Neurovascular Interactions in the
Neurologically Compromised Neonatal Brain

H Singh®, R Cooper®®, CW Lee®*, L Dempsey™®, S Brigadoi*®, A Edwards®*,
D Airantzis®¢, N Everdell*?, A Michell*¢, D Holder®*, T Austin®* and J
Hebden™?

“neoLAB, the Evelyn Perinatal Imaging Centre, Rosie Hospital , Cambridge, UK
YBORL, Department of Medical Physics & Bioengineering, UCL, London, UK
“Neonatal Unit, Rosie Hospital, Cambridge University Hospitals, Cambridge, UK

Abstract Neurological brain injuries such as hypoxic ischaemic encephalopathy
(HIE) and associated conditions such as seizures have been associated with poor
developmental outcome in neonates. Our limited knowledge of the neurological
and cerebrovascular processes underlying seizures limits their diagnosis and time-
ly treatment. Diffuse optical tomography (DOT) provides haemodynamic infor-
mation in the form of changes in concentration of de/oxygenated haemoglobin,
which can improve our understanding of seizures and the relationship between
neural and vascular processes. Using simultancous EEG-DOT, we observed dis-
tinct haemodynamic changes which are temporally correlated with electrographic
seizures. Here, we present DOT-EEG data from two neonates clinically diagnosed
as HIE. Our results highlight the wealth of mutually-informative data that can be
obtained using DOT-EEG techniques to understand neurovascular coupling in
HIE neonates.

1 Introduction

Brain injury in the term infant caused by a shortage of oxygen and blood flow
(hypoxia-ischaemia) is a major cause of death and lifelong neurodisability [1].
Seizures are common in these infants and can exacerbate existing brain injury [2].
However, the clinical manifestation of seizures can be subtle or even absent.
Whilst video-EEG is the standard approach to monitoring seizures [3], it has lim-
ited spatial resolution and provides little information on the potential mechanisms
by which seizures could exacerbate brain damage. Neurophysiologists rely on
surges in electrical activity to mark seizure occurrence, which can be challenging
in neonates, given such events are often unaccompanied by behavioural correlates
[4-5]; as a result many seizures go unnoticed [6]. There is a paucity of data on the
metabolic and haemodynamic changes associated with seizures [7].



As well as seizures, another common feature in neonates with hypoxic-
ischaemic brain injury is the electrographic pattern of ‘burst-suppression’: inter-
mittent fluctuating brain states with profound inactivity or sudden surges. This
phenomenon is commonly observed in a variety of pathological conditions. Neu-
rophysiologic model of burst-suppression suggests metabolic processes [8] associ-
ated with it, the haemodynamic response to such phenomena is largely unknown.
Diffuse optical tomography (DOT) and electroencephalography (EEG) are two
techniques that are able to record changes in cerebral blood oxygenation and elec-
trical activity respectively. The portable and non-invasive nature of these tech-
niques makes them ideally suited to cot-side measurements in the neonatal inten-
sive care unit (NICU). Concurrent changes in these signals can be attributed to
dynamic brain mechanisms by which changes in neuronal activity effects changes
in dilation or constriction of cerebral blood vessels, known as neurovascular cou-
pling [9]. The haemodynamic parameters measured using optical techniques are
considered to be surrogate measures of oxygen transport in the brain, and can be
used to study the complex, incompletely understood neurovascular mechanisms.
This paper presents two sets of DOT-EEG data which exemplify the wealth of in-
formation about the neurovascular interactions during two common yet complex
conditions in HIE neonates (a)seizures (b) burst-suppressions..

2 Methods

Data Acquisition: A group (n=13) of term age infants diagnosed with hypoxic is-
chaemic encephalopathy (HIE), treated with therapeutic hypothermia (a standard
clinical treatment for HIE in the newborn) were recruited into the study (REC ref-
erence 09/H0308/125). Simultaneous EEG-DOT acquisition was performed dur-
ing three stages of therapeutic hypothermia, namely during cooling, rewarming
and post-rewarming phases. Optodes (16 detectors, 16 emitters) and EEG (13)
electrodes were coupled onto the baby’s head using an integrated EEG-DOT head
cap. This arrangement provides 58 DOT channels and a standard 11-channel EEG
neonatal montage. The sampling frequency of the EEG (Micromed/BrainProducts)
and DOT (UCL topography system) were 256 and 10 Hz, respectively.

Clinical history: The EEG-DOT data presented are from two infants, both with
severe HIE. In subject 1 (Female, Gestational Age 40 weeks), a 60-min recording
acquired during post-warming is presented in the following sections. In subject 2,
(Male, Gestational Age 41 weeks) a 75-min recording during the cooling phase is
presented. The datasets are referred to as dataset 1 and 2, respectively, in the fol-
lowing sections.

Data Analysis: A clinical inspection of the Video-EEG was performed by two
clinical neurophysiologists. Seven subtle seizures in dataset 1 and 9 suppressed
periods in dataset 2 were identified in the EEG recordings along with their respec-
tive onset and duration. DOT and EEG data were temporally aligned using signals



recorded from a custom-built random pulse generator. The EEG data were pre-
processed and band-pass filtered (0.5-70 Hz) using FIELDTRIP [10]. Initial pro-
cessing of the DOT data was performed using the HOMER 2 toolbox [11]. Indi-
vidual channels were inspected for motion artifacts and spline-corrected [12, 13].
The DOT data were low pass filtered at 1 Hz to remove high frequency noise and
cardiac effects. Four channels from dataset 1 and fifteen channels from dataset 2
exhibited a low signal-to-noise ratio (mean intensity values of channels outside a
specified range [-0.0005 1]) and were excluded from further analysis. Channel-
wise raw data in the form of intensity values for each wavelength were converted
to changes in optical density relative to the mean of each channel across the entire
acquisition period. Changes in optical density were converted to changes in con-
centration of oxy-haemoglobin (HbO), deoxy-haemoglobin (HbR), and total hae-
moglobin (HbT = HbO + HbR) using the modified Beer-Lambert law with an es-
timated differential pathlength factor of 4.9 [14]. The average concentration
changes across channels were calculated for dataset 1 to obtain a mean haemody-
namic signal to help identify the dominant features of the global haemodynamic
data.

Whole head image reconstruction: An age-matched voxelized tissue mask
(identifying scalp, skull, cerebrospinal fluid, grey & white matter), taken from
UCL’s 4D neonatal head model package [15] was spatially registered to an up-
sampled clinical MRI image for subject 1, while an un-registered, age-matched at-
las was used for subject 2. Volumetric whole head and a grey matter surface
meshes were then produced with the iso2mesh package [16]. A forward model
was computed using TOAST [17] and multispectral linear reconstruction was per-
formed to compute volumetric images of HbO and HbR. The reconstructed volu-
metric images were then projected on to the grey matter surface mesh.

3 Results

Neurovascular interactions in neonatal seizures: Dataset 1 exhibited a discon-
tinuous EEG, and 7 electrographic seizures were identified with very subtle clini-
cal signs. Ictal EEG showed high amplitude at onset, including some 1Hz slow ac-
tivity. These features evolved into semi-rhythmic generalised slow activity at 2-
5Hz, with loss of the background EEG discontinuity. There was no significant dif-
ference between hemispheres seen in the EEG data. Inter-ictal EEG highlighted
the discontinuity with short periods of bursts interspersed with suppression EEG.
Electrographic seizure duration ranged between 30s and 90s. Most of the DOT
channels exhibited a large amplitude haemodynamic change concomitant to elec-
trographic seizures. The mean haemodynamic signal across all channels highlights
the large yet remarkably consistent response for all 7 seizures (Fig. 1, top panel).
This abnormally large haemodynamic response exhibits an increasing trend prior
to the electrographic onset but reaches maximum just after the onset, followed by



an extended decrease and slow recovery to a steady state. This is seen in the en-
larged version of seizure 3 in Figure 1, where the averaged EEG signal across
channels is shown along with the HbO, HbR and HbT changes over the period be-
ginning ~350s before and ~350s after the electrographic onset. Blood volume
changes are shown in the whole head images in the bottom panel, demonstrating
spatial dynamics with large areas of blood volume decrease but also an increase in
some areas.

Neurovascular interactions in burst-suppression: The EEG of dataset 2 showed
several periods of very low amplitude activity lasting 10-20 s; this discontinuous
EEG evolved back into continuity soon after these periods terminated. Time-
frequency decompositions show very low EEG power during these suppressed
segments. There is a remarkably large response in the form of blood volume de-
crease to these suppression segments in the EEG. This decrease in HbT has a gen-
eral spread over the cortex. Interestingly, there is pattern of build up to this HbT
decrease in time after the onset of the EEG suppression. It originates from the
right anterior frontal areas spreading to left central sulcus and right parietal areas
(Fig. 2) reaching a maximum level of decrease, after which it recovers back to a
steady-state. The duration of this blood volume change is significantly longer than
the suppression period in the EEG.

4 Discussion and Conclusions

The electrographic seizure events observed in subject 1 show that distinct changes
in DOT measurements are temporally correlated with abnormal electrographic ac-
tivity. Although the haemodynamic response is much longer than the electro-
graphic assessment of seizure duration, it is remarkably consistent across seizure
events, predominantly consisting of an initial increase, then prolonged decrease of
blood volume. The reconstructed DOT images exhibit complex spatial dynamics
reminiscent of a number of animal studies, which have shown an ‘inhibitory sur-
round’ phenomenon associated with epileptic foci [18-20].

Burst-suppression is defined as an “EEG pattern where high-voltage activity
alternates with isoelectric quiescence” [8]. The global HbT decrease, correlated in
time with the suppression segments in Fig. 2, is indicative of a vasculature re-
sponse to the brain’s neural inactivity. It is also notable that the irregular suppres-
sion periods presented here occurred during the cooling phase and may be associ-
ated with, or exacerbated by, therapeutic hypothermia. Both seizures and burst
suppressions are associated with profound regional changes in haemodynamics.

Though only part of a series of DOT-EEG recordings performed in a cohort of
HIE babies, the two datasets presented here highlight the complex underlying in-
teractions between the neuronal and the vascular processes in the pathological ne-
onatal brain. The neurovascular interactions during neonatal seizures do not fol-
low the expected increase in HbO and decrease in HbR pattern that has been



observed in previous functional studies in newborns [21-23] children and adults
[24, 25] , but similar large abnormal biphasic haemodynamic responses were pre-
viously reported by our group in 2011[7] but in the absence of an electrographic
correlate. Recently neurophysiological models of burst-suppression in animals and
adults [8, 26] have been reported. To our knowledge, the data presented here is the
first study to show haemodynamic response to burst-suppression in newborns. The
decrease in blood volume in response to suppression in EEG is noticeably large
and temporally correlated with the suppression periods. Furthermore, this response
has been represented with a localised spatial resolution in the form of whole head
images (Fig. 2).

The results show that haemodynamic response to both electrographic seizures
and suppression is slower than the neuronal changes. Similar conclusions are also
reported in the neurovascular models studies using fMRI-EEG [27, 28], where the
neuronal signals (MUA, LFP, ERP) are said to be transient and the BOLD re-
sponse is much prolonged [29]. But in comparison to fMRI, DOT allows meas-
urement of both HbO and HbR and in turn can be used to reflect blood volume
changes [30]. For multimodal acquisition with EEG, DOT and fMRI provide lo-
calised spatial resolution and complement the neuronal information of the EEG.
Though fMRI has a better depth resolution, DOT measured HbO [31] and HbR
[32] are closely correlated with BOLD signal interpretation. The comparative
studies with DOT-EEG, report a superior contrast-to-noise ratio than fMRI when
accounted for confounding factors (optical properties of heterogeneous tissue lay-
ers, partial volume errors and optical sensitivity) [31]. There are practical ad-
vantages of DOT-EEG in terms of non-invasive, portability, cost, innocuous to
routine clinical care (DOT-EEG can be done at cot/bed-side) and freedom of re-
search in more natural environments. fMRI-EEG studies can be cumbersome with
technicalities such as immobility of subject, inherent noise issues in the fMRI
scanner and overall lack of easy access to fMRI, costs and paraphernalia required
for it.

The data presented here, though novel, is limited by patient numbers to draw
general conclusions about neurovascular coupling in neonates. The clinical signif-
icance of these observations is unclear, and further work is required to understand
the prevalence and mechanisms of these neurovascular changes in the injured ne-
onatal brain.
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Fig. 1. Seven seizure events are indicated on the time course of the global mean hemodynamic
concentration changes for subject 1. Seizure events are depicted by grey shaded areas. A typical
response with reconstructed images (HbT) for seizure 3 at five distinct time points highlights the
response profile.

7 o 7

FP1-T3 [ wrTrre L — PR 0 BT A
iy I\ Pl WEREPER i

T3-01 Wnahy Vafieprberad Wy

FP1-C3| At S sty sk
c3-01 - vl ) Amsriv-tol
K S
Fz-Cz = o b ! VY I A A
Cz-Pz Nl £, A -t

Atk o

FP2-C4 oy midd A N At Lo
FP2-T4 ol & A
W o Neerdef

T3.C3 i At % .:.r:
C3-CZ W A i = i
czca o A L
czpz I ¥ v
ca-Ta o e

9 1020
20
o
-20
AHBT(aM)

Fig. 2. Reconstructed images of the changes in HbT associated with the suppression periods in
the EEG in dataset2. Changes in HbT are relative to a baseline defined as the initial 30s.



