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Abstract

Background The objective of this study is to characterize
the relationship between ICP and EEG

Methods Simultaneous ICP and EEG data were obtained
from burst-suppressed patients and segmented by EEG
bursts. Segments were categorized as increasing/decreasing
and peak/valley to investigate relationship between ICP
changes and EEG burst duration. A generalized ICP
response was obtained by averaging all segments time-
aligned at burst onsets. A vasodilatation index (VDI) was
derived from the ICP pulse waveform and calculated on a
sliding interval to investigate cerebrovascular changes
post-burst.

Results Data from two patients contained 309 bursts. 246
ICP segments initially increased, of which 154 peaked. 63 ICP
segments decreased, and zero reached a valley. The change in
ICP (0.54 + 0.85 mmHg) was significantly correlated with
the burst duration (p < 0.001). Characterization of the ICP
segments showed a peak at 8.1 s and a return to baseline at
14.7 s. The VDI for increasing segments was significantly
elevated (median 0.56, IQR 0.31, p < 0.001) and correlated
with burst duration (p < 0.001).
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Conclusions Changes in the ICP and pulse waveform
shape after EEG burst suggest that these signals can be
related within the context of neurovascular coupling.
Significance Existence of a physiological relationship
between ICP and EEG may allow the study of neurovas-
cular coupling in acute brain injury patients.

Keywords Neurovascular coupling -
Intracranial pressure - Electroencephalogram -
Multi-modality monitoring - Acute brain injury

Introduction

After suffering a traumatic, ischemic, or hemorrhagic
insult, the brain is susceptible to a multitude of secondary
complications that can cause further injury. One such
complication is elevated intracranial pressure (ICP) which
can cause neurologic damage through ischemia and her-
niation [5, 20]. Because of the life-threatening nature of
this complication, ICP has become a routinely measured
signal in critical patients [23]. Other sources of secondary
injury such as seizures [9, 26, 27] and spreading depression
[10] can be detected through the use of electroencepha-
lography (EEG). As this modality is inexpensive and non-
invasive, EEG monitoring can be readily utilized in many
patients admitted to a neurointensive care unit.

Ideally, these two modalities would be integrated to
provide additional information about the condition of the
patients. However, there is no established physiological
relationship upon which to conduct an integrated analysis
of ICP and EEG. As ICP is directly related to the blood
volume within the cranial vault, neurovascular coupling,
the mechanism whereby local brain activity causes a sub-
sequent increase in blood flow to the active region may
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provide the link between these two signals. This is of
critical importance, as injury to the brain can induce
pathological neurovascular coupling with deleterious
effects [3, 6, 7]. However, there is no established technique
for the study of neurovascular coupling in the acute phase
following a traumatic injury.

To establish a relationship between EEG and ICP as a
measure of neurovascular coupling, we hypothesized that
bursts of electrical activity detected by EEG would be
followed by a transient increase in ICP, and that with the
prolonged absence of EEG burst activity, the ICP would
decrease. Moreover, we hypothesized that this early
increase and eventual decrease in ICP are mediated by
vasodilation and vasoconstriction, which has been shown
to be detectable in the ICP pulse waveform changes [1, 12].
In this study, we characterize the immediate changes in
ICP after an EEG burst, and the general pattern between
EEG burst in terms of the ICP amplitude and pulse
waveform changes.

Materials and Methods
Patients and Data

Time-synchronized continuous ICP and depth EEG wave-
forms were obtained from patients admitted to the
neurocritical care unit at the UCLA Ronald Reagan Hos-
pital. The depth EEG was a six-electrode strip placed
adjacent to the extraventricular drain catheter. Depth EEG
signals were recorded at 2000 Hz, and the ICP signals were
recorded at 240 Hz and upsampled to match the sampling
rate of the EEG recordings. All monitoring was performed
as part of the care prescribed by the attending physicians.
Use of their data was permitted under the protocol as
approved by the UCLA Institutional Review Board.

For this initial characterization of the ICP response of
neurovascular coupling, signals were manually selected
that showed high levels of burst suppression (burst sup-
pression ratio >0.7) to minimize the interaction between
individual bursts.

Burst Segmentation

Depth EEG signals were low-pass filtered at 1 Hz and then
the envelope of the filtered depth EEG was calculated and
integrated over a 1.2-second running window using a Hil-
bert transform. Local peaks of the resultant time series
were then identified to determine a threshold that is 20 %
of the difference between the amplitudes of the largest peak
and the smallest peak. Then an estimate of the burst onset
and offset is identified as the first and the last point of an
episode where the integrated envelope time series crosses

the threshold and possesses a minimum gap of 300 ms to
adjacent episodes. The onset was further fine-tuned to be
the first point reaching the 97th percentile of the depth EEG
amplitude of the episode starting at the offset of last burst
and ending at the preliminary onset of the current burst.
There is no need to adjust preliminary offsets (Fig. 1).

Characterization of the ICP Changes During Burst and
Suppression

The ICP waveform was low-pass filtered at 0.2 Hz to
remove the frequencies associated with the cardiac pulsa-
tion and the intra-pulse oscillations. To remove the
respiratory component of the ICP waveform, the peak in
frequency spectrum of the waveform between 0.15 and
0.4 Hz was programmatically identified and the appropri-
ate frequencies band-stop filtered.

To categorize the ICP segments, it was first determined
whether a peak or valley existed in the suppression interval
by identifying a point that was either higher or lower than
both endpoints. Segments with a peak were categorized as
increasing and those with a valley were classified as
decreasing. For ICP segments that did not contain a peak or
valley, the two endpoints were compared to determine
whether the segment was increasing or decreasing.

To test the hypothesis that electrical activity (EEG
burst) is associated with a transient increase in ICP, the
following features were quantified:

e The occurrence of ICP segments with initial increases
versus ICP with initial decreases

e The magnitude of the ICP increase after a burst

e The correlation between burst duration and the ICP
increase

To characterize the ICP amplitude changes during the
suppression interval, the ICP segments were aligned by the
onset of the preceding EEG burst, calibrated by shifting up
or down such that the mean value of each individual seg-
ment was 0.0 mmHg. The mean value and 95 %
confidence interval of the combined ICP responses were
then calculated to produce a generalized ICP response.

Characterization of Vasodilation During Burst and
Suppression

To investigate whether the transient changes in ICP were
caused by vasodilation we utilized our recently developed
morphological clustering and analysis of ICP (MOCIAP)
and pulse morphological template matching (PMTM)
algorithms [1, 2, 12]. MOCAIP computes 128 ICP pulse
waveform metrics from an ICP pulse, and PMTM com-
putes the metric trends and compares them to a template
obtained from patients given CO, to produce hypercapnic
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Fig. 1 The segmentation of ICP based on EEG burst activity. Top A
sample EEG segment with the identified periods of EEG bursts
activity highlighted in grey. Middle Raw ICP in black with filtered

vasodilation. In this template, 50 metrics have increasing
trends, 22 have decreasing trends, and the rest have no
significant trend. With this information, PMTM can
determine to what extent the changes in the ICP waveform
correspond to those of patients undergoing hypercapnic
vasodilation. The vasodilation index (VDI) is expressed as
the proportion of metric trends that agree between the
experimental data and template.

The VDI was calculated for each ICP increase following
an EEG burst. To test the hypothesis that the coupling
between EEG activity and ICP increases is mediated by
vasodilation the following relationships were quantified:

e The VDI during ICP increases, compared to the VDI
for randomly selected ICP segments with similar
lengths

e The correlation between the VDI in the interval
immediately after the EEG burst and the duration of
the burst

To characterize the vasoreactivity changes during the
suppression interval, the VDI was calculated on a 2-s
sliding window with a 1 s shift between the onsets of each
EEG burst. Each window was compared with a distribution

@ Springer

ICP overlaid. Box outlines show example ICP between each burst
onset. Bottom Segments of filtered ICP during EEG burst (grey) and
after (black)

of VDI values calculated from randomly selected ICP
segments of a similar length.

Statistics and Analysis

VDI values, which have non-normal distribution, were
compared using Mann—Whitney test. VDI comparisons
were also made using a ¢ test, which is presented below for
clarity. Reported correlations are Spearman with corre-
sponding significance tests. Statistical analyses were
performed for each patient individually, and for all patients
combined. All calculations were performed using
MATLAB.

Results
Patients and Data

Data were collected for two female patients, age 38 and 53,
undergoing ICP and depth EEG monitoring as part of their
treatment of a traumatic brain injury (TBI) and an aneu-
rysmal subarachnoid hemorrhage (aSAH), respectively.
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Fig. 3 The three ICP patterns observed after an EEG burst. a Increasing without a peak, observed after 92 bursts, b increasing with a peak,
observed after 154 bursts and ¢ decreasing without a valley, observed ofter 63 bursts

Both patients were burst suppressed with pentobarbital for
treatment of refractory intracranial hypertension, which
was unsuccessfully titrated once. The dataset 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 309 bursts (TBI 162 bursts, aSAH 147 bursts)

(Fig. 2). Samples were collected during periods of maxi-
mal burst suppression.

ICP Categorization
Of the 309 bursts, 246 (79.6 %) were followed by an
increase in ICP (TBI 131-80.9 %, aSAH 115-78.2 %). Of

@ Springer



216

Neurocrit Care (2015) 22:212-220

0 . . . . _5 . . . .
0 5 10 15 20 0 5 10 15 20

2 1 & 8 10 172 1 15 18 2,

0.3
0.2
0.1
0
-0.1
-0.2
-03
-0.4
-05

o Bl w  ow
0 2 4 6 8 10 12 14 16 18 20

Fig. 4 The creation of the generalized ICP response to an EEG burst.
a All ICP segments with corresponding burst duration in grey. b All
ICP segments shifted such that the mean value is equal to zero. ¢ The
mean value of all aligned and calibrated ICP segments with 95 %
confidence interval. Histogram shows the burst duration

the 246 increasing segments, 154 (62.9 %) had a peak in
the ICP that was followed by a decrease in ICP (TBI 90—
68.7 %, aSAH 64-55.7 %). A total of 63 (20.4 %) bursts
were followed by a decrease in ICP (TBI 31-49.2 %,
aSAH 32-50.8 %). No decreasing ICP segment changed
direction before the onset of the next burst (Fig. 3).

ICP Amplitude Changes After EEG Burst

The mean change in ICP amplitude between the burst onset
and the peak or onset of the next burst was 0.54 mmHg (TBI
0.58 mmHg and aSAH 0.50 mmHg) with a standard devia-
tion of 0.85 mmHg (TBI 0.77 mmHg, aSAH 0.93 mmHg).
For increasing ICP segments, the mean increase in ICP was
0.79 mmHg (TBI 0.81 mmHg, aSAH 0.77 mmHg). For
decreasing segments, the mean decrease was 0.43 mmHg
(TBI 0.41 mmHg and aSAH 0.46 mmHg).

Using a spearman correlation, the ICP amplitude change
between the burst onset and the peak or onset of the next
burst was significantly correlated with the duration of the
EEG burst (All p =048 p < 0.001, TBI p =0.49
p < 0.001, aSAH p = 0.48 p < 0.001). For increasing
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ICP segments, the correlation was similar and also signif-
icant (All p = 0.49 p < 0.001, TBI p = 0.53 p < 0.001,
aSAH p = 047 p < 0.001).

Time alignment (Fig. 4a) and calibration (Fig. 4b) of the
ICP during the suppression interval allowed the character-
ization of the ICP response curve (Fig. 4c). The mean
curve has a change in ICP amplitude of 0.45 mmHg
between burst onset and the peak. The peak is reached
8.1 s after burst onset, and returns to the initial value 14.7 s
after burst onset.

Vasodilation Changes During Burst and Suppression

Calculation of the VDI for the increasing ICP segments had
a median of 0.56 (TBI 0.56 mmHg, SAH 0.54 mmHg), and
an interquartile range of 0.31 (TBI 0.30, SAH 0.28). This
VDI was significantly higher than random for the two
patients combined, but not for the TBI or SAH patient
individually (p < 0.001). The magnitude of the VDI cor-
related with burst duration (All p = 0.26 p < 0.001, TBI
p =028 p < 0.001, SAH p = 0.58 p < 0.01).

Calculation of the VDI for time-aligned ICP segments
on a sliding window allowed the characterization of the
vasodilation response after an EEG burst (Fig. 5). The VDI
was significantly higher than random from burst onset
(t =05s) to t = 3 s. This was followed by a period from
t=4stot=7Ts, and t =9 s where the VDI was sig-
nificantly lower than random.

Discussion

In this study, we found that EEG and ICP, two signals used
in the treatment of critical brain injury patients, could be
related through the mechanism of neurovascular coupling.
Our data show that the brief periods of electrical activity
detected by EEG in burst-suppressed patients are fol-
lowed by transient increases in ICP, and that the ICP
increase and subsequent decrease are directly correlated
with the durations of the burst and the suppression inter-
vals, respectively. Moreover, we demonstrated that the
VDI, an indicator of vasodilation, is also correlated to the
duration of the burst and has a period of elevation that
coincides with the timing of the EEG burst.

The role of neurovascular coupling is important, as the
brain has little energy reserve and requires a constant
supply of blood containing O, and glucose to sustain neural
function. 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 constituents. However, injury to the brain, such as
trauma or hemorrhage, can result in a disruption of neu-
rovascular coupling.
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Studies on pathological neurovascular coupling have
identified CBF changes during epileptic activity and cor-
tical spreading depression (CSD), typically characterized
by profound hyperemia followed by persistent oligemia.
This pattern has been demonstrated with CSDs in animal
models [14, 15, 19] and reported in humans [18]. Similarly
a preictal increase in CBF has been observed in patients
with refractory epilepsy using single photon emission
computed-tomography (SPECT) [4].

In the case of aSAH or ischemic stroke, the increased
depolarization of CSD results in a significant decrease in
CBF [13]. This has been demonstrated in animal models of
subarachnoid hemorrhage using laser speckle flowmetry by
Shin et al. [22], and in cerebral ischemia following middle
cerebral artery occlusion by Strong et al. [25]. This is sug-
gested by another study by Woitzik et al., which found
evidence of delayed cerebral ischemia in aSAH patients with
no angiographic evidence of vasospasm, but did experience
CSDs [30]. This inverted neurovascular coupling after
aSAH has also been observed using laser Doppler flowmetry
(LDF) during ictal epileptic activity [29]. While these
studies provide insight into pathological neurovascular
coupling in the acute period following an injury, the reliance
on additional and unconventional monitoring modalities has
limited the studies on human patients.

The traditional techniques for measuring neurovascular
coupling include functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), and SPECT.
While these modalities provide a high degree of spatial and
temporal resolution, they are cumbersome, require trans-
porting patients out of the ICU, and can only be used
intermittently.

Other, more continuous modalities such as LDF and
NIRS have been used to some success in ICU. One study
by Roche-Labarbe et al. [21] investigated the relationship
between EEG and NIRS in premature neonates and found
that the concentration of oxygenated hemoglobin increased
and subsequently decreased following bursts of high elec-
trical activity. Another study by Lescott et al. explored the
relationship between EEG and ICP and found that the
spectral edge frequency correlated with naturally occurring
Lundberg oscillations in TBI patients [16].

Other groups have investigated neurovascular coupling
in burst-suppressed animal models and humans. A study by
Golanov et al. using mice burst-suppressed with isoflurane
found consistent elevations in CBF measured by LDF
following electrocortical bursts (Golanov, Yamamoto, &
Reis, 1994). Another study on burst-suppressed mice by
Liu et al. [17] demonstrated similar results using EEG to
measure neural activity with LDF and fMRI BOLD signal
to measure CBF changes. However, with the exception of
the work by Roche-Labarbe et al. that took advantage of
the naturally suppressed EEG rhythms in premature neo-
nates, the study of neurovascular coupling during burst
suppression has been primarily limited to animal models.

In this study, we utilized EEG and ICP signals to
investigate neurovascular coupling in acute brain injury
patients, while focusing on time points where they were
heavily burst-suppressed allowing us to analyze the two
signals in terms of a stimulus (burst) and response (post-
burst ICP). Taking advantage of the multi-modality mon-
itoring of the neurocritical care unit at UCLA, we identified
two patients that received both depth EEG and ICP mon-
itoring continuously and simultaneously while also being
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burst suppressed with pentobarbital. While having a small
cohort of patients, we were interested in providing an ini-
tial characterization of the ICP and EEG signals in order to
develop a preliminary understanding of their relationship
upon which to base future studies involving larger cohorts.
While this preliminary study is limited by the sample size,
we found statistically significant transient elevations in ICP
following EEG burst that corresponds to the data obtained
using NIRS [21], LDF [8], and fMRI [17].

By comparing the ICP immediately following an EEG
burst, and how it behaves during the suppression interval,
we were able to analyze these results within the context of
neurovascular coupling and determine if these two signals
are in fact coupled.

The initial categorization of the ICP response pattern
after a burst found that the majority (80 %) of bursts were
followed by an increase in ICP. After roughly half of the
increasing ICP segments (63 %), the ICP peaked and began
to decrease. That not every ICP increase eventually peaked
shows that while the ICP may typically increase after a
burst it does not always go down—suggesting that the
increase in blood flow induced by the electrical activity did
not completely satisfy the metabolic demand before the
onset of the next burst. It was also found that of 309 bursts
there was no instance of a spontaneous change from
decreasing to increasing ICP, supporting our hypothesis
that EEG burst activity induces an increase in ICP.

We found that the increase in ICP after a burst is sig-
nificantly correlated with the duration of the burst. This
correlation suggests that the ICP and EEG are propor-
tionally coupled, where longer bursts create a greater
metabolic demand and subsequent increase in blood flow.
Using ICP segments time-aligned at burst onset and cali-
brated by shifting the mean to 0 mmHg, we characterized a
general ICP response pattern (Fig. 4c). The generalized
waveform demonstrated a parabolic pattern where the ICP
increases before reaching a peak approximately 8 s after
the EEG burst, and eventually returning to the initial value
14-15 s after the EEG burst. This generalized pattern has
some clinical implications, as the protocol for administer-
ing barbiturates as a treatment for refractory intracranial
hypertension has a target of 3—6 burst per minute [24, 28],
and our results indicate the that burst frequency necessary
to allow ICP to reach a steady state is four bursts per
minute.

The second part of this study utilized our previously
developed MOCAIP and PMTM algorithms [1, 11] for
detecting vasodilation based on ICP pulse waveform
changes. This technique allowed us to investigate whether
the ICP changes after EEG busts were caused by the
dilation and constriction of the distal vasculature. Looking
at the immediate post-burst period, we found that the VDI
values were significantly higher than those collected from
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random time points. This finding indicates that the ICP
increases have pulse waveform patterns more consistent
with those observed during hypercapnic vasodilation,
suggesting that the ICP changes are caused by vascular
dynamics. Moreover, the magnitude of the VDI was also
slightly, but significantly correlated to the duration of the
burst, providing further evidence that ICP and EEG signals
reflect the proportional relationship between neural activity
and blood flow in neurovascular coupling.

Characterizing the VDI changes after an EEG burst to
produce a generalized VDI curve demonstrated that after
the initial period of vasodilation, the ICP pulse waveform
changes eventually become anti-vasodilatory. This finding
supports our hypothesis that the decrease in ICP after a
peak can be attributed to a reversal of the vasodilation. The
later portion of the generalized VDI curve eventually
increases to significant vasodilation. This increase could be
an artifact, as from ¢ = 11 s and on, only half of the bursts
are represented, and will require additional data to inves-
tigate further.

Finally, it can be observed that the generalized VDI
curve only stays above the randomness line from r = 0 s to
t = 3 s, while the ICP curve peaks at t = 8 s. This dis-
crepancy can be explained by the fact that PMTM
measures the difference between ICP pulse waveforms, and
is therefore best interpreted as the time derivative of
vasodilation, where the peak just means that the speed of
vasodilatation has reached maximum.

Limitations

As this study focused solely on patients with depth EEG
monitoring, few cases were available. However, the tech-
niques described here could be applied to surface EEG in
future studies. Additionally, open extraventricular drains
limited the number of time points where data collection
was possible.

Conclusions

In this paper, we described a technique to integrate ICP and
EEG, two signals monitored as part of the care of brain
injury patients, based on the physiology of neurovascular
coupling. A sophisticated integration of these two signals
can allow us to study neurovascular coupling during the
acute phase of brain injury management, and will help us
understand and possibly detect and correct pathological
neurovascular coupling
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