Characterization of Cerebral Vascular Response to EEG Bursts Using
ICP Pulse Waveform Template Matching
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Abstract Neurovascular coupling is the relationship
between the activity of the brain and the subsequent change
in blood flow to the active region. The most common meth-
ods of detecting neurovascular coupling are cumbersome
and noncontinuous. However, the integration of intracra-
nial pressure (ICP) and electroencephalography (EEG)
may serve as an indirect measure of neurovascular
coupling.

This study used data collected from burst-suppressed
patients who received both ICP and depth EEG monitoring.
An adaptive thresholding algorithm was used to detect the
start and end of each EEG burst. The morphological cluster-
ing and analysis of ICP and pulse morphological template-
matching algorithms were then applied to derive several
metrics describing the shape of the ICP pulse waveform and
track how it changed following an EEG burst. These changes
were compared using a template obtained from patients
undergoing CO,-induced vasodilation.

All segments exhibited a significant period of vasodila-
tion within 1-2 s after burst, and 4 of 5 had a significant
period of vasoconstriction within 4-11 s of the EEG burst,
suggesting that there might be a characteristic response of
vasodilation and subsequent vasoconstriction after a sponta-
neous EEG burst. Furthermore, these findings demonstrate
the potential of integrated EEG and ICP as an indirect mea-
sure of neurovascular coupling.

M. Connolly « P. Vespa
Department of Neurosurgery, David Geffen School of Medicine,
University of California-Los Angeles, Los Angeles, CA, USA

X. Hu, PhD ()

Departments of Physiological Nursing/Neurosurgery, University
of California-San Francisco,

2 Koret Way, N611J, San Francisco, CA, USA

Institute for Computational Health Sciences, University
of California-San Francisco, San Francisco, CA, USA

UCB/UCSF Graduate Group in Bioengineering, University
of California-San Francisco, San Francisco, CA, USA
e-mail: xhu@mednet.ucla.edu

B.-T. Ang (ed.), Intracranial Pressure and Brain Monitoring XV, Acta Neurochirurgica Supplement, Vol. 122,

Introduction

After a traumatic insult, the brain is susceptible to secondary
complications that can cause further injury. One such com-
plication is elevated intracranial pressure (ICP), which can
lead to ischemia and herniation [3, 8]. One of the tools used
to detect increases in ICP is continuous monitoring with a
transducer placed within the brain ventricles, parenchyma,
or subdural space [11]. After injury, the brain is also at risk
for epileptic activity and spreading cortical depressions
(CSDs), which can be detected using continuous electroen-
cephalography (EEG). While these two signals are com-
monly used as part of routine care in a neurocritical care unit,
there is no a priori physiological relationship upon which to
integrate them.

Neurovascular coupling — the change in blood flow in
response to neural activity — is one potential mechanism that
can relate continuous ICP and EEG waveforms. EEG is a
spatial-temporal measure of neural activity and, based on
the Monroe—Kellie hypothesis, changes in cerebral blood
volume are reflected in the ICP. Understanding the relation-
ship between these two signals within the context of neuro-
vascular coupling is the first step toward integrating them to
extract additional information.

To investigate this relationship, we focused on patients
with continuous ICP and depth EEG monitoring who had
been burst-suppressed for the treatment of refractory intra-
cranial hypertension, and we observed how the ICP changes
during and immediately after a burst of neural activity, as
detected on depth EEG.

Important to this hypothesis is determining whether the
changes in ICP are caused by vasodilation and vasoconstric-
tion. To do this, we utilized the recently developed morpho-
logical clustering and analysis of ICP [5] (MOCAIP) and
pulse morphological template-matching (PMTM) algorithms
[1, 2]. These algorithms calculate a variety of pulse—waveform
metrics describing the shape of a pulsatile signal, such as ICP,
and track how these metrics change in response to various
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stimuli. In this study we characterize the changes that occur in
ICP after an EEG burst and assess whether they are caused by
vasodilation, by comparing the pulse-waveform trends after
an EEG burst using a known vasodilation template.

Materials and Methods

Data segments were collected from patients admitted to the
neurocritical care unit at UCLA Ronald Reagan Hospital.
Segments were obtained from when the patients were receiv-
ing continuous ICP and depth EEG monitoring, and were
under high levels of burst suppression. ICP and depth EEG
data were upsampled to 2,000 Hz. The onset and cessation of
the bursts recorded in the depth EEG were segmented using
an adaptive thresholding algorithm.

The pulse waveform metrics of each data segment were
computed using the MOCAIP algorithm. MOCAIP is a
recently developed tool that takes a segment of a pulsatile
signal, such as ICP or cerebral blood flow velocity, and iden-
tifies each pulse corresponding to a cardiac cycle. The pulses
are then clustered based on their similarities, and from the
average of the largest cluster, a dominant pulse is produced.
The three sub-peaks of the dominant pulse are found, and
from their heights and latencies 128 pulse—waveform metrics
are calculated. In this study, our period of interest was in the
20 s after an EEG burst; thus, the pulse—waveform metrics
were found for each individual pulse.

The PMTM algorithm was then applied on a 2-s sliding
window starting at the onset of the burst to determine which
time points were consistent with vasodilation or vasocon-
striction. The PMTM algorithm works by fitting sequential
pulse—waveform metrics to a line using robust least squares
and determining whether the slope of the line is positive,
negative, or not significantly nonzero. Previous studies on
patients undergoing hypercapnic vasodilation found that 50
of the 128 pulse—waveform metrics increase and 22 decrease
during vasodilation, and have the opposite trend during the
return to normocapnia.

The pulse—waveform metric changes between each two
pulses after an EEG burst were calculated and the proportion
that matched those observed in patients, or the vasodilation
index (VDI), was found. Pulse—waveform metric changes
with a higher VDI were more characteristic of vasodilation,
while pulse—waveform metric changes with a lower VDI
were more characteristic of vasoconstriction. VDI values
were also calculated for many two-pulse intervals randomly
selected from each of the segments. The VDI values of each
2-s window for all EEG bursts (e.g., all the VDI values for the
ICP pulses between 3 and 4 s post-EEG burst) were combined
and compared with the random sample using a ¢ test and
Mann—Whitney U test. The ¢ test is reported for simplicity.

Results

Data were collected for two female patients, aged 38 and 53,
who received ICP and depth EEG monitoring as part of their
treatment for a traumatic brain injury (TBI) and an aneurys-
mal subarachnoid hemorrhage (aSAH) respectively. Both
patients were burst-suppressed with pentobarbital for the
treatment of refractory intracranial hypertension. The data
set includes ICP and depth EEG monitoring from 3 separate
days for the TBI patient and 2 separate days for the aSAH
patient. Total data length was 64 min (TBI 27 min, aSAH
37 min) and included 323 bursts (TBI 126 bursts, aSAH 197
bursts). Samples were collected during periods of maximal
burst suppression.

The time-aligned VDI in the 20-s window following the
onset of a depth EEG burst exhibited a characteristic pattern
consisting of three phases (Fig. 1, bottom right). In the first
phase immediately following the onset of the depth EEG
burst, there was a brief period lasting 1-3 s, where the mean
VDI was significantly higher than random (p <0.05). This
was followed by a transition of 1-5 s, where the mean VDI
of the burst-aligned ICP was neither significantly higher nor
significantly lower than random. A second phase was
observed in 4 of the 5 data segments (TBI days 6, 7, and 14;
aSAH day 11), where the VDI of the burst-aligned ICP
became significantly less than random for 4-7 s. The VDI for
the segment obtained form aSAH day 12 was never signifi-
cantly less than random and remained either significantly
higher than random or nonsignificant for the rest of the 20-s
window. These four data samples then transitioned to where
the mean VDI was not significantly higher or lower than ran-
dom. After the transition, data segments for TBI days 6 and
14 and aSAH day 11 had a third phase where the mean VDI
was again significantly higher than random (Fig. 1).

Discussion

The brain has little energy reserve and requires a constant sup-
ply of blood containing O, and glucose to sustain neural func-
tion. As neural activity of the brain varies, a tight regulation of
CBF through neurovascular mechanisms is necessary to
accommodate the metabolic demands of its cellular constitu-
ents. However, injury to the brain, such as trauma or hemor-
rhage, can result in a disruption of neurovascular coupling.
Pathological neurovascular coupling has typically been
observed during epileptic activity and CSDs. This pattern is
characterized by profound hyperemia followed by persistent
oligemia [7]. In the presence of erythrocyte products, as in
the case of aSAH or hemorrhagic stroke, the increased depo-
larization of CSD results in a significant decrease in CBF [6].
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Fig. 1 The mean vasodilation index (VDI) value for each of the 2-s
sliding windows after EEG burst onset (solid line). The dashed line
shows the boundaries for the two-sided statistical significance, with an
alpha of 0.05. Points above the top line are significantly more character-
istic of vasodilation than random, and points below the bottom line are

While these pathological conditions have been observed in
humans, the majority of studies have utilized animal models
[10, 12]. Studying neurovascular coupling in humans with
acute brain injuries has relied on unconventional monitoring
modalities, inhibiting large-scale investigations.

The traditional techniques for measuring neurovascu-
lar coupling include functional magnetic resonance imag-
ing, positron emission tomography, and single-photon
emission computed tomography. While these modalities
provide a high degree of spatial and temporal resolution,
they are cumbersome, require patients to be transported
out of the ICU, and can only be used intermittently. Other
modalities, such as laser Doppler flowmetry [4] and near
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significantly more characteristic of vasoconstriction than random.
Points between the two lines represent times that are not significantly
characteristic of vasodilation or vasoconstriction. The graph bottom
right shows the results for all 323 points combined with the three phases
of the ICP response in detail

infrared spectroscopy [9], have been used to some success
in the ICU.

This study used our previously developed algorithms [1]
for detecting vasodilation based on ICP pulse waveform
changes. These techniques demonstrated in the period fol-
lowing an EEG burst that the ICP pulse waveform was
characterized by vasodilation for approximately 3 s and
subsequent vasoconstriction 8 s. This time scale agrees
with the previous average 9-s CBF response in burst-sup-
pressed rats reported by Golanov et al. [4]. However, since
the pulse waveform analysis measures trends toward vaso-
dilation or vasoconstriction, and not cerebral blood flow,
they may not be directly comparable. This relationship was
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more predominant in the TBI patient, possibly suggesting
either a diminished or pathological neurovascular coupling
in the aSAH patient, or other confounding factors related to
the patient’s ICU care. These results demonstrate a distinct
relationship between ICP and EEG caused by vasodilation
and vasoconstriction, and provides a foundation upon
which to base further investigations of these two signals.
Because of the specific monitoring requirements, this study
was limited by the small cohort of patients. However, the tech-
niques reported here can be applied to surface EEG recordings,
allowing a much larger patient cohort in future studies.
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