.1.3.3, seizures are qudatily prevalent in
newborn infants, and is a common result of a waeétonditions including
hypoxic ischemia, stroke and hypoglycaemia. Thg leerm objectives of
the application of a combined EEG-NIR imaging metho seizures in
neonates are two-fold. The first is that it willoav the haemodynamics of
ictal events in neonates to be studied and chaisete This will improve
our understanding of how the neonatal cerebrovas@ystem is affected
during and after seizure events, which may havérmgact on treatment.
This is difficult to achieve with any pre-existimgodality. The use of EEG-
fMRI is nearly impossible in this patient group hase of their extreme
vulnerability, and propensity for movement. Thesealso the important
issue of the study of ictal as opposed to intaatievents. As described in
section 2.1.4, the majority of EEG-fMRI studies efileptic activity have
been of inter-ictal features. Given the erraticxed-frequency nature of
neonatal EEG (particularly in neurologically damdgeatients) it is often
very difficult to discern inter-ictal epileptiformactivity from the background
EEG. The study of the haemodynamic response tsigat inter-ictal
spikes is therefore a significant challenge. I&&G-fMRI in neonates is
possible, but the seizure events would have to dixlisical to avoid
movement contamination, and it is likely that retitnog would have to
extend over a prohibitively long period of time. cddmbined EEG-NIR
imaging arrangement can avoid these issues; ibeaapplied at the cot-side
and, if the application methods and equipment carpérfected, there is

nothing to prevent recording continuing for manwyf®at a time.

The second long term objective is related to diagno It is known that
near-infrared imaging methods can detect focal gederalised seizures
(Roche-Labarbe et al. 2008, Gallagher et al. 2008)s also accepted that

certain cases of electro-clinical dissociation te\evidence for a failure of
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EEG sensitivity to seizure events (Lieb et al. 19¥kzrahi and Kellaway
1987, Weiner et al. 1991, Pinto and Giliberti 20085uch cases are more
common after the administration of anti-epiletiaigls, which suggests that
these treatments may be suppressing epilepticahgeh in certain areas of
the brain but not others (Scher et al. 1994). \Aleebe it is possible that a
combined EEG-NIR imaging system (particularly onghwignificant depth

sensitivity) will offer improved detection of nedaéseizures.

There has been little research published pertainimgthe cerebral
haemodynamics of ictal (or inter-ictal) events @wborn infants. Although
there are several studies which have measurecaseiecerebral blood flow
velocity using transcranial Doppler ultrasound .(&gylan et al. 1999), to
the author’s knowledge there is only one paper whiescribes combined
EEG and near-infrared spectroscopy (Wallois e2@09) and none which
employs EEG-fMRI in the study of neonatal seizur&ur first goal was
therefore to perform EEG-informed optical topognaph order to begin to
characterise any haemodynamic pattern associatidBEG-defined ictal

events in the neonate.

As mentioned above, EEG-fMRI studies of epileptaemodynamics in
adults have generally been limited to the invesibgeof inter-ictal features,
because ictal events during recording are rare. irltial studies of seizures
in newborns is likely to have the same difficultiAiowever, it is common
for infants to continue to seize after the inidégnosis and treatment with
anti-convulsant drugs. The study by Painter ef1899) showed that, when
treated with phenobarbital or phenytoin, electrpbr@ seizures were
successfully controlled in fewer than half of infan Phenobarbital is still

the first line of treatment of neonatal seizurethim UK.

3.2.1.1 The patient group and recruitment

Although seizures are also common amongst pre-teriants, these

experiments focussed on the term age infant. Woemost common causes
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of seizures in the term infant are hypoxic-ischeemcephalopathy (HIE)
and focal arterial infarction (or ‘stroke’) (Levy &l. 1985, Scher et al. 1993,
Rennie et al. 2008). Term infants who are diagaagiéh seizures and HIE
have often suffered asphyxia due to complicatidrdréh. Infants born in a
good or only mildly depressed state, who then agvekizures in the first
few days of life are likely to have suffered a kgoSeizures in response to
HIE are varied in form, but are often generalizetlilst stroke infants will
usually exhibit focal seizures associated withltdmation of the infarct. The
middle cerebral arteries, which rise from the ingrcarotid arteries through
the Sylvian fissure and supply much of the lateelebral cortices and
temporal lobes, are involved in at least 75 % oinagal strokes (Rennie et
al. 2008).

At the Rosie Hospital, Cambridge, UK, infants whavé suffered birth
asphyxia are usually subject to examination usingeeebral function
monitor (i.e. amplitude-integrated EEG) within thest 12 hours of life,
which allows seizures to be identified electrogieplly and can aid
assessment of the severity of any underlying cateimsult. In other
infants, seizures are almost always diagnosed ioycal observation of
abnormal rhythmic movements of the limbs and fade cerebral function
monitor is usually applied soon after this clinicéhgnosis. Once seizures
have been diagnosed, some form of structural newaging is usually
performed (usually cranial ultrasound, CT or MRIydaa full EEG

examination is always undertaken.

Treatment with anti-convulsant drugs is recommenfi&dor more seizure
events are observed within an hour, or if thera $sngle prolonged seizure
lasting 3 minutes or more. A loading dose of betw20 and 30 mg/kg of
phenobarbital is the first anti-convulsant treattmienbe administered, and
though it depends on the infant’s state, this uslially occur within 2 hours
of the initial diagnosis. If seizures persisteaand dose of phenobarbital (a

maximum of 20 mg/kg) can be provided. If thisldidils to control the

[170]



3.2. Neonatal Seizure

seizures, clonazepam or phenytoin will be admiresteas well. Anti-
convulsant drugs, and seizures themselves, are kotlwn to cause
respiratory depression in infants. As a resulttfagority of infants found to

be seizing are soon mechanically ventilated if ihisot already the case.

In this series of experiments, we sought to re@nit infant diagnosed with
seizures by clinical or electrophysiological metkodnd perform combined
EEG and NIR-imaging as soon as possible after dsign This was very
challenging because the recruitment of such cliyigd infants requires

great sensitivity with respect to the parents amdiffy of the infant as well
as to the infants themselves. On average, the NICThe Rosie Hospital
will admit between 1 and 3 suitable seizure-diagddgrm infants a month.
Given the logistical difficulties of the experimahtrrangement, the limited
number of research staff (who are not on the uratlaimes) and issues of
recruitment, it is not surprising that obtainingg@od number of subjects,
and studying them at the relevant time, for a blataluration, is a serious

challenge.

3.2.1.2 Experimental arrangement

The experimental arrangement necessary for EEGAW®d optical

topography of neonates diagnosed with seizurestsdissimilar to that
applied to functional activation in the previousctsen. The most
fundamental difference is that there is no stimutwsblock paradigm.
Instead, passive, simultaneous EEG and opticalgrapdy monitoring are
performed for as long as deemed suitable by trenaitig Neonatologist.
Synchronisation of the EEG and optical topograpégordings is still

essential, but the time-locking of stimulus event#h milli-second

precision is not. The triggering mechanisms désctiin section 3.1.2 are
still applicable to the continuous monitoring ofizeeg infants, but the
stimulation goggles can simply be removed. A ragwutput from the
control laptop which triggers both the EEG and cgtiopography systems

can be used to explicitly ensure synchronisation.
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It is also possible to synchronise the EEG and $sfesns without the use
of a control laptop. If recording is started sitankously in both

modalities, the datasets will be synchronous wittaecuracy related to the
error in the clocks of both systems. Any driftthe clock of either system
will cause the two datasets to become increasidgiyynchronised over
time. To assess this, the control laptop was tsegnd two time-markers,
exactly 30 minutes apart, to both the EEG and Cslesys. Any drift in

either system could them be calculated by compdtirghumber of actual
data samples recorded in this 30 minutes periotie EEG system was
recording at 256 Hz, so one would expect to findx380 x 256 = 460800
data samples within the 30 minutes period. Sifyilathere should be
30 x60 x 10 = 18000 data samples for the optiopbgraphy system,
which runs at 10 Hz. The EEG time marking was thtmbe very precise,
with 460796 samples recorded, corresponding toifaafr-0.016 seconds
over a 30 minute period. The optical topographstay recorded 18011
data samples, corresponding to an error of +1.argkcover a 30 minute
period. This is quite large, and significant enot affect the accuracy of
any experiment, particularly when recording extefatsan hour or more,
which is our intention here. However, the UCL @gakiTopography System
also assigns a time reading to every output datgplea The drift in this

measure was found to be only +0.013 seconds oeeB®hminute period.
Assuming a maximum permissible drift of 0.5 secofwlsich is a suitable
bench mark given that the accuracy of manual symisation of the start of
recording will be approximately 0.5 seconds) regayccan occur for upto
~19 hours and remain reasonably synchronous witkxtetnally controlled

time markers.

This information is useful because the use of #pdp to time-lock the
EEG and OT systems requires extra space, whiclweya at a premium
when working in the intensive care environment.etkgo, the laptop was

employed to synchronise the systems whenever geshibing continuous
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Figure 3.2.1. A simplified schematic illustratingthe experimental arrangement for
EEG-NIR imaging of seizures in newborn infants. Nie that the laptop, which can be
used to explicitly synchronise the EEG and OT systes is not shown.

EEG-NIR imaging of infants suffering from seizure3.he experimental

arrangement is summarised in figure 3.2.1.
3.2.1.3 Array design

The design of a suitable dual-modality EEG andoaptiopography array
was absolutely critical for this series of expennse Once again, there are
several competing issues. The array must be $mitlts NIR image
reconstruction, and ideally cover as large a priagorof the scalp as is
possible. The array must also be comfortable,iflexand adjustable, so
that it can be applied to different subjects. listnsatisfy the regulations

regarding hygiene and disinfection set out by tleomatal Intensive Care
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Unit. Ideally, the array must also allow the 9eslede, clinical neonatal
EEG montage to be maintained, so as to allow theltreg EEG data to be
inspected by clinical electrophysiologists and caned to standard EEG

recordings.

The UCL Optical Topography System has a total os8@rces (16 at 670
nm and 16 at 850 nm) and 16 detectors, thoughherduration of this
project, 4 of the modular detectors were in usevettere, leaving only 12.
Once again, an optical topography ‘channel’ cossgdt one pair of co-
located sources and one detector, both of whickss#tate a single optical
fibre to be coupled to the scalp. Thus, for a gimember of optical fibres,
the maximum number of channels is obtained wheretlaee an equal
number of paired sources and detectors. As 1Zuegeare available, the

first array designs were based on a total of 2&alpfibre positions.

If arranged to cover the entire scalp, 24 optidatef positions would not
provide a sampling density large enough to prodadequate imaging
resolution. Given the prevalence of temporal Idteke in newborn
infants, it was decided that producing a bilatenahy which covered the
temporal lobes and as much of the surrounding nsgis possible would be
the best use of a limited number of channels. /As whown in figure
1.1.7b, the standard neonatal EEG montage comndiStglectrode positions.
Given the size of the average term infant, and wesho include as many
optical channels as possible, the final array desantained 11 optical fibre
positions on each side on the head (reduced frofori2zasons of bulk and
curvature of the head). Of these 11 positionsethare opto-electrodes,
corresponding to 10-20 positions T3, C3 and Olheneft and T4, C4 and
02 on the right. The array contains 5 source itk 6 detectors on each
side, forming a maximum of 30 channels, allowingiad images to be

reconstructed independently for each side of treheThese 30 channels
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Figure 3.2.2. The top figure (a.) shows a schematof the imaging array, with sources, detectors andpto-electrodes represented by red, blue and yelo
circles respectively, and the relevant 10-20 positns indicated. The lower figure (b.) is a photogneh of the imaging array (without optical fibres attached)
showing its position on the head of a term-size dol
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Figure 3.2.3. A reconstructed image of the chande absorption coefficient at 670 nm,
obtained from a dynamic phantom using one side ofhe imaging array shown in
figure 3.2.2. This image corresponds to a depth 45-18 mm. The array positions are
indicated by the green crosses, whilst the red cile shows the position and size of the
phantom target.

include various separations ranging from 20 mm %on&m. The array
design is partially based on the staggered rowulaysed repeatedly at
UCL (Everdell et al. 2005, Correia at al. 2009) hitered for reasons of

ergonomics. The final array design is shown inrf&y8.2.2.

This arrangement of NIR sources and detectors esied using the same
solid, dynamic optical imaging phantom describeddntion 3.1.2.5. Linear
image reconstruction was performed to produce agéof the change in
optical absorption coefficient of the electricakigtivated phantom. The
result is shown in figure 3.2.3. Once again, aafatecrease in optical
absorption is seen, with the minimum occurring Bth from the actual

target centre. This provides explicit proof tHastarray layout can produce

sensible optical images.
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The application method is similar to that employed the visual cortex
array described in section 3.1.2.5. The opto-eleet positions T3 and T4
are located exactly and the array, minus the olgictrede probes, is
positioned and fixed to the head. As with the aistortex array, all other
opto-electrode positions will be approximate, dmeirtaccuracy will depend
on the size of the infant. The array is desigrede maximally accurate for
infants with a head circumference of the term ayeraf 35 cm. The O1
and O2 positions will have the largest positiongrgor, but it will not

exceed 10 mm in an infant with a head circumferancthe normal term
range. The remaining electrodes which completeQtieéectrode neonatal
EEG montage (F3, F4 and Cz) are standard clinleatredes applied in the
usual way. Reference and ground electrodes aoeagiglied, both at the

midline close to Fz.
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3.2.2 Initial Results

Over a period of 8 months, four seizure-diagnosdédnis were recruited
and studied at The Rosie Hospital NICU. The gdnéealth and
neurological condition of these infants was vargslwas the nature of their
seizures. A summary of the relevant informatiomareing medical

condition and the experiment performed is provitteidble 3.2.4

All experiments were performed using the UCL Optitapography System
as described previously. All data were analyseftinef using bespoke
methods developed using Matlab (The Mathworks l&A). The clinical

EEG system described in the previous section wa® a&mployed.

Recording settings consisted of a sample ratetb&€el048 or 256 Hz, a
band pass filter of 0.3-70 Hz and a notch filteb@tHz. The higher sample
rate was used for previous studies of the visuategp and this was
maintained for all infants except OES_04. A samqalie of 256 Hz is

perfectly adequate for clinical EEG monitoring améhimises the size of
the resulting data files. All resulting EEG dateerw inspected and

interpreted by an experienced electrophysiologist.

The first infant (OES_01) was studied before thél farray design
(described the previous section) was completedsindplified experiment
was performed using two pairs of opto-electrodesitned so as to form
two near-infrared spectroscopy channels centredoajppately over 10-20
positions T5 and T6. Four EEG channels were forimeteferencing each
opto-electrode to Fz. These probes were appliéa us silicone-rubber
strap array similar to that shown in figure 3.1The remaining three infants
(OES_02-OES_04) were all studied using the full Niging array and

full neonatal EEG montage described in sectiorl332.
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3.2.2.1 Infant OES_01

The first infant had been diagnosed with left-sidsizures on the fourth
day of life and was treated with phenobarbital, alihivas maintained for
several days. A left-sided stroke was suspected la@r confirmed by
MRI. A simplified EEG-NIR experiment was performed day 9. The
reduced array, containing four opto-electrodes, wpplied with little

difficulty. Electrode contact impedances were meawn commencement
of recording, and were all found to be less than 5 The EEG and OT
systems were explicitly synchronised using a ragoldse from the control
laptop. Recording continued for 45 minutes at Whgoint it was decided to
remove the apparatus, because of the need to perfertain clinical

procedures.

The EEG data were inspected by an experiencedr@dgisiologist, who
reported that the trace was continuous and of &dniaw frequency. The
EEG appeared generally suppressed, with possiiphs sif asymmetry. No
ictal or definite inter-ictal features were obsehwe this 45 minute period of
recording. A representative segment of the EE®roieg is shown in
figure 3.2.5.

Although there were no ictal or inter-ictal featsirapparent in the EEG
recording, the raw optical intensity data werel stirefully inspected.

Although it was expected that all measurements avoshow only

background physiological oscillations, we foundt tthee channel positioned
over the left side (the side of the stroke) of thiant’'s head exhibited a
series of large, slow changes in optical intensityrhese events are
dominated by an increase in intensity, well abdwe moise level of each
measurement, at both 670 and 850 nm. These ieseamtinue for a
period of between 10 and 40 seconds before reachipgak and slowly
returning to the apparent baseline. Each of tkesats lasts for a total of

50-120 seconds. These features occur regularbugffiout the 45 minute
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Age at

Age at

birth ! Age at . . . I Experiment
(Weeks + d§e|zur§ study Seizure form Related condition Drug regime Ventilation performed
iagnosis
days)
Clonic, left-sided Left middle and High frequency Simplified
OES 01 42+1 4 days 9 dayq movements. Left- posterior cerebral Phenobarbital oscillatory bilateral NIRS
sided seizures artery infarct ventilation and reduced-
confirmed by aEEF confirmed by MRI electrode EEG
Clonic movements Sgspected sepsis at Phenobarbital, . Full EEG-OT
of legs. birth. MRI shows henytoin Conventional with clinical. 9-
OES 02 3845 20 hours| 5 days Generalised widespread infarction| N ’ mechanical !
. - ! clonazepam L electrode EEG
seizures confirmed in both cerebral infusion ventilation montade
by aEEG hemispheres ) 9
Hypoglycaemia. MRI
Generalised shows bllat.eral Phenobarbital and Conventional Eull E.E.G_OT
. - abnormal signal . with clinical, 9-
OES 03 38+1 3 days 6 dayg seizures confirmed ) . e clonazepam mechanical
intensity within ) . L electrode EEG
by aEEG . . infusion ventilation
posterior parietal and montage
occipital lobes
Severe neonatal Phenobarbital,
Generalised encephalopathy. MR phenytoin, Conventional Eull E.E.G'OT
. X ; . with clinical, 9-
OES 04 3845 1 day 13 days seizures confirmed|  shows large right clonazepam and mechanical
; L electrode EEG
by aEEG temporal midazolam ventilation
. . : montage
haemorrhagic stroke infusion.

Table 3.2.4. A summary of relevant information foreach of the four seizure-diagnosed infants studied
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Figure 3.2.5. A twenty second period of the EEG #&ce from infant OES_01. The
trace shows continuous, but suppressed, mixed freqocy activity. Left sided
channels are shown in a darker blue.

optical data set, with as many as 21 being apparentisual inspection

(though, as they vary in size, visual inspectioa jgoor assessment). Two
of these features can be clearly seen in the rawadata displayed in

figure 3.2.6. In general, near infrared spectrpgcartifacts are relatively

easily to identify by visual inspection. Movemedands to result in very

rapid and random variations in optical intensityicthare rarely mistaken

for physiological features. Similarly, any formeléctrical interference, or

changes in background light conditions tend to lteswan increase in high-

frequency noise content. The time-scale of thesats is a strong indicator
that they have a physiological basis, and they @oresemble any artifact

previously observed in the use of the UCL Opticgpdgraphy Systems.

The seemingly spontaneous nature of these featwbsh are not

concurrent with any changes in EEG activity, cawspsblem with respect
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Figure 3.2.6. A section of raw optical intensity dta (each scaled to its mean over this
period) for each recorded source-detector pair foinfant OES_01. The measurements
over the left side (top two plots) exhibit two larg, slow changes from the apparent
baseline which are not present over the right sidflower two plots). These events
exhibit an intensity variation of greater than 10 % of the mean, which is large
compared to the physiological oscillations normallyobserved. These data have not
been filtered, and the apparent thickness of eaclnk is due to the heart rate.

to the processing of this near-infrared spectrogdaga. Without a defined

‘start point’ it is impossible to define a meaningfbaseline optical

intensity.  Without a baseline, these changes iensity cannot be

converted to changes in haemoglobin concentratodsthe majority of the

physiological information is lost. Although oneutd use mean intensity as
an estimate of baseline, this is likely to prodaceinaccurate measure of
the form and scale of changes in concentration oy cand

deoxyhaemoglobin. This problem is addressed itise8.2.3.

[187



3.2. Neonatal Seizure

3.2.2.2 Infant OES_02

Infant OES_02 was the first to undergo the appbeadf the full optical
topography and 9-electrode EEG array describeddtion 3.2.1.3. Details
of the medical condition of this infant are givantable 3.2.4. Clinical
seizures were diagnosed on day 1 and appeared aiseér |Initial
treatment with phenobarbital was unsuccessful, geknytoin and
clonazepam were added. The EEG-NIR imaging ex@aiwas performed
on day 5. Despite the complexity of application ggss (and having to
abrade contact sites for 6 opto-electrodes, 3 atdnelectrodes, a reference
and a ground electrode), all equipment was attachedl ready within
approximately 30 minutes. Contact impedances akifeund to be below
5 k at the first measure, and no electrode requiregpptication. The
EEG system settings were as described above. nfaet's ECG was also
recorded using a dedicated channel of the EEGmysta this experiment,
the laptop was not used to provide an externalngnsignal. Instead, the
EEG and optical topography systems were startedlsineously (within a
manual error of approximately 0.5 seconds). Reangrtbok place for just
over 90 minutes. The resulting EEG trace was dydgdly symmetric but
discontinuous, with long periods of generalisedmadt complete
suppression and periods of low-amplitude mixed deggpy activity. Once
again, no ictal, or definite inter-ictal featuresutd be identified in this
recording. A representative section of the EE@fz#nt OES_02 is shown
in figure 3.2.7.

On inspection of the optical topography data, s&veatures comparable in
scale and duration to those identified in infant SOB1 were apparent.
These occurred over a number of different chanteldiffering degrees, on
both the left and right sides of the head. AltHomgt completely identical
(which one would expect if they were of a non-pbiggical origin), they

consisted of a large increase in intensity from libseline, well above the
apparent level of heart rate and other physioldgisaillations. Each of

these events lasted between 40 and 90 secondseaunaden repeatedly
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Figure 3.2.7. A twenty second period of the EEG #ce of infant OES_02. The trace is
clearly discontinuous, with periods of generaliseduppression and burst of mixed
frequency activity. A single-channel ECG is alsonesented

Figure 3.2.8. A section of raw optical intensity ata from infant OES_02. A selection
of 850nm channels from both the left side (upper pt) and right side (lower plot) are
presented. Two large, slow changes are again vikb over several channels and on
both sides of the head. Colours are arbitrary.
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throughout the 90 minutes of recording. On vidunapection, as many as
twenty such events were visible. An example of thee data from a
selection of optical topography channels from ibf@®&ES_02 is shown in
figure 3.2.8.

3.2.2.3 Infant OES_03

Generalised seizures were diagnosed on the thiydodldife, and were
confirmed by aEEG. Further details are given iblda3.2.4. Again,
seizures in this infant were persistent, and a ¢oation of anti-convulsants
was administered. A full EEG-NIR imaging experirh@mas performed on
day six. In the study of this infant, applicatiohthe dual-modality array
proved problematic. The opto-electrode at posili8rpersistently recorded
a high contact impedance. Despite repeated reeapiph, we were not
able to reduce this value below 14 .k On inspection of the EEG trace, it
was apparent that all channels which included mdet C3 were
excessively noisy, despite C3 registering a contapedance below 5 k
Electrode C3 is essential to 4 of the 8 channelshé clinical neonatal
montage. The experiment was continued in the hbpe dffline analysis
would still yield a meaningful interpretation ofetiEEG trace. Recording
occurred for just over one hour, and synchronisatwas performed
manually. Figure 3.2.9 shows a section of the ndsb EEG, with four
excessively noisy channels due to electrode C3. aBsring the EEG
montage, it is possible to remove electrode C3abitdin 6 EEG channels
of a reasonable quality (figure 3.2.10). The EEf&¢ from infant OES_03
was analysed by a clinical electrophysiologist wéyported that it contained
bilaterally symmetric, somewhat discontinuous aistibout without burst
suppression, ictal or definitively inter-ictal agty. Once again, the optical
topography data appeared to contain some large, \&oiations similar to
those of the previous two infants. Approximatek/\ery large events were
apparent, along with as many as 10 events with aateshduration and

smaller amplitude.
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Figure 3.2.9. A twenty second period of the EEG &ce of infant OES_03. Electrode
C3 is clearly excessively noisy, this is despite having a reasonable contact
impedance. The only contact impedance above the b threshold was that of
electrode T3.

Figure 3.2.10. The same twenty seconds of data dtigh offset by ~5 seconds as
presented in figure 3.2.9, but re-montaged so as temove electrode C3. Despite its
high contact impedance, the channel containing eleode T3 is not excessively noisy.
This period of EEG shows an example of a burst ofctivity interspersed with a
generally suppressed EEG.
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Figure 3.2.11. A section of raw optical intensitgata for infant OES_03. Once again
there appear to be several slow, significant feates present over several channels on
both sides of the head. These particular examplese of a relatively short duration
and small amplitude.

An example of a period of raw intensity data frarfant OES_03 is shown
in figure 3.2.11.

3.2.2.4 Infant OES_04

In this infant, general seizures were diagnosedhenfirst day of life and
confirmed by aEEG. Several neurological conditiomsluding hypoxic
ischemia and a right-sided haemorrhagic stroke \l&ee identified using,
among other methods, MRI. Seizures were not respento initial
treatment with phenobarbital and phenytoin, cloparne and midazolam

were administered. The full EEG-NIR imaging expernt was not

[187]



3.2. Neonatal Seizure

Figure 3.2.12. A section of the EEG trace of infdnOES_04. Note the continuous
mixed frequency nature of the recording and it's réatively high amplitude compared
to the EEG traces of infants OES_01, OES_02 and OESS.

Figure 3.2.13. A section of raw optical intensitydata from infant OES_04. The
upward trend at ~ 90 seconds represents the onlydeire which is comparable to those
observed in infants OES_01-OES_03.
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performed until day 13, at which time the infantswatill being treated with
anti-convulsants. Whereas infants OES_01 to OESv@& completely
sedated throughout recording, infant OES_04 showemhe signs of

consciousness. Some movement was apparent.

The application of the dual-modality sensing anaas successful, and no
contact sites required attention after the inid@plication. All recorded
contact impedances were found to be below 5 Recording took place for

just under 70 minutes.

On examination of this infant's EEG, the electrofibiogist reported

continuous, symmetrical, mixed-frequency activiteresumably because
this infant was less sedated, the EEG showed nas siff suppression.
Artifacts relating to movement of the head and ayese apparent regularly
throughout the EEG trace. There is no evidenceewures, and despite
there being several spike-like discharges, none e weategorically

epileptiform. A period of the EEG trace from infADES_04 is shown in
figure 3.2.12.

Despite the successful application of the arrag, @taining a good quality
EEG recording, the optical topography data exhibitang periods of signal
corruption. The first 30 minutes of data showsticwous artifact, which
appear somewhat like movement artifact. Howeveyement would also
be present in the EEG data which is not the casdeer approximately 30
minutes, this artifact suddenly disappears, onlyetappear for the last 10
minutes of recording. The likely explanation igttthere was a significant
change in ambient lighting conditions. A relatiwvéright light incident on
the front panel of the optical topography systemo(o the array itself) can
cause a significant increase in background noiBkis is particularly true
with fluorescent lighting of the type found in tineonatal intensive care
unit. No changes in light conditions were notedirtyi recording, but this

seems to be the most likely explanation. The 3fuitais of data which were
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not corrupted by this artifact were examined in #@ne way as was
performed for the previous three infants. Durihg tperiod there is one
feature which is similar in form to those found eafedly in the datasets of
infants OES_01 to OES_03. This feature is showirigare 3.2.13. It

contains more high-frequency components than wiesereed in the earlier
datasets, and it is not consistent in form acrdffsrent channels. These

factors suggest that this feature may be movenssted.
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3.2.3 Data Processing: Movement and Event identific  ation

The aim of these studies was to show that simulian&EG-NIR imaging
methods could be used successfully in the studyesture events in
newborn infants. The successes and failures efdbiies of experiments
will be discussed in section 3.2.5, but it is agpathat these datasets do not
allow for EEG-informed optical imaging of ictal ews. Rather, the most

interesting aspect of these datasets is founckimfiical data alone.

The haemodynamic events observed in the raw opthtahsity data were
not expected, and (at least to the knowledge of ahéor and his
collaborators) constitute an abnormality. As nmméd above, the
spontaneous nature of these changes in opticalsityecauses a problem.
Without being able to define a meaningful baselibas not possible to
convert changes in intensity to changes in conagatr of oxy and
deoxyhaemoglobin. In order to define a meaninbasdeline, and establish
whether these features are significant and comsjsie is necessary to
determine a fixed, automated approach to the edentification. Such an
approach is then applicable to age-matched codtatd, and it should be
possible to establish whether these events areiatswd with neurological
damage or whether they are a normal, but as yetaumdented, feature of

neonatal cerebral haemodynamics.

There are many approaches to the identificatiospetific features within a
given NIR dataset. Independent component ana(ySi&) is a form of
blind source-separation, which for N data channglisidentify the N most
statistically independent components which are guesn a dataset has
become a common approach to processing multi-ch&fiReimaging data
(Hyvérinen and Oja 2000). If a model waveform bé thaemodynamic
feature can be produced, then cross-correlatiomadst which provide a
measure of the similarity of two waveforms, can dgplied to identify

features in a dataset which correspond to that medeeform. Cross-
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correlation methods have recently been used totifglenesting-state

functional networks in the brain using NIR imagiivihite el al. 2009).

Because the features identified in the unprocespéidal data appeared to
be robust and large (relative to the noise levekath channel), it was
decided that it would be most appropriate to dgvelosimple, automated
approach to event identification. If such simplethods failed to suitably
identify the features of interest, then more irdté&csignal analysis methods

(such as ICA and cross-correlation) could thenursyed.

The simple approach consisted of two operationke flrst was to locate
and reject periods of optical topography data whisdére corrupted by
movement artifact, and the second was to idenkig/ features of interest.
Before either of these operations was performedi#taset was pre-filtered
using a pass-band Butterworth filter between 0.808 2 Hz, to eliminate
very slow trends in laser diode source power agti-friequency noise and

heart rate oscillations.

3.2.3.1 Movement artifact identification

There remains no community-wide approach to movénaewl artifact
identification in NIR data. This is partly duettee variety of data types and
the variation in signal to noise ratio between avithin experiments and
subjects. Scholkmann et al. (2010) recently sugdeshat a relative
increase in standard deviation is a good indicatbrcorruption by
movement. Data recently obtained at Universityl€g@ London have
suggested that a rate of change in haemoglobineotrations of 0.6 puM/s
represents an upper limit for physiological phenome Features which
exhibit faster changes in haemoglobin concentratoist, therefore, be due
to movement or other artifacts (C Elwell and C GCemgppersonal
communication). In order to identify periods of vement in the optical
data of our infants, we defined a process whicloriporates both of these

approaches. Using both an absolute thresholda{efaf-change in
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Figure 3.2.14. A period of optical topography datawith several periods of obvious
movement artifact is shown in figure a. Figure b lsows the result of the movement
artifact detection algorithm. The shaded regions @ identified as movement-
corrupted and excluded from further analysis.

haemoglobin concentration) and a relative meagteeifcrease in standard
deviation relative to the dataset mean) produces rtiost consistently

accurate results.

The movement identification algorithm proceedsa®ws. First a rolling
standard deviation ( ) is calculated for each timeyp(t) for five
second-long ‘windows’ of optical intensity data feich channel (n) at both
wavelengths, as is the mean standard deviation)(across each channel
for the duration of the recording. Second, a hasehtensity is calculated
for each channel by low-pass filtering the (alreéiigred) intensity data to
remove any features with a duration comparable he bbserved
haemodynamic events. Changes in total haemoglobmtentration are

then calculated for the entire optical data sehgighese ‘DC’ baseline
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intensities. This data is then differentiated iteeghe rate of change in total

haemoglobin concentratiol(X 5 ).

If a given data point, for any channel, is foundotxupy a data window
with a standard deviation greater thatimes the mean standard deviation,
whilst the rate of change of total haemoglobin exisea threshold of (i.e.

Y' 5 Z ([Y\M\ AND WX 5 Z Q) then the five seconds of data before
and after that data point, for all channels, arenified as movement
corrupted. As part of the purpose of this prodes® establish that the
haemodynamic events present in the optical dataofr@ physiological
origin, the movement rejection algorithm is deldtety over sensitive.
After some trial and error, the values of the pastemsx andy selected were
4.5 (dimensionless) and 0.3 pM/s respectively. ufgg3.2.14 shows an
example of this movement identification algorithneiry applied to a
functional activation dataset recorded previoustyng the UCL Optical

Topography System.

It is important to note also that EEG data can texcellent indication of
movement corruption. Although the presence of muva in the EEG
traces of our infants was not included in the awti®t approach to artifact
detection, a manual inspection of the EEG datardstbduring the period
around each identified event was performed. Thsult® of these

inspections are discussed in section 3.2.4.
3.2.3.2 Event identification

Following the removal of as many non-physiologitedtures as possible
from the data, the next step is to identify thetdeas of interest. Because
the purpose of this process is to perform identigarations on data from
our four neurologically damaged infants and on dedan healthy control
infants, we can define an ‘event’ as specifically we wish without
affecting the independence of the result. Evergsevidentified by simply

searching for a variation in optical intensity frane mean ‘DC’ baselines.
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Figure 3.2.15. An illustration of the event locatin algorithm. If the mean of 15
seconds of data exceeds a mean baseline (represeig the green line), the algorithm
marks the beginning of that 15 seconds (the red k). This is an example taken from
infant OES_01.

As the observed features appeared large (relatibat¢kground variations),
slow (typically > 30 seconds), and dominated byngnease in intensity, the
identification algorithm looked for periods whetetmean intensity of 15
seconds of data exceeded the baseline intensit§ By, in at least one
channel at one wavelength. When an event is idehtithe following 100
seconds of data are skipped to prevent a singlet éeing identified more
than once. Note that as we are defining the pgglafithe change, the mean
of identified events will naturally have a dominattection. However, an
identical process is performed on both sample aadtral data, so
irrespective of how specifically the events areirtkef, we are able to
determined whether those events are common todudtject groups. This
process was also performed by defining events decaease in intensity.
The results of this event identification were vesiynilar, due to of the
bi-phasic nature of the events themselves (seeore8t2.4). The event
location process was performed independently ftat tam each side of the
head so that any lateralisation could be identifi@tie process is illustrated
in figure 3.2.15.
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3.2.4 Haemodynamic Event Results
3.2.4.1 Control subjects

As the primary purpose of this process is to deterwhether or not these
haemodynamic features are abnormal, it is cleaglgessary to obtain a
significant quantity of optical topography data rfrohealthy, term-aged
infants. Obtaining true controls, which allow artpaular variable to be
isolated in a statistically meaningful fashionessentially impossible within
the limits of this work. This is because of theriety of underlying

pathologies, medications, states of consciousnedsreedical histories of
our neurologically damaged infants, and becausthaif relatively small

number. Nevertheless, it is possible to determutether the observed

features are common to healthy term infants.

Two infants were recruited at The Rosie Hospitahwiorrected ages of
40+5 and 38+6 (weeks + days). These infants wera good state of
general health at the time of study, although tre# infant (OEC_01) had
been born very prematurely. An optical topograpkyeriment, identical to
those performed in infants OES_01 to OES_04, bthowi the addition of
EEG recording or the use of opto-electrodes, wakpred in these two
infants. Data were recorded for as long as passivhich, given their

relatively active state, was no more than 25 mmute

In addition to these two control experiments, ttaadobtained from the
functional visual cortex experiments of infants OEX and OEV_3-
OEV_6 (see section 3.1) were also subjected to sdmae process of
movement rejection and event location. Althougksehoptical topography
data-sets were obtained from the occipital (as spgdo temporal) lobe,
during a functional stimulation paradigm, their uae control data, to

represent normal neonatal cerebral haemodynanges)sappropriate.
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In order to further augment the control data safnpéobtained 12 datasets
recorded as part of an auditory stimulation pamadig newborn infants.
This series of experiments was performed at theotadbire de Science
Cognitive et Psycholinguistique (LSCP) in Parispast of an investigation
into the development of language in infants. Th&&edata-sets were
recorded using a UCL Optical Topography Systemmtidal to that used in
our studies. Although the array design was difierthese experiments also
targeted regions in and around the temporal lob®sbjects were infants
born approximately at term (> 37 weeks) and with kmown medical
complications. Studies were performed before theests had reached the
age of 3 days. Each experiment provides approgiye20 minutes of
neonatal optical topography data, which puts thal fength of our control

datasets at over 6 hours.

3.2.4.2 Processing results

The movement rejection and event identificationcesses described in
section 3.2.3 were performed on the optical topolgyadatasets of all four
neurologically damaged infants. These processese weerformed

independently for the left and right sides of tleadh The resulting defined
events were classed as left-sided, right-sidedlalvady Global events are
those for which an event was independently idexdtifon both the left and
right sides of the head within a period of 25 selsonAn event which is
defined as left or right-sided is not necessariynpletely lateralised, it
means only that one side did not exceed the intetigieshold necessary to

be classified as an event.

The movement and event location algorithms were applied to all
control datasets, although independent analyslisfioadnd right sides of the
head was only possible for infants OEC_01 and ORC_0
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Percentage reiected b Number of Number of Number of accepted Number of
Infant Experiment type movemegnt aIJ orithm y defined events rejections due to events (left, right, accepted events
9 (left, right, global) EEG movement global) per hour

OES 01 EEG-OT of seizures 5 (5,0,0) 0 5 (5,0,0) 327
OES 02 EEG-OT of seizures 5.13 22(11,7,4) 0 27274}, 15.82
OES 03 EEG-OT of seizures 0.52 11 (5,0,6) 0 116p.0 10.82
OES 04 EEG-OT of seizures 0* 1(1,0,0) 1 0 0
OEV_01 EEG-OT of VEP 0 1 0 1 3.41
OEV_03 EEG-OT of VEP 15.24 1 0 1 3.42
OEV_04 EEG-OT of VEP 15.10 3 1 2 6.82
OEV_05 EEG-OT of VEP 5.12 0 0 0 0
OEV_06 EEG-OT of VEP 17.75 0 0 0 0
OEC 01 OT control 23.15 2(1,0,1) N/A 2(1,0,1) 5.33
OEC_02 OT control 28.08 4(4,0,0) N/A 4(4,0,0) 12.08
LSCP 01 OT of auditory 25.84 1 N/A 1 2.88
LSCP_02 OT of auditory 13.41 2 N/A 2 5.53
LSCP_03 OT of auditory 10.58 2 N/A 2 6.22
LSCP_04 OT of auditory 19.73 4 N/A 4 11.67
LSCP_05 OT of auditory 13.51 6 N/A 6 16.56
LSCP_06 OT of auditory 6.02 5 N/A 5 9.70
LSCP_07 OT of auditory 9.53 1 N/A 1 3.27
LSCP_08 OT of auditory 18.01 0 N/A 0 0
LSCP_09 OT of auditory 17.68 5 N/A 5 9.89
LSCP_10 OT of auditory 8.78 5 N/A 5 9.04
LSCP_11 OT of auditory 13.30 2 N/A 2 4.46
LSCP_12 OT of auditory 21.98 6 N/A 6 13.01

Table 3.2.16. The results of the movement rejecticand event identification processes for all neurogically damaged and control infants. (*This valugs the

result of the automated process after a total of 522 % was removed manually due to the noise issuestribed above).
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When an event position is identified, an epoch istimg of 100 seconds of
data before and after that event position is setecChanges in oxy and
deoxyhaemoglobin concentrations, and reconstruoggétal images, can
then be produced using a period prior to the idiedtievent position as
baseline. The baseline period was selected aswage of the first 40
seconds of each epoch (i.e. from -100 to -60 sexamethtive to the

identified event position).

A summary of the results of the movement rejectionl event location
processes is given in table 3.2.16. This tableides the results of applying
our processing algorithms to the data from our dralegically damaged

infants and all 19 control infants.

For each event identified in the optical topograghya, it was important to
inspect the corresponding period of an infant's EEhis allows any EEG
patterns or discharges which are time-locked tdh#f@modynamic events to
be identified. It also provides an additional asseent of movement
artifact. Because no movement rejection algorittam be completely
accurate, there are likely to be cases where maweiseoccurring but
remains unidentified. For each identified haemedyic event, the
corresponding EEG was inspected. If movement wasr@nt in the EEG
data, that haemodynamic event was rejected fronsubsequent averages.
The number of defined events rejected in this mansiggiven in table
3.2.16. Of the neurologically damaged infants (O&ESto OES_04) this
procedure only resulted in the rejection of onenevihat of OES_04. This
rejected feature was the only event identified fis tinfant's optical
topography data and was shown in its raw form gure 3.2.13. The
corresponding, movement-corrupted period of EEG éashown in figure
3.2.17. The presence of movement artifact initifent’s data is consistent
with the observation that this infant was relatwebnscious compared to
infants OES_01, OES_02 and OES_03.
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Figure 3.2.17. The period of EEG data correspondo to the only defined
haemodynamic event for infant OES_04. The eventat point is represented by the
green vertical line. Movement corruption across alEEG channels is clearly apparent
for at least 15 seconds. The corresponding haematymic event was thus rejected.

Figure 3.2.18 shows three examples of the haemaoudgnavents identified

in infants OES_01, OES 02 and OES 03. The sinpEnmel which

showed the largest change is presented. Thes@rgle events rather than
averages and give a good indication of the sigmaleise ratio of these
features.  Figure 3.2.19 shows the mean changedaemoglobin

concentrations for all events in infants OES_01 @5 _03, organised by
lateralisation (left-sided, and left-sided and glbkespectively). A single
channel from each side of the head is presentedch instance. Similarly
figure 3.2.20 shows the mean of all left-sidedhtigided and global events
in infant OES_02. All these mean events exhilsinailar bi-phasic pattern.
Oxyhaemoglobin concentration increases signifigam#aching a peak at
an average (and standard deviation) of 26.2 (12égonds after the
beginning of its departure from the baseline valliethen decreases very
rapidly, reaching a minimum well below the initizdseline value after 55.5
(13.3) seconds. The average total Hb&ent duration is 103.4 (19.7)

seconds. Deoxyhaemoglobin concentration (HHbdvedl a similar pattern,
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Figure 3.2.18. Three single events defined in infis OES_01 (a), OES_02 (b) and
OES _03 (c). The channel which exhibited the largesconcentration change in
presented for each.
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Figure 3.2.19. The mean events for OES_01 (all wfich were left sided) are shown in the left column The mean left-sided and global events in infant
OES_03 are shown in the centre and right columnsThe channel with the largest response over eactdsi of the head is presented in each instance. Tieie
and red horizontal bars indicate periods of signiftant variation from the defined baseline (-100 to60 seconds) of HHb and Hb@respectively (at 95 %

confidence level).



Figure 3.2.20. The mean of all left-sided, right-died and global events identified in infant OES_02ra shown in the left, centre and right columns
respectively. Again, the channel with the largestariation is shown for each side of the head, andepiods of significant variation in HHb and HbO, are
marked with blue and red horizontal bars.



Time to maximum (s) Time to minimum (s) Max-to-min time (s) Return time (s) Total duration (s)

Inter-event
interval (s)
HbO, HHb HbO, HHb HbO, HHb HbO, HHb HbO, HHb
OES_01 16.5 16.8 58.6 56.7 42.1 39.9 66.9 62.] 125.5 118.8 467.0
OES_02 31.2 30.2 53.9 49.7 22.7 19.5 43.5 42.1 97.4 92.4 381.3
OES_03 30.9 28.6 54.1 50.0 23.2 21.5 33.4 13.5 87.5 63.5 332.4
Mean 26.2 25.2 55.5 52.1 29.3 27.0 49.2 48.0 103.4 91.6 393.6

Table 3.2.21. Details of the duration of each feate of the all defined haemodynamic events. Thedgyures are based on the channel with the largest
variation for the grand average for each infant, ie. after averaging across all left-sided, right-sied and global events. Return time is the time beten the
minimum and a return to baseline.



3.2. Neonatal Seizure

Figure 3.2.22. A single and the mean events idefitid in infant OEC_01 are shown in
figures a and b. A single and the mean events idéied in infant OEC_02 are shown
in figures ¢ and d. These are typically of all thevents identified in all control infants.
They appear to be of a non-physiological origin andhone show the bi-phasic pattern
of the events defined in infants OES_01 to OES_03.

though does not generally exhibit as significarthange. The deviations
from baseline of Hb@and HHb occur slightly out of phase, with HbO
changes lagging behind those of HHb. Deoxyhaenhbaglooncentration

returns to its baseline value more quickly than Ki&Dch that the average
total HHb event duration is 91.6 (27.7) seconds$ie &verage inter-event
interval in the neurologically damaged infants i933%, but varies

significantly, with a standard deviation of 306 @eds. The minimum

interval was 109 seconds, whilst the maximum was712conds (or just
over 21 minutes). Information regarding the tinoeirse of the mean events
in each infant OES_01 to OES_03 is given in tab?e23.

For every identified event, the corresponding peob EEG was examined.
Although this process consisted only of a carefali@l inspection, it was
apparent that there were no consistent or sigmificariations in these

infant's EEG recordings before, during or after afyhese haemodynamic
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features. Although the EEG traces of OES_02 andS @B were
discontinuous, no significant bursts of electroticat activity were found to

consistently coincide with the defined haemodynagnients.

Similarly the ECG of infants OES_02 and OES_03 vexamined and were
found to exhibit a steady heart rate throughoutréeording. The mean
(and standard deviation) of the heart rate of eafant were 137 (3.9) and
121 (4.2) bpm respectively, and no large or coeststariations were found

to be concurrent with the events identified in tip¢ical topography data.

Figure 3.2.22 shows the single-channel haemoglobtentration changes
for a single defined event and the mean of all eveén control infant
OEC_01, which are very likely to be non-physiol@gic Although not all
are presented for the sake of brevity, the 49 evéetined across all control
infants appear, without exception, to be of a nbgsmlogical origin. None
exhibit the slow increase, rapid decrease and sktwrn to baseline of
HbO, concentration which is characteristic of the evelgfined in infants
OES_01, OES 02 and OES_03.

3.2.4.3 Image reconstruction and analysis

As the full dual-modality imaging array was appliadhe studies of infants
OES_02 and OES_03, the recorded events can bestaotted to produce
three-dimensional images of changes in HEdd HHb concentration.
These images are able to provide information alioeitspatial features of
the defined haemodynamic events and provide a durtest of their

physiological and cortical origin.

Images were reconstructed by dividing each 200fgkdong event period
into 10-second blocks. Each of these blocks od ehats used to produce an
image of changes in optical absorption at each igagéh, from a baseline

defined as the mean of the first 40 seconds of eaeht period.
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Figure 3.2.23. A representation of how the imaggsesented below map to the curved
surface of the head. This figure presents a lefiged image. Right sided images are
identical but mirrored about the vertical.

The linear image reconstruction methods descrilvedeiction 1.2 were
employed using a cuboidal finite element mesh. rEsalting images were
therefore planar, despite the head and imagingy dveang significantly
curved. Each three-dimensional, reconstructed emhgrefore represents a
‘flattened’ version of a curved, non-cuboidal volkimEach image contains
40 x 40 x 20 voxels, each of which is a 3 mm cubmgure 3.2.23 indicates
how each 2D image (which represents one layer efréconstructed 3D
image) maps onto the curved surface of the hedn r@constructed images
of changes in optical absorption were converted imtages of changes in
oxy and deoxyhaemoglobin concentrations using therfambert law and
the coefficients defined by Matcher et al. (1995).
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Image reconstruction was performed for all indiatevents defined in
infants OES_02 and OES_03, and for the mean ewmtss each infant
and each lateralisation (i.e. left-sided, rightesidand global). After

reconstruction each image was rescaled to theat@spect ratio.

Figure 3.2.24 shows a series of reconstructed im&geone right-sided
event identified in infant OES_02. In these retudions a slow increase
in HbO; followed by significant decrease is apparent aber right side.
The peak increase in Hb@oncentration occurs over the right temporal
region in the -20 to -10 second image. This sapstipn is subsequently
the location of the largest decrease in HlgOncentration, occurring in the
20-30 second image. The scale of these changk&sgs, with a peak
increase of 13.8 uM. Though the scale of line@ometructions is often
unreliable (as discussed in section 1.2.3.3) oneuldvoexpect the
reconstructed changes to be significantly largantthe changes measured
channel-by-channel because of the partial volurfecefand this is indeed

the case in all reconstructed events.

Note that for the majority of events in both infsnthe reconstructed
changes in HHb concentration were similar in spat@ntent, but were
consistently of a smaller-scale than those of Hb®hey are therefore not

presented here.

Figure 3.2.25 shows the series of images recornstidoom the mean of all
left-sided events in infant OES_02. Again, a slowrease in Hb®
concentration, followed by a sudden decrease isr@pp Whilst the peak
increase and decrease in Hb€dncentration occur over the left side, there
is clearly some global contribution to these feasuras a similar biphasic
pattern is apparent over the right side. Note tiratscale of these changes
is still large compared to functional activatiomths significantly smaller

than the single event shown in figure 3.2.24.
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Figure 3.2.24. A series of reconstructed images bfbO, concentration for a single
event in infant OES_02. Each image is the resultf @omparing the average of ten
seconds of data with baseline. The timescale iscéuthat zero is the start position of
the event as defined by the event location algorith. These images represent a depth
of 9-12 mm, which was the site of the peak change HbO, concentration for this
event. The reconstructed concentration changes tifis event were among the largest
for infant OES_02.
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Figure 3.2.25. The reconstructed images of the meaptical topography data for all
left-sided events in infant OES_02. These imagesisv the changes in Hb@
concentration at a depth of 15-18 mm.
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Figure 3.2.26. The reconstructed image series ofsingle, global event identified in
infant OES_03. These images show the changes in®thbconcentration at a depth of
12-15 mm.
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Figure 3.2.27. The reconstructed images of the meaptical topography data for all
global events identified in infant OES_03. Thesariages show the changes in HRO
concentration at a depth of 12-15 mm.
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Figure 3.2.26 shows an example of the images réwated for a single,
global event identified in infant OES_03. The penkrease in Hb®
concentration occurs over the right hemispherehen L0 to zero second
image. The same site subsequently exhibits a ldegrease in HbO
concentration in the 20-30 and 30-40 second imadegure 3.2.27 shows
the average of all global events in infant OES @8] is perhaps the best
example of the slow increase, and sudden decreasib@, concentration

which characterise these haemodynamic events.

The reconstructed images of all 33 defined evemtsfants OES_02 and

OES_03 exhibit a peak haemoglobin concentratiomghdi.e. the

Figure 3.2.28. The reconstructed Hb® image series for a single event in infant
OES_02, on right side of the head, as a function @ime and depth. Once again, time
is relative to the defined event start point. Theolumn furthest to the left is the most
superficial layer.
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maximum positive or negative change in Hb® HHb concentration) at a
depth of 6-9 mm or greater. This is significantdnese noisy or corrupted
data often produce reconstructed images in whieh léingest variations
occur at the surface, which obviously cannot bedhge if the dominant

changes are of a cerebral origin.

Figure 3.2.28 shows the reconstructed images fsingle event in infant
OES_02 as a function of depth. The superficiatiayshow many point-like
reconstruction artifacts which are associated \ligh source and detector
positions of the array. The characteristic inceeasd subsequent decrease
in HbO, concentration is only dominant in the layers depath of 9-12 mm
and deeper. This dataset is typical of the mgjarft defined events and
provides further evidence that these features lmawertical origin. The
depth of the peak change in haemoglobin conceotrétr all of the 33
events identified in infants OES_02 and OES_03 rvided in figure
3.2.29.

Figure 3.2.29. A histogram of the depth of the vt which exhibits the largest change
(either positive or negative) in HbQ or HHb concentration in the reconstructed
images of each identified event.
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3.2.5 Discussion and Conclusions

These experiments are the first example of theofi$ell-montage neonatal
EEG simultaneously with NIR optical topographic giveg. They provide
an explicit proof that high quality EEG data candixained simultaneously
with NIR topographic images of a large proportiohneonatal cerebral

cortex.

The studies presented here have established thaltaneous EEG-NIR
imaging of neurologically injured neonates in irdime care is achievable.
The continued application of EEG-NIR imaging to #tedy of neonatal
seizures is now a question of addressing two peatiassues. The first is
the issue of delay between diagnosis and experimdi@ maximise the
number of ictal events which can be recorded, rieisessary to begin EEG-
NIR recording as soon as possible after diagnaseslly within an hour.
There is no fundamental reason why this cannotdadised. The most
significant barrier is likely to be obtaining patahconsent in such difficult
circumstances in a suitably short period of timEhe second issue is the
duration for which the system can be applied. llge@cording would
continue for many hours. The factors preventirig éne the cumbersome
nature of the EEG and optical topography systemsh ®f which requires
its own trolley and power supply, the inconvenietwenedical staff caused
by the imaging array, and the ability to maintaigaod electrical contact

for extended periods.

Despite failing to record any electrographic sessurthis series of
experiments has resulted in the identification otamsistent, repeated,
transient haemodynamic event which is present énatical topography
data of three out of four neurologically compromismfants, but is

completely absent in 19 healthy age-matched cantiidiese events consist
of an initial increase, then dramatic fall in Hbénd HHb concentrations
which can be either localised or global and havearage total duration of

approximately 95 seconds.
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The optical data sets used as controls were nal.iddhe studies of
OEC_01 and OEC_02 employed the same arrangemeojtichl sources
and detectors as was used in our brain injurechigfavhich meant that
identical areas of the cortex were sampled. Datiz ©EV_01 and
OEV_03-OEV_06 were collected with simultaneous EEEGording, but
these interrogated a different region of the bramd were obtained during a
study (albeit an unsuccessful one) of functionéivaton. The experiments
which resulted in data sets LSCP_01-LSCP_12 werfonpeed using an
identical optical topography system, interrogatthg temporal regions of
the head. However, these data sets were als@iparfunctional activation
paradigm, although this paradigm was also unsuftdess obtaining a

functional response.

The fundamental purpose of using these control ¢mtd employing an
automated approach to data processing) was nosdiaté a particular
variable; the small sample number and the variety neurological

conditions and medications of the brain-injured ugrorender this
impossible. Instead, the aim was simply to essabivhether or not these
haemodynamic events are common amongst term-agetsnf The results

presented above strongly suggest they are not.

The fact that any ‘events’ were identified in thentol datasets at all
represents a failure of the sensitivity of the nmoeat artifact algorithm and
a failure of the specificity of the event ident#ton algorithm. The process
by which all events were identified (whether withine neurologically
damaged infants or in controls) was an objectivecess. However,
because these algorithms still selected periods apparently non-
physiological variations in the control data (sigife 3.2.22), the eventual
comparison between the sample and control datasetained subjective.
The differences between the events identified ert@urologically damaged
infants and those of the control infants, thoughyweear, were assessed

visually in a subjective manner. This subjectiyppr@ach could be made
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more robust by employing multiple observers to dijn separate
physiological from non-physiological data, thoudtist approach is not
usually considered necessary because artifactsnageneral, very distinct
from physiological variations. Identification obn-physiological variations
in NIR data by visual inspection is still the magimmon and widely
accepted approach within the NIR imaging commu(fgholkmann et al.
2010).

Ideally all subjectivity would be removed from tlnalysis, either by
improving the artifact and event identification pesses or perhaps by
employing a different analysis technique altogetherAs mentioned
previously, Independent Component Analysis (ICA)uldobe particularly
suited to this task, although the limited numbercb&nnels recorded in
infant OES_01 would result in the ICA problem betngler-determined. If
we assume that the NIR signal consists of four peddent components:
respiration, heart rate, movement effects and #Hemwodynamic events of
interest (though in reality there will be other qumiments, such as
vasodilation and blood pressure oscillations) thiewr independent
measurements are required in order for conventit®alalgorithms to be
employed. Although under-determined solutions hdee=n presented
(Bofill and Zibulevsky 2001). Despite the fact thédere remains an
element of subjectivity in the approach to everdntification performed
here, we do not believe that this is a significéating. The events
identified in all 19 control datasets were markedistinct from the slow

features observed in the neurologically damagezhist

The haemodynamic events indentified appear robodt reapeated across
three out of four of our brain-injured sample, aighificant evidence has
been presented that these features are of a pbgmial origin. The fact
that these data can be reconstructed to produceimgéal images, (which
consistently exhibit a peak change at a corticathieis a strong indication

that these events are due to variations in cereltva@moglobin
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concentrations and not due to artifact or physigkigohanges in superficial
tissues. The absence of any events in infant OESviBo was examined 12
days after the initial seizure diagnosis, was ohghtly sedated and
exhibited little EEG abnormality, is a further indtion that these

haemodynamic events are not an artifact inheretttet@aradigm.

The haemodynamic events we have identified areistens in their form,
but they do not exhibit the variations in Hb&nhd HHb concentration which
are commonly associated with a simple change ironag cerebral blood
flow. The classical increased flow response toctimmal stimulation in
adults consists of an increase in Hb&hd a concurrent decrease in HHb
concentration, producing a positive BOLD-fMRI signéObrig and
Villringer 2003). Studies of functional activatiarsing BOLD-fMRI and
diffuse optical techniques have shown the haemadiynmaesponse in
newborn infants to be highly variable. Whilst theonatal functional
response is still associated with an increase giomal CBF, many studies
have reported an increase in both oxy and deoxybgleiin concentrations
(Meek et al. 1998, Hoshi et al. 2000, Muramotole2@02). Immaturity of
the cerebrovascular system, (and therefore a diffdyalance between local

CMRO; and CBF) is one possible explanation for this @jsancy.

The large initial increase in HBOconcentration exhibited by these
haemodynamic events is almost certainly relatedntancrease in regional
cerebral blood flow. The subsequent decrease @;Hioncentration may
be associated with a sudden decrease in CBF orbmagdicative of an
inability to meet an increase in regional metabdkenand. The additional
complexity of the flow-metabolism relationship ihet developing brain
makes a detailed interpretation of these haemodignavariations

(particularly those of HHb concentration) very dtiéfit.

The origin of these events is, as yet, undeterminedithout other

physiological measures it is impossible to know dertain whether these
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events represent localised changes in cerebratilflowr due to activity in
the brain itself (i.e. changes in the rate of naataonetabolism) or whether

they are caused by systemic variations in bloodgure.

Because the brain is extremely sensitive to iscbeamd haemorrhagic
injury, the relationship between blood pressure esctbral blood flow is
regulated in the healthy brain to ensure that C8MRdld constant over a
range of blood pressures. The mechanism whichrgeais relationship is
known as cerebral autoregulation. In the adultF@Bheld approximately
constant for a range of mean arterial blood pressMABP) from
~60 mmHg to 150 mmHg (Kandel et al. 2000). Beydmd range, CBF
varies approximately linearly with MABP. It hasfp been suggested that
autoregulation mechanisms are poorly developedeinborn infants and
can be severely impaired by neurological damageu (lev al. 1979,
Tyszczuk et al. 1998, Munro et al. 2004, Papadeoneét al. 2010).

The fundamental mechanism of autoregulation isriatée dilation and

constriction. Arterioles are small-diameter vessghich extend from the
arteries to the capillary bed (Paulson at al. 193hdel at al. 2000). The
ability to regulate CBF under conditions of flucting blood pressure can
therefore vary significantly from one region of thain to another.
Localised impairment of autoregulation has beenaietnated in studies of
ischemic stroke (Paulson et al. 1990, Reinhardl 2088).

The haemodynamic events identified in infant OESw¥re completely
lateralised, occurring only over the side of thaibwhich had suffered an
extensive ischemic stroke. Infants OES_02 and ©®BSach exhibited
both lateralised and global events. Neither hatfesed a focal or
lateralised neurological injury. The location bése haemodynamic events
is therefore consistent with the neuropathologgach infant, but this fact
does not necessarily help to determine whetheetbesnts are of a cerebral

or systemic origin.
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The heart rate of infants OES_02 and OES_03 wasune@ throughout
each experiment and was found to remain approxignatastant. Though
far from conclusive, this observation does not ssgghe presence of
significant and repeated fluctuations in systemaot pressure. However,
if we assume such fluctuations were present, amd itthomogeneous
impairment to cerebral autoregulation could allawtsfluctuations in blood
pressure to result in lateralised and focal haemaayc variations, is it
possible to predict the form that these variatiomaild take? Studies of
neurologically damaged infants have suggesteddbatpromised cerebral
autoregulation results in a strong correlation leetw MABP and CBF
(Munro et al. 2004, Wong et al. 2010). Systemiciateons in blood
pressure would not be concurrent with an alteratiob@MRO,. In the event
of a significant variation in blood pressure, weyrtiaerefore expect to see
changes in cerebral haemoglobin concentrationsceded with a purely
flow-driven response (i.e. HQOncreases whilst HHb decreases and vice
versa). Although this argument is extremely spattve (and does not take
account of the affects of an immature cerebrovascsystem), such a flow
response is not consistent with the haemodynamientsvwe have
identified.

Although the aetiology of the brain injury was hieggeneous, the diagnosis
of seizures and the application of the anti-epiedtug phenobarbital are
the only features common to all the infants in whibese haemodynamic
events were identified. Studies of partial seiguire adults using single
photon emission computed tomography (SPECT), havesistently
reported a sustained ictal increase in regional @lBwed by a significant
decrease relative to the inter-ictal state (Dun@&97). This has been
confirmed using ictal EEG-fMRI (Salek-Haddadi et 2002). It has also
been observed that the transition from hyperpesfusp hypoperfusion

occurs approximately 90 seconds after the onset sdizure, irrelevant of

[220]



3.2. Neonatal Seizure

the seizure duration (Avery et al. 2000), suggestine existence of a

metabolic mechanism which limits CBF.

A study using EEG-NIRS in children aged from 1.5mfs to 16 years, and
suffering from a variety of forms of epilepsy refgnl a haemodynamic
response to electrographic and electro-clinicatwsess which consisted of
an increase in both Hp@nd HHb concentration in certain cases (Haginoya
et al. 2002). The only published study which hassesved the
haemodynamic response to neonatal seizures isofh@fallois et al. in
2009, which was described in section 2.1.3. Thegduthe onsets of
seizure-like EEG discharges to isolate haemodynafeatures which
consisted of an increase in HHb and Hp®@llowed by an undershoot of
HHb only, and a slow return to baseline. Twentytltdse features were
observed in a 2-hour recording and they lastedvanage of 171 seconds.
The author was recently made aware of earlier, biighed data in which
EEG-informed near-infrared spectroscopy of neonatkures in three
infants showed a large, slow increase in HEDd HHb concentrations
followed by a significant undershoot of both, imanner almost identical to
the haemodynamic events identified in infants OBSO&ES-03 (Wallois

and Roche-Labarbe, personal communication).

Neonatal seizures are typically brief but recurremh 1987 Clancy and
Legido recorded electrographic seizures in 42 tsfaand determined a
mean ictal duration of 137 seconds with a mearr-intal interval of 480
seconds. The mean (and standard deviation).tév@nt duration and inter-
event interval of the features identified in inRM@MES_01, OES_02 and
OES_03 were 103.4 (19.7) and 393.6 (306) respégtive

The suitability of phenobarbital as a default tneeit for neonatal seizures
is still the subject of debate, as it successfudlytrols seizures in fewer than
half of infants (Painter et al. 1999, Scher 2003Jhe persistence of

electrographic seizures when all clinical symptdrase been suppressed is
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a common feature of treatment with phenobarbitall auggests the
preferential suppression of particular corticahwat (Scher et al. 2003). In
large doses, phenobarbital is known to cause arglesexl suppression of

EEG activity but its effect on cerebral haemodyreanms unknown.

These factors have led to the suggestion that abenbdynamic events we
have identified could represent a response to iganseizure activity in
groups of neurons which, due to their locationher ¢ffects of anti-epileptic
medication, do not produce observable electrogcagiischarges. Although
there is evidence to support this idea, the snaafipde size and the variety
of associated neuropathologies renders any suclotisgis highly

speculative.

Irrelevant of whether these haemodynamic featunes the result of
localised and global failures in autoregulatiore eglated to seizures or are
due to some as yet unknown phenomena, further tigagien is

undoubtedly warranted.
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4.1. Future Work and Future Prospects

4.1 Further Work and Future Prospects

This thesis has presented a number of technologachlances and
experimental applications which have contributedtte development of
simultaneous EEG and NIR imaging techniques, pdatity with respect to

clinical application. However, there are many imtpot issues which
warrant further study. The majority of these ariieectly from the

experimental work described above. Others, howeuer essential to the
future prospects of EEG-NIR but have remained beyihe scope of this

thesis. These issues are briefly discussed below.
4.1.1 System Development and Application Methods.

There are a number of specific hardware develomn&hich would make
our EEG-NIR imaging system easier to employ iniaicl setting. For
example, the components of the two systems coulehdaented on a single
trolley, which would save space and minimise treonvenience caused to
the neonatal unit. A further step would be to asengle control computer,
rather than one for each modality. This would dityplata acquisition and
synchronisation. However, both of these develogmequire a dedicated

EEG system, which is not currently available.

To perform EEG-NIR imaging of neonatal seizures tiraly, further

improvements to the imaging array are requiredmajor step would be to
decrease the diameter, height and weight of thieadibres. The fibres
used in the experiments described here are riggledr(i.e. the direction of
fibre terminus is at 90° to the fibre cable, as banseen in figure 2.2.1),
which makes their application significantly easiddowever, they are still
relatively large. The fibre housing is 14 mm irameter and 19 mm in
height. Their large diameter places a lower ligntthe size of each opto-
electrode, and this ultimately limits the samplidgnsity of the dual-
modality array. The sensing arrays are also k&lbticumbersome and

heavy. The use of right-angled fibres, with simitgtical transmission
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properties but a greatly reduced height and dianvebelld make long-term

EEG-NIR recording significantly easier.

4.1.2 Data Co-registration and Integration

Co-location of one or more of the EEG electrode$ wigiven optical fibre
position makes spatial co-registration of the rasgl EEG-NIR imaging
data as straight-forward as possible. Howeverntathods presented here
do not constitute an optimum integration of thes® tforms of data.

Pursuing such an integration has remained beyandabpe of this work.

An important step towards maximising the amounin@drmation extracted
from simultaneous EEG-NIR data would be to prodaceobust and
accurate method of registering the position ofgérsing imaging array to
the cerebral cortex. This has been a goal of siffoptical imaging methods
for many years, and there have been a number aihads (for example see
Ye et al. 2009). Except in cases where structunaging of the brain is
performed simultaneously, all such methods cowdisivo stages. The first
is to measure the position of the optical imagingyawith respect to the
bony landmarks of the head (on which the intermaidl0-20 system is
based). The second is to use these landmarks potmeaposition of the
imaging array to the cortex, using a generic oividdal structural MRI or
CT image. Both of these procedures introduce imaes, particularly the
manual location of the 10-20 positions. Superpraaches include the use
of photogrammetry techniques, which can produceirate models of the
head surface and the position of the optical imggirray relative to that
surface in real time. Such systems can also lztosmonitor movement of
the subject and produce accurate, head-shapeel él@tment meshes which

aid image reconstruction.

Any approach to data integration must take accanthe fact that

observable electro-cortical activity and the cqeoesling haemodynamic
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responses can be de-coupled. Significant, synclmomeuronal activity,
which (due to depth or neuronal orientation (Cosrserd Gutnick 1990)), is
invisible to scalp EEG is still likely to producehaemodynamic response.
It is also likely that many significant neuronatigations do not produce an
observable increase in CBF. The assumption tleintreased metabolic
activity of a localised group of neurons will praguan exactly co-located
haemodynamic response has also been proven tovdleifDisbrow et al.
2000, Bénar et al. 2006).

Although there are many possible approaches, @nsig EEG dipole

source localisation on the basis of NIR imagesris potentially suitable
method of integrating the information apparentastemodality. If a robust
spatial concordance can be achieved between @ £4MdlR images and the
corresponding dipole source localisation, it shoblkl possible to take
advantage of the high temporal resolution of EEGamk for dynamic

changes within a given region of increased cerebl@d flow during a

period of activation. Comparable methods are ctlyeinder investigation
for use in EEG-fMRI (see for example Toma et al020Vuillemoz et al.

2010), and it is likely that many of these apprascWill also be applicable
to EEG-NIR techniques.
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4.1.3 Neurovascular Coupling and Functional Activat  ion

The simultaneous recording of NIR images and eweated potentials
provides a more complete picture of functional pssing in the brain than
can be achieved with either technique alone. irh&eld number of studies
which have employed EEG-NIR methods to investigageirovascular
coupling have so far concluded that the magnitudéh® haemodynamic
response to cortical activation generally has ealirrelationship with the
magnitude (which can be defined in various ways)hef corresponding
event-related potentials (Obrig at al. 2002, N&sile2010). Therefore, the
simultaneous recording of ERPs can potentially @&rpimuch of the intra

and inter-subject variability of functional haemaodynic responses.

Many aspects of neurovascular coupling are stdl Hubject of active
research. Simultaneous EEG and NIR techniquedearsed to observe a
measure of both the input and output of the newasar coupling
mechanism, on a relatively macroscopic scale. uiilg¢y of EEG-NIR
imaging will therefore be found in the testing obdels of neurovascular
coupling from beginning to end. Using EEG-NIR nueth, such
experiments can be performed efficiently and singolya wide variety of
subjects, which will allow alterations of neurovalsec coupling

mechanisms to be investigated in cases of neurabdisease.

4.1.4 Continuation of Functional Activation in Neon ates

Although the main purpose of the functional aciwatstudies presented
here was as a proof-of-concept, functional actoratin newborns and
children is an important potential application oE&NIR imaging
techniques. There are many functional processeleirdeveloping brain
which are poorly understood, even with respecthi dreas of the brain
which are involved. This is particularly true ihet study of auditory
processing and language development, studies ofhwaie difficult to
perform using fMRI methods. Indeed, one specifipleation of EEG-NIR
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imaging which was not discussed in this thesishis $tudy of language
impairment in young children. Whilst EEG studies/& shown there to be
distinct differences in the processing of certanguistic stimuli in infants
with specific language impairment, the exact axgake brain where these
discrepancies are apparent is still unknown (Fe#gemnand Van der Lely
2008).

Despite the failure of the visual stimulus expense to elicit a
haemodynamic response, there are many visual adiogu stimulation
paradigms which may vyield important information abofunctional
processing in the developing brain. One obvioysliegtion would be to
perform an EEG-NIR visual stimulation paradigm, isamto that described
above, to explicitly investigate the discrepandrelaemodynamic response
which have been observed in studies of neonataitifumal activation (see
section 3.1.1). The addition of EEG recording vdoallow changes in the
ERP and in the subject’s sleep state to be isokteldremoved as variables,

which may help to clarify the nature of the neohfitactional activation.

4.1.5 Continuation of Studies of Neonatal Seizures

The studies described in this thesis have leddaltbcovery of a potentially
important haemodynamic feature, but they have ratilifated the
characterisation of the haemodynamic features adna@l seizures.
However, it has been explicitly demonstrated th&GENIR imaging is
suitable for the neonatal intensive care unit. c8asfully performing EEG-
informed NIR imaging of neonatal seizures is noguastion of instigating

relatively minor alterations to the experimentalgaagm.

As described in section 3.2.5, in order to studglievents, it is essential to
begin EEG-NIR recording as soon as possible affeuse diagnosis, and to
continue recording for as long as possible. Adhg\this is a question of

expansion and improved organisation of the clinieakarch team, though it

[228]



4.1. Future Work and Future Prospects

would also be significantly aided by the technidel’elopments described

above.

If the scale of the project were increased, it lb@yeneficial to not recruit
infants who have been diagnosed, but instead teardarge number of
infants who are at risk of developing seizures (hese who have suffered
some ischemic insult at birth) and perform EEG-NIRaging as

continuously as possible for the first 12-24 hoafdife. Although this

would produce many negative results, it would digantly increase the
likelihood of observing ictal seizure events, andynavoid some of the

confounding issues related to the administratioanti-epileptic drugs.

One further technological development would be éplace the UCL
Optical Topography System with and instrument ablgerform whole-
head, 3D optical tomography. Such technology @ilakle and has been
successfully employed in the neonatal intensivee canit on multiple
occasions (Hebden et al. 2002, Austin et al. 2008Jthough it would
introduce additional experimental complexities, lsacsystem would have
the advantage of being able to probe all depthghef neonatal brain.
Although highly speculative, it is possible thatcambined EEG-optical
tomography system would provide a method of stuglgub-cortical lesions
and seizure foci and provide an assessment ofithigations of clinical
EEG and anti-epileptic drugs in the monitoring areatment of neonatal

seizures.

The haemodynamic feature identified in section &sd warrants specific
and detailed investigation. The size of the sangpteip of neurologically
compromised infants is too small to make any pesdisterminations of the
aetiology, prevalence or importance of these festurFurther experiments,
both with seizure-diagnosed and healthy controhritd are certainly
required. With an increased number of subjectsldvoome better isolation

of particular disorders. For example, those irdasuffering seizures as a
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result of stroke would need to be separated fromseghwho have suffered
global hypoxic ischemia, and any variation in tbeaktion or form of the
biphasic haemodynamic features (if present anadly inform us as to their
physiological origin. The approach to the datacpssing of these
haemodynamic features also needs to be improvedder to remove the
remaining subjectivity in the rejection of movemeartifacts and
identification of events. This can be achievedrhgroving the sensitivity
and specificity of the algorithms presented in isecB.2, by employing
multiple observers in order to negate this subjégtor by developing the
use of other signal processing methods. It islyikinat independent
component analysis would be particularly well sditéo this task,
particularly when employing the high number of dakennels associated

with NIR optical topography.

Overall, this thesis represents a first step towahe optimisation of EEG-
NIR imaging. The technique presents numerousjfiignt advantages and
many are yet to be fully exploited. Further adesnare required,
particularly in terms of imaging arrays and datagnation, but there are no
fundamental obstacles to EEG-NIR becoming a routmeerroimaging

technique, for both research and clinical applorati
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