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Abstract— In this paper we provide a quantitative electroen-
cephalogram (EEG) analysis to study the effect of hypothermia
on the neurological recovery of brain after cardiac arrest. We
hypothesize that the brain injury results in a reduction in
information of the brain rhythm. To measure the information
content of the EEG a new measure called information quantity
(IQ), which is the Shannon entropy of decorrelated EEG signals,
is developed. For decorrelating EEG signals, we use the discrete
wavelet transform (DWT) which is known to have good decor-
relating properties and to show a good match to the standard
clinical bands in EEG. In simulation for measuring the amount
of information, the IQ shows better tracking capability for dy-
namic amplitude change and frequency component change than
conventional entropy-based measures. Experiments are carried
out in rodents to monitor the neurological recovery after cardiac
arrest. In addition, EEG signal recovery under normothermic
(37°C) and hypothermic (33°C) resuscitation following 5, 7
and 9 minutes of cardiac arrest is recorded and analyzed.
Experimental results show that the IQ is higher for hypothermic
than normothermic rats. The results quantitatively support the
hypothesis that hypothermia accelerates the recovery of brain
injury after cardiac arrest.

I. INTRODUCTION

The development of quantitative electroencephalogram
(EEG) analysis was motivated by the need for objective mea-
sures as well as some degree of automation [1]. Quantitative
EEG analysis shows promising results as a tool for diagnostic
monitoring of brain injury such as after resuscitation from
cardiac arrest [2]-[4].

Recently the relation between hypothermia and EEG has
been reported by [5][6]. These results may support the
hypothesis that therapeutic hypothermia, which is to lower
the body’s temperature after cardiac arrest, dramatically
increases the chances of recovery and improves the neuro-
logical outcome [7]-[9].

However, most of results have been based on subjective
and qualitative observation and not a quantitative EEG-
based analysis of the effect of therapeutic hypothermia after
cardiac arrest. Here we provide a quantitative, entropy or
information based, analysis of EEG for studying the effect
of the therapeutic hypothermia on neurological recovery after
cardiac arrest. We hypothesize that brain injury results in a
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reduction in information content of the brain rhythm. Further
we test the hypothesis that the neurological recovery in
the brain is reflected in the information content in EEG
signals. From the perspective of the information theory, the
information contained in a signal can be physically quantified
by calculating the entropy [10].

The EEG as a physical signal can be divided into its
predictable component and the uncertain component, and the
amount of information contained in the signal is more related
to the uncertain parts. Thus for an accurate information
measurement, the predictable component, which is called
the information redundancy, need to be removed as much
as possible. Conventionally the information in EEG signals
was measured without removing the information redundancy.
To remove redundancy in EEG signals we use the discrete
wavelet transform (DWT) for two reasons. One is that
theoretical and experimental results show that correlations
between values after DWT are extremely small. This means
that DWT does a very good job in removing redundancy
[11]-[12]. The other reason is that the multiresolution de-
composition of DWT results in a good match to the standard
clinical bands of interest: Gamma, Beta, Alpha, Theta and
Delta (in accordance of the sampling rate of 250 Hz) [4].
Next we use the Shannon entropy (SE) to measure the
uncertainty. In short, we measure the Shannon entropy of
decorrelated EEG signals. To distinguish the new wavelet
based measure from the conventional SE, we will call it as
the information quantity (IQ).

II. INFORMATION QUANTITY (IQ)

Quantitative analysis offers two major advantages over
traditional visual analysis. First, it is objective and highly
reproducible. Second, it is able to extract information which
is not readily apparent upon visual inspection.

A. Entropy-based gEEG Analysis

We have recently developed the entropy-based EEG anal-
ysis methods which have been validated and have shown
promising results in objectively tracking the EEG recovery
after cardiac arrest [2]-[3]. Entropy is a method to quantify
the order/disorder of a time series. It is calculated from
the distribution of one of the signal parameters, such as
amplitude, power, or time-frequency representation. The
Shannon entropy (SE) gives a useful criterion for analyzing
and comparing probability distribution and provides a good
measure of the information [10]. The classical Shannon
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entropy is expressed in
M

SE = - p(m)log, p(m) 1)
m=1

where p(m) is the probability of finding the system in the
m'" microstate with 0 < p(m) < 1 and Z%Zl p(m) = 1.
To analyze nonstationary EEG signals, we need to calculate
the temporal evolution of SE. To do this an alternative time
dependent SE measure based on sliding temporal window
technique is applied. Let {s(i) : ¢ = 1,---, N} denote
the raw sampled signal. Now we define a sliding temporal
window w < N, and the sliding step A < w. Then sliding
windows are defined by

W(n;w; A) = {s(i),i =1+ nA,---,w+nA}

where n =0, 1,-- -, [n/A]—w+1 and [z] denotes the integer
part of z. To calculate the probability, p,(m) within each
window W (n;w; A), we introduce intervals such that

W(n;w; A) = UM_ T, )

Then the probability p, (m) that the sampled signal belongs
to the interval I,, is the ratio between the number of the
samples found within interval [,, and the total number of
samples in W (n;w; A). Using pn(m), SE(n) is defined as

an

B. Information Quanttty (IQ) as an Indicator of Hypother-
mic Neuroprotection

10g2 pn( )) (3)

To track the EEG recovery under hypothermia and nor-
mothermia, we need to measure the signal entropy accu-
rately. The EEG as a physical signal can be divided into
the predictable parts and the uncertain parts and also the
amount of information is related more likely to the uncertain
parts. The predictable parts, which are called the information
redundancy, need to be removed as much as possible. To
remove redundancy in EEG signals we use the discrete
wavelet transform (DWT) which does a very good job at
removing redundancy [11]. To distinguish the new measure
from the conventional SE, we will call it as the information
quantity (IQ).

Based on the above arguments, we can define the infor-
mation quantity (IQ). First the DWT coefficients within each
window are obtained as

WC(r;n;w; A) = DWT[W (n; w; A)] @

Then to calculate p(m) within each transformed window
WC(r;n;w; A), intervals in (2) are modified

WC(r;n;w; A) = Un]‘lelm 5)

Similar with p,(m) in SE, the probability, p¢(m) within
each window WC'(r; n; w; A) is calculated using (5) instead
of (2). Finally IQ is defined as

Z pw('

m) log (py,“(m)) ©)

Thus we can explore the IQ evolution of the whole data
{s(i):i=1,---, N} with (6).

C. Comparing 1Q with Conventional Wavelet Entropy (WE)

It is worth relating the IQ in (6) with the conventional
wavelet entropy (WE) in [4]. In the WE the probability is
calculated as the relative wavelet energy, i.e.,

we _ E’ﬂ(m)
pn (m) - E"
) is the energy of the DWT coefficients in m
M E,(m). Then the WE is defined

m=1

Z pwe

Thus WE measures how spread the DWT coefficients are in
different subbands. The WE provides a good way to analyze
short duration EEG signals. But it may show ambiguous
results for signals with large dynamic amplitude range in
time domain. This is because the WE is based on the
normalized relative wavelet energy, not absolute energy.
More substantive comparison will be shown in Sec. III for
simulated signals.

)

where E,,(m
subband and F,, =
as

m) logy (py,“(m)) (3

ITII. SIMULATION RESULTS

To see the time evolution of 1Q, other simulated signal
with multiple sinusoidal components and Gaussian distribu-
tion is used in Fig. 1. The number of sinusoids is time-
dependent, systematically increasing for the first 12 seconds.
After that, the signal has Gaussian distribution with increas-
ing value of standard deviation. Fig. 2(a) shows the simulated
signal in time domain. It starts with single sinusoid and after
4, 6, 8, and 10 sec., one more sinusoid is added until 12
sec. Then from 10 to 12 sec., it consists of 5 sinusoids
whose frequencies are 1, 5, 10, 20 and 40 Hz. Here we can
anticipate that the amount of information or entropy increases
with time until 12 seconds, after that it will show a large
decease due to the small magnitude around zero until 13
seconds, and it will increase continually. Fig. 2(b) shows the
plots for SE, WE and IQ. From 0 to 12 sec., the SE without
removing redundancy is almost constant regardless of the
number of sinusoidal components but IQ and WE increase in
accordance with the increase of sinusoidal components. From
12 to 13 sec., SE and IQ show a large decrease as expected
but WE keeps constant without any responsivity to the signal
change. From 13 sec. IQ and WE continually increase but
WE is still kept the same as before. The SE can be a good
measure for observing dynamic amplitude change but may
not be for frequency component change. Interestingly the
WE has the opposite property to that of SE, it is good for
frequency change and not good for amplitude. The proposed
IQ is shown to be a good measure for both.

IV. EXPERIMENTAL RESULTS

Here we firstly describe rodent cardiac arrest and hy-
pothermia model. Then we provide experimental and clinical
results based on qEEG analysis explained in previous section.
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Fig. 2. Time evolution of SE, WE and IQ for signal with time-

varying frequency components and Gaussian distribution. (a) time domain
representation. (b) comparison of SE, WE and IQ.

A. Rodent Cardiac Arrest and Hypothermia Model

We have adopted an experimental design that has been
modelled as closely as possible to the actual clinical sit-
vation. This brain injury model has been approved by the
animal Care and Use Committee of the Johns Hopkins
Medical Institutions. Asphyxic cardiac arrest and resusci-
tation protocol was performed as modified from Katz and
colleagues [2][13].

The experimental protocol is as follows. The animal

Real EEG data for rat under hypothermia (top trace) and normothermia (bottom trace) after asphyxic cardiac arrest.

studies were done in rodents. Cranial screw EEG electrodes
and subdermal ECG electrodes were inserted. Following
stabilization from surgery, baseline EEG and blood gas
recordings were taken. This was followed by induction of
global hypoxic-ischemic injury using asphyxia by clamping
the endotracheal tube and disconnection from ventilator.
After a predetermined period (i.e. 5, 7 or 9 minutes) of
asphyxia induced cardiac arrest, the animal was resuscitated
with resumption of ventilation, chest compression and use of
epinephrine. Forty five minutes after successful resuscitation,
hypothermia was induced and maintained for 12 hours. The
45 minute delay is modelled after the clinical delay of taking
the patient from the resuscitation area to the intensive care
unit where hypothermia may be initiated. Hypothermia was
maintained for 12 hours. The duration of 12 hours is based
on the actual human studies which showed the enhanced
recovery [7]. The animal was then be gradually rewarmed,
monitored for competency in ventilation and weaned off
the ventilator. Continuous EEG recording was maintained
throughout this period.

B. Experimental Results with Rats

To quantitatively demonstrate the effect of hypothermia
on neurological recovery, we calculated SE and IQ for EEG
data obtained from Wistar rat. Rats are randomly divided
into two groups: hypothermia (32-33°C') and normothermia
(36-37°C)) groups.

Fig. 1 illustrates EEG recordings under normothermia
and hypothermia. The EEG recording under hypothermia is
divided into four phases: (I) baseline, (II) 5 min asphyxic
cardiac arrest, (II) early recovery under normothermia and
(IV) early recovery under hypothermia. The EEG recording
under normothermia is divided into three different phases:
(I) min baseline, (II) 5 min asphyxic cardiac arrest and (IIT)
early recovery under normothermia. We observed that after
cardiac arrest EEG signal amplitude is highly suppressed and
then gradually activated with time. However, the difference
between the two EEG signals in Fig. 1 was not readily
discerned from visualizing the wavefront itself; i.e., the effect
of hypothermia on the EEG signal recovery was not evident
without quantitative analysis.

Fig. 3 compares IQ and SE for real EEG data mea-
sured under hypothermia and normothermia after 5 min
asphyxic cardiac arrest. During the early recovery phase
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Fig. 3. SE and IQ for experimental EEG data for rats under normothermia
and hypothermia after 5 min asphyxic cardiac arrest. (a) SE (b) 1Q.

before temperature change at 60 min, we observe an increase
in both SE and 1Q. After the temperature decreases, the
IQ under hypothermia becomes apparently higher than that
under normothermia, which is shown in Fig. 3 (b). But the
difference in SE is not so noticeable (Fig. 3 (a)). These
results reinforce the idea that hypothermia accelerates the
neurological EEG signal recovery after cardiac arrest.

V. DISCUSSION AND CONCLUSIONS

We have presented quantitative results to support the idea
that hypothermia related changes in brain’s electrical activity
can be objectively tracked in real time by qEEG. This
presents the potential for qEEG as a real time monitoring
technique to evaluate hypothermia therapy for brain injury.
We also present the potential ability of gEEG to provide an
objective estimation of injury and recovery which may be
used to stratify the degree of injury sustained by the brain.
This estimation may also be used to provide prognostication
of functional recovery. The use of IQ in the preliminary work

presented here showed that the qEEG measure indicates that
EEG data under hypothermia contained more information
than those under normothermia. We will need to correlate the
qEEG signal measures to neurological outcome and survival.
This will require extensive investigations with a pool of
subjects and more complete clinical examination.

We believe that development and validation of a robust
objective measure of brain injury and recovery will con-
tribute greatly to the advancement and understanding of the
process of injury and recovery, as well as influence further
development of hypothermia as a therapy. Our qEEG tool can
also be used to help advance hypothermia technologies. In
the longer term, we hope that our technology may be useful
in the intensive care setting as a simple and easy to interpret
measure that will enhance bedside care, akin to monitoring
the ECG after a heart attack or monitoring the blood-pressure
in a shock-trauma victim.
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