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Abstract

Cardiac arrest (CA) is the leading cause of disability and death annually in the United
States. Therapeutic hypothermia (TH) has been recommended as one of the standard
practices for improving neurological outcome and survival to treat out-of-hospital CA
patients after resuscitation. However, many clinical prognostic markers after resuscitation
for predicting outcome have been less reliable under hypothermia. Therefore, there is a
strong need to evaluate the prognostic value of current prognostic markers for hypoxic-
ischemic brain injury after CA. The first part of this work was to review current literature
and assess the prognostic value of current significant breakthroughs in neurophysiologic
and electrophysiological methods for CA patients treated with TH in order to provide a
comprehensive frame for future work.

Due to the restrictions of standard clinical examinations and neuroimaging techniques
in detecting brain injury, electroencephalography (EEG) has emerged as one of the
commonly used bed-side real-time monitoring tools for prognostication. Instead of the
subjective and impractical analysis of waveform-based raw EEG signals, we applied two
quantitative methods — information quantity (IQ) and sub-band 1Q (SIQ) — to quantify
and examine the accuracy of prognostic value of EEG markers on predicting recovery
under TH in the second part of this work. Our study discovered that both 1Q and SIQ
accurately predict neurologic outcome at the early stage of cerebral recovery. Moreover,
high-frequency oscillations (HFO) were particularly noticeable during the recovery from
severe brain injury indicated by IQ, and SIQ was able to provide additional standard

clinical EEG bands of interests.
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The ischemic brain after CA is sensitive to trivial fluctuations of temperature.
Previously, we only observed temperature management strongly affects the recovery of
global EEG. However, EEG signals can be decomposed into different frequency sub-
bands in clinical practices, which are related to different brain functions, and the
association has not been elucidated between the recovery of each sub-band EEG and
temperature management. In the third part of this work, we employed SIQ, of which
indicative ability has been proven in the last part, to determine the most relevant sub-
bands of EEG during brain recovery with temperature manipulation. It was found for the
first time that gamma-band EEG activity, linked with high cognitive processes, was
primarily affected by temperature and strongly associated with neurologic outcome, while
delta-band played a role as constant component of EEG without stable relationship with
temperature or outcome.

Somatosensory evoked potentials (SSEPs), especially N20 responses in human, are
able to evaluate the somatosensory system functioning, which are also regarded as a
reliable early prognostic marker for post-CA neurologic outcome. Transcranial direct
current stimulation (tDCS) is a non-invasive technique to modulate the cerebral
excitability and activity which has been confirmed by motor evoked potentials (MEPs),
but it is still unclear whether it can affect the somatosensory cortex. The final part of this
work preliminarily studied the alternations of excitability of somatosensory cortex by

tDCS and investigated the potential of SSEPs on measuring the after-effect of tDCS.
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Figure 2. 1. Representative raw EEG data, information quantity (IQ) and sub-band
information quantity (SIQ) plots from the hypothermia and normothermia groups.
Raw EEG signals under A, hypothermia and normothermia. B-C: The effect of
hypothermia on EEG recovery was apparent with the analysis of 1Q (in B) and SIQ
(in C). Higher IQ was more evident in hypothermia group compared with

normothermia. The high variability in IQ might be due to the HFO.

Figure 2. 2. Representative Pearson correlation (r value) plot between IQ or SIQ and 72-hr
NDS. A, IQ strongly correlated with 72-hr NDS at 2 hrs after ROSC (r value: 0.718),
whereas, B, SIQ have a more robust correlation with 72-hr ROSC at the same time (r

value: 0.842).

Figure 2. 3 Higher aggregate I1Q and SIQ values (mean+S.E.M) were found in rats with
good functional outcome (72-hr NDS>60) than in those with bad function outcome

(72-hr NDS<60). *p<0.05, **p<0.01.
p P

Figure 2. 4 In 1Q, remarkable significances were observed between animals with good and
bad outcomes beginning at 1 hr (good/bad: 0.51+0.03/0.34+0.03, p<0.01), 2 hrs
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(0.76+£0.02/0.560.04, p<0.01).

Figure 2. 5 Greater recovery of 1Q (meantS.E.M) was found in rats under hypothermia
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than those under normothermia. However, no significantly better recovery of SIQ
(mean+S.E.M) was shown between hypothermia and normothermia groups, which is

consistent with the result of 72-hr NDS. *p<0.05, **p<0.01.

Figure 2. 6 Comparison of IQ and SIQ between A, hypothermia group and B,
normothermia group at different time intervals: 1-1.5 hrs, 2-2.5 hrs, 3-3.5 hrs, 4-4.5

hrs, 5-5.5 hrs, 24 hrs, 48 hrs and 72 hrs.

Figure 3. 1 The core temperature (meantS.E.M.) was well controlled in all three
temperature groups — hypothermia (33+£1°C, blue), normothermia (37+0.5°C, red)
and hyperthermia (39+0.5°C, green) — during the 6-hr temperature management

period (highlighted).

Figure 3. 2 Examples of sub-band information quantity (SIQ) plots from the good
outcome and bad outcome groups. From top to bottom, the plots represent
conventional SIQ and SIQ of the sub-bands from lowest to highest frequency.
Significant differences between the good and bad outcome groups were shown in the

gamma band, whereas there were no differences in the delta band.

Figure 3. 3 The sub-band SIQ values in the three temperature groups at different time
intervals. A, Conventional SIQ values of the hypothermia group were significantly
higher than the other temperature groups from 30 mins to 2.5 hrs after ROSC. B,
There were significant differences in gamma-band SIQ among the three groups at all
time intervals (30 mins, 1 hr, 1.5 hrs, 2 hrs, 2.5 hrs, 3 hrs, 3.5 hrs, 48 hrs and 72 hrs).

C, In the delta sub-band, a significant difference in SIQ values between the

xii



normothermia and hyperthermia groups was seen only at 4 hrs after ROSC. *p<0.05,

*#p<0.01.

Figure 3. 4 Representative Pearson correlation (r value) plot between SIQ value and 72-hr
NDS. The gamma-band SIQ most consistently correlated with 72-hr NDS from 30
mins until 72 hrs after ROSC among all sub-bands. As shown, the gamma-band SIQ

at 3 hrs after ROSC had good correlation with 72-hr NDS (r value: 0.782, p<0.01).

Figure 3. 5 The comparison of SIQ-qEEG values (meant+ S.E.M.) between the good
functional outcome group (72-hr NDS>60) and bad functional outcome group
(NDS<60). A, Aggregate SIQ demonstrated significant differences, except in the
delta-band, in conventional SIQ (good/bad: 0.80+0.02/0.65+0.02, p<0.01),
theta (0.86+0.02/0.75+0.02, p<0.01), alpha (0.78+0.020/0.64+0.019, p<0.01), beta
(0.69+0.021/0.5140.019, p<0.01), and gamma (0.59+0.028/0.32+0.019, p<0.01). B
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D, The delta-band SIQ showed poor discrimination between the outcome groups at

most time intervals. *p<0.05, **p<0.01.

Figure 3. 6 Receiver operation characteristic (ROC) curves were used to identify the
optimal SIQ cut-points with area under the ROC curve >0.8 and highest specificity
for good outcome. The cut-point for gamma-band SIQ >0.39 at 2 hrs after ROSC
had a sensitivity of 0.727 and specificity of 1 with an area under ROC curve of 0.86

(shown).
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Figure 4. 1 The baseline amplitude, latency and duration of SSEPs (mean+S.E.M) before
cathodal and anodal tDCS. There were no significant differences found in all three

parameters, demonstrating no interaction of cathodal and anodal tDCS.

Figure 4. 2 The changes in peak-to-peak amplitudes from right cortex and left cortex after
anodal tDCS. A, Significantly higher amplitude was found in right cortex
(1.16+0.07, p=0.033) compared to baseline. B, There were no significant changes

found in left cortex. *p<0.05, **p<0.01.

Figure 4. 3 After anodal stimulation, significant temporal evolutions were shown on both
sides of cortex. A, From the right cortex, the amplitudes at 10 mins (0.99+0.02,
p=0.399) and baseline were similar, but increased at 20 mins (1.13+0.03, p=0.004)
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CHAPTER 1 Brain Monitoring of Ischemic
Injury and Recovery after Cardiac Arrest

with Therapeutic Hypothermia

1.1 Introduction

Cardiac arrest (CA) affects approximately 326,200 cases annually in the United States
(1). However, of these cases, approximately 10.6% of out-of-hospital, of whom 8.3% has
good neurological outcome (1). Therapeutic hypothermia (TH) has been recommended
by several international guidelines as a neuroprotection method for post-CA patients after
the return of spontaneous circulation (ROSC) (2-5). However, the efficacy of existing
prognostication parameters, as stated in the AAN reports (6), regarding functional
outcome is limited because the guidelines have not been altered to consider the effects of
TH. Clinical examination, brainstem reflexes, and neurophysiological monitoring retain
their predictive robustness (7-9), but may lead to inconclusive results. Therefore, there is
a strong need to develop reliable and noninvasive tools to improve post-CA functional
outcome prognostication. Improved electrophysiological monitoring, with emphasis on
electroencephalogram (EEG) and evoked potentials (EPs), can help clinicians determine
the degree of neurologic injury with greater sensitivity and specificity, and can be easily
implemented at the patient’s bedside. The cellular electrophysiology, such as local field
potential (LFP) and Multi-Unit Activity (MUA), can provide more detailed information

on individual neurons or neuron populations to better understand the neuropathological



mechanism and improving the therapeutic methods for post-cardiac arrest patients.

The purpose of this narrative review is to assess the applications of neurophysiologic
and electrophysiological methods and identify their advantages and limitations on
monitoring post-CA brain injury and recovery to provide a comprehensive framework for

future clinical prognostication.

1.2 Neuropathological Mechanisms of Hypoxic-Ischemic (HI) Brain

Injury after Cardiac Arrest (CA)

Brain ischemia during CA, also known as cerebral ischemia, occurs when the blood
supply to brain is blocked or reduced during CA. During brain ischemia, the cells in the
brain cannot perform aerobic metabolism due to the loss of oxygen and substrate.
Anaerobic metabolism within the region of brain tissue affected by ischemia generates
less adenosine triphosphate (ATP). The depletion of ATP results in the dysfunction of
membrane ATP—dependent Na-K pumps within several minutes after the onset on injury.
A number of cytotoxic events follows, including lipolysis early changes in global
ischemia consist of anoxic depolarization, which lead to changes in the intra- and
extracellular, electrolyte composition (10). Due to impaired cell membrane function,
extracellular sodium, chloride and calcium decrease, and potassium leak into the
extracellular space (10), lactic acid and hydrogen ions (H") are released into the local
environment. Lactic acid is an irritant which could potentially destroy cells and disrupt
the normal acid-base balance in the brain, while glutamate causes excitotoxic injury (11)

mediated largely through N-methyl-D-aspartate (NMDA) receptors (12). Elevated nitric



oxide causes greater and longer lasting acidosis which exacerbates cell function and
edema (11). All of the above changes lead to cellular necrosis and breaking down of

neuronal tissue, during ischemia (13, 14).

More oxygen, a substrate for several enzymatic oxidation processes that enhances
excitotoxicity, is provided during reperfusion, which generates free radicals causing
mitochondrial dysfunction (15). Free radicals then peroxidize phospholipids, particularly
the cell membrane, resulting in structural damage and further loss of ionic gradients.
These reactions leads to damage through lipid peroxidation, protein oxidation, and DNA
fragmentation, causing cell death and cell apoptosis (16). Additionally, ischemia can
induce neuroinflammation at a later stage, causing abnormal activation of microglia, or
increased pro-inflammatory cytokines (17). All of the above changes harm the cells and
may cause edema, leading to further depletion of the blood supply of the injury area (18,

19).

1.3 The Clinical Evaluation of Neurological Outcome

In clinical practice, the Cerebral Performance Category (CPC) is one of the commonly
used methods to assess the degree of disability and neurologic outcome in post-CA
patients (20, 21). There are 5 categories defined in CPC from 1 to 5: CPC 1 represents
full recovery, CPC 2 represents moderate disability, CPC 3 represents severe disability,
CPC 4 represents in comatose or in a persistent vegetative state and CPC 5 represents
dead. The discharge CPC was also proved as a reliable positive predictor for good

neurologic outcome and longer patient survival (20, 22, 23).



1.4 Potential Neuroprotections for Hypoxic-Ischemic Brain Injury after

Cardiac Arrest

Therapeutic hypothermia has been recommended as the most effective treatment for
out-of-hospital CA patients to improve their survival and functional outcome. Other
therapies can also help recovery of cerebral activity or make a similar effect as
hypothermia on cortex, but they still require additional studies before recommended for

routine clinical practices.

1.4.1 Medication

Due to the glutamate excitotoxicity found in global ischemic brain after cardiac arrest,
glutamate antagonists have been the primary medication administrated to prevent the
excitotoxicity. The glutamate antagonists, can block the binding of glutamate to its
receptors, N-methyl-D-aspartate (NMDA) (24), reducing the calcium influx and avoid
cell apoptosis. A large number of glutamate antagonists, such as Estrogen, Ginsenoside
and Progesterone, has been discovered, but the problem occurs that how to control
antagonists block the binding only when excitotoxicity happens. This problem makes

these medications have unbearable side-effect or lose potency.

Other medication, i.e. antioxidants applied to control oxidative stress which is a
leading cause of neuron apoptosis (25), anti protein aggregation agents (26), lithium (27)
might also be able to protect post-CA ischemic brain, but more validations are required

before they are recommended into clinical practices.



1.4.2 Therapeutic Hypothermia (TH)

The guideline of American Heart Association has demonstrated therapeutic
hypothermia as a standard neuroprotection practice for treating out-of-hospital CA
patients in clinical settings (1, 28). It has been shown that TH has the association with
better neurologic recovery and prevent the secondary brain injury from cardiac arrest
(29). Even trivial declines in body temperature could prevent the death of neurons (30),
which initiated a rising interest of hypothermia as a mean of ischemic brain protection.
The neuroprotective mechanism of hypothermia is very complicated and has not been
fully elucidated. The key mechanism might be attributed to the decrease of cerebral
metabolic rate and blood flow by hypothermia (31), which can prevent the accumulation
and release of glutamate preventing the glutamate-mediated excitoxicity and preserve
tissue ATP levels (29). Meanwhile, hypothermia might also restrict calcium influx to

further protect brain from excitotoxicity (29).

In the first 12-24 hrs after resuscitation, moderate hypothermia (32-34°C) is the
recommended treatment for post-CA patient (28). However, a recent study showed that
no significant difference in outcomes between the patients under mild hypothermia
(36°C) and those under moderate hypothermia (33°C), which might suggest that avoiding
fever may be equivalent to current hypothermic strategy to treat patients in the first 72 hrs
(21). These findings will reduce the risk of hypothermia and negative rebound effect by

rewarming from hypothermia.



1.5 Neurophysiologic Brain Monitoring and Neuroimaging for

Prognostication in post-CA patients

Current neurophysiologic prognostication parameters include clinical examination,
biochemical markers, neuroimaging and electrophysiological testing, but their reliability
has been diminished due to TH intervention. The predictive performance of single
biomarkers is reduced when TH is applied, suggesting that it should combine several

parameters to offer greater predictive value (32).

Clinical examination, whereby pupillary and corneal responses are absent, can provide
early bases for poor outcome prognostication in patients treated with both normothermia
(NT) and TH patients (9, 32, 33). In contrast, motor responses 72hrs after resuscitation

are no longer considered reliable predictors at Day 3 in both TH and NT groups (34).

Measurement of biochemical markers, which is a non-invasive method, provides early
prognostic information about brain injury and predicts neurologic outcome after CA (35-
37). Serum S-100B protein can be measured to predict outcome after CA, but it is not a
commonly used method in clinical use (36). Increased neuron-specific enolase (NSE)
levels > 33 ng/ml have been traditionally associated with poor outcome, but discrepancies
in terms of cutoff values and subsequent neurologic recovery have discredited their
reliability (34). A recent study has shown that the time evolution between Day 1 and Day
2 of the NSE levels rather than their absolute value holds better prognostication value (7).
Another biochemical marker, lactate level, is also associated with neurologic outcome
especially at the first 48 hrs after resuscitation from cardiac arrest. Survivors and patients

with good neurologic outcome showed lower lactate levels (38). However, its prognostic



values are required the re-evaluation with the intervention of TH. The study of Bernard et
al. showed that the level of lactate increased at the initiation phase of TH (33°C) and then
gradually decreased (3), whereas Lazzeri et al. found that a significant reduction in serum
lactate levels during TH (39) and early lactate clearance was able to predict good

outcome indicated in the study of Lee et al (40).

Clinical examination and biochemical markers are largely employed for post-CA
prognosis making, but are still undergoing research to account for the differences

resulting from TH.

With the advances of different imaging techniques, i.e. Computed Tomography (CT),
Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET), novel
imaging markers to predict long-term neurological recovery of patients after CA have
been developed. CT is helpful in detecting cytotoxic edema and evaluating non-
responsive post-CA patients through measuring the loss of distinction between gray and
white matter. Reduced distinction was associated with mortality in comatose CA patients
(41). However, the distinction is not detectable and visible within 72-hr after
resuscitation, and the predictive ability of CT is limited if CT is used as an isolated

prognostic tool as shown in the European Resuscitation Council Guidelines (42).

MRI, a method of detecting the alternations in cerebral protons to evaluate edema, is
more sensitive than CT without using ionizing radiation or radioactive tracers. A recent
study demonstrated that the abnormalities of diffusion-weighted imaging (DWI, a form of
MRI), were highly sensitive to predict poor outcome (sensitivity of 98.5%) but with low

specificity of 46.2% from patients following cardiac arrest (43). The additional use of



apparent diffusion coefficient (ADC), obtained by subtracting T2 signal from DWI
sequences, could increase the specificity for poor outcome to 100% and the sensitivity by
38% (44). Measurement of the blood oxygenation level dependent (BOLD) signal has
been found to hold important correlations with functional metabolic activity (45).
Functional MRI (fMRI) was introduced to quantify BOLD signal to assess the association
between the cerebral metabolism and brain functions. Since the disorders of
consciousness can interrupt the BOLD signal (46), fMRI may help clinicians discover
and predict the neurologic outcome in post-CA patients. But, MRI takes longer time to

obtain images than CT and is limited by obtaining real-time cerebral information.

PET is a different neuroimaging technique, which can visualize the changes in cerebral
metabolism not in structure. The alternations in glucose consumption, cerebral blood
flow and oxygen metabolism derived from PET have the predictive value for neurologic
outcome (47, 48). One of the useful measures of oxygen metabolism by PET is oxygen
extraction fraction (OEF) in post-CA patients with TH. Patients with poor outcome

showed notably lower OEF than those with good outcome (49).

Although neuroimaging may bring a new insight into two- or three-dimensional brain
monitoring, the lack of large-sample studies, low resolution, limitation of obtaining real-
time information and the absence of comparison with other established prognostic
markers make neuroimaging markers solely a complementary technique with other

prognostic methods for post-CA patients.



1.6 Global Electrophysiological Brain Monitoring for Prognostication

in post-CA Patients

Although traditional clinical examination and biochemical markers are commonly used
for an early prognostication of neurologic outcome, they fail to provide direct
measurement of the degree of underlying neuronal activation (50). Also, neuroimaging
markers testing is expensive and only involved in studies of limited sample size without
comparison with other prognostic methods. Electrophysiological brain monitoring in the
early phase of recovery can correct for these deficiency by providing both quantitative
and qualitative information, with its performance largely independent of hypothermia

effects.

1.6.1 Prognostic Test via Electroencephalography (EEG)

EEG monitoring of temporal and spatial characteristics, such as frequency and
amplitude, is one of the most common methods and provide early information about the
bedside neurophysiologic prognosis for comatose patients. EEG background reactivity
and continuity have been recently identified as critical factors in predicting recovery or
poor outcome (51, 52). New multimodal approaches emphasize the role of continuous
EEG (cEEG) and its correlation with other neurophysiological markers, such as neuron-
specific enolase (NSE) levels, as independent predictors of poor outcome (51). Other
techniques aim to simplify cEEG and provide information about the recovery of EEG
pattern and degree of brain injury, respectively. Automated analysis has been shown as an

alternative to visual interpretation by the physician (53), but it still requires further



investigation.

Continuous Electroencephalography (cEEG)

The importance of continuous EEG (cEEG) has been increasingly recognized in
monitoring brain function and predicting early outcome in ICU patients. It can improve
prognostication at 72 hours, while neurologic examination performed at that time may be

inconclusive (22, 54).

It has been indicated that cEEG can be applied to predict both good outcome and bad
outcome based on different patterns: isoelectric (defined as no visible EEG activity), low-
voltage (defined as EEG activity less than 20 pV), burst suppression (defined as the
presence of bursts, where bursts defined as amplitudes of EEG higher than 20, followed
by the intervals of at least 1 sec with low-voltage suppression activity), diffuse slowing
(defined as normal EEG pattern with a dominant frequency less than 8 Hz), normal or
epileptiform activity (including seizures and generalized periodic discharges) (52, 55).
Isoelectric, low-voltage and burst-suppression EEG patterns are associated with poor
outcome (52, 56), whereas patients with good functional outcome showed normal or
diffuse slowing EEG rhythm which was never found in patients with poor outcome (52,

55). Epileptiform activity is linked with poor outcome, but it is not always true (57-59).

cEEG background reactivity was defined as present if brain electrical activity of at
least 10 pV and EEG background indicated the alternation in amplitude or frequency on
repetitive auditory, visual and nociceptive stimulus (60, 61). The presence of EEG

reactivity was shown as a predictor of recovery of consciousness (All survivors had
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background reactivity) and favorable outcome (74% of survivors), whereas the absence
of reactivity had the association with mortality (Positive Predictive Value (PPV) = 1,

False-positive Rate =0) (60).

The study of Cloostermans et al. also found that cEEG was the most effective predictor
between the first 12-24 hours after CA and that it offered significantly better sensitivity
than other electrophysiological parameters such as somatosensory evoked potentials
SSEP (40% for cEEG compared to 20% for SSEP). In a prospective cohort study with
134 post-CA patients testing a multimodal approach for prognostication found that
hypothermic EEG background reactivity was the best predictor for poor outcome with
sensitivity of 74% with the highest area under receiving operator characteristics curve of
0.81 (51). The results showed that cEEG together with clinical examination and NSE
levels had the highest prognostic accuracy of mortality and poor outcome. Another study
with comatose patients has also shown correlation between unreactive EEG background
and elevated NSE levels, proving that early EEG abnormalities in the first 24-48 hours
are pathophysiologic signs resulting from post-anoxic neuronal injury (62). However,
early presence of background reactivity does not guarantee recovery, as some patients
with reactive but discontinuous background died after return to normothermia (63).
Similarly, status epilepticus is now shown to depend upon the type of background
reactivity of EEG as being flat, burst-suppressed, or continuous (64-66). cEEG could be
useful in the first 24 hrs (65), but it is preferable to be used as part of a multimodal
approach, whereby other neurophysiological factors are included, such as SSEP and

neurologic examination.
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Amplitude-integrated EEG (aEEG)

Amplitude-integrated EEG (aEEG) method, is increasingly used for continuous brain
function monitoring of post-CA patients, as it requires less time and expertise to be
interpreted (67). It is a simplified method that shows the peak-to-peak amplitude values
of rectified EEG on the time-compressed semi-logarithmic scale (67, 68). aEEG method
has been evaluated not only as an outcome prediction and real-time brain injury monitor
in asphycitic neonates treated with hypothermia (69-71), but it is also useful as a
prognostic tool for predicting outcome in post-CA adult patients with hypothermia-
treatment. Rundgren. M group investigated 34 TH-treated post-CA patients: 20 patients
with a continuous aEEG at normothermia after cardiac arrest returned to consciousness,
but the others with abnormal aEEG pattern did not return to consciousness or died in
hospital (72). In a prospective study of 55 TH treated post-CA patients, an initial
continuous normal voltage (CNV) of the aEEG immediately after ROSC was a good
predictor of good outcome, while a lack of CNV in the first 72 hours after ROSC was a
good predictor of poor outcome (73). aEEG has been shown its ability in detecting
abnormal EEG patterns commonly happening in neonates suffering in HI injury treated
with hypothermia (74). Together these results demonstrate that aEEG can provide
practical information on the degree of cerebral dysfunction, which can be regarded as a
simpler and more reliable applied method in an ICU setting compared to the cEEG

method.

Entropy-based Quantitative Electroencephalography (QEEG)

EEG monitoring methods, such as EEG background and reactivity, hold important
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prognostic value about the neurological outcome of patients treated with TH (62), but
prognostication is often confounded by the subjective interpretation of the neurologists
who review the EEG outputs. A new automatic method based on quantitative
characteristics, i.e. Burst Suppression Ratio (BSR) and approximate entropy, has been
developed to measure background activity (53). The results between the visual and
automated analysis correlate well, but the automatic approach was influenced by
epileptiform activity and muscle artifacts among other, which required the expertise of
physicians to detect the suppressed state. The same study also confirmed that BSR and
approximate entropy differ significantly for good and poor outcome, with reactivity being
the stronger factor compared to background discontinuity. A comparative study with 30
post-CA patients who were under hypothermia of 33°C for 24hrs revealed that elevated
response entropy and state entropy during the first 24 hrs was associated with good
outcome, while decreased wavelet subband entropy (WSE) and BSR in the first 24-48 hrs
were strong indicators for poor outcome (75). The same study also confirmed that status
epilepticus represented by decreased WSE levels was a certain predictor of mortality.
Another animal study identified increased burst frequency, shorter isoelectric period, and
preserved state entropy after the restoration of continuous background as associated with
good outcome and survival at 96 hrs (76). On the other hand, a study in rats indicated that
burst frequency was found higher in the post-CA animals treated with TH and
hyperthermia compared to normothermia, which was strongly correlated with 72-hr
normothermic NDS but not hypothermic or hyperthermic neurological deficit score
(NDS) (77). However, burst count was time-consuming and underestimated some

essential information, such as the duration of burst or suppression duration. For these
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reasons, the same group developed a quantitative measures of BSR using Tsallis entropy
(TsEn) and revealed that the TsEn area correlated well with functional outcome (78),
while this study is still required a more involved study including temperature
management before translated into clinical practice.

Another quantitative metric that has shown promising results in animals regarding
differentiating good and poor outcome and the effect of temperature on recovery of
cortical electrical activity is information quantity (IQ) (79, 80). Based on information
theory, 1Q calculates Shannon entropy based on a distribution of all wavelet coefficients
and subsequent removal of the predictable component (information redundancy) using
discrete wavelet transformation (DWT). However, IQ can only distinguish the changes in
gross EEG. Subband 1Q (SIQ) was introduced to calculate the 1Q of each frequency
subband, relating behavioral state to recovery possibility (81). Induced hypothermia was
associated with fast recovery of gamma-band SIQ and improved functional outcomes.
The further verification of this methods, nevertheless, needs to be applied on humans in

clinical studies.

Bispectral Index Monitoring

Bispectral Index (BIS) monitoring is a technique that summarizes raw EEG data and is
commonly used to evaluate consciousness under anesthesia. It has been suggested that
BIS is a poor index of evaluation during CPR and for the prediction of ROSC (82, 83),
however the technique has unconvincing data regarding its prognostic ability after CA,
and thus, is not widely used. In a prospective study of 62 post-arrest patients that

underwent BIS monitoring following TH, mean BIS values were higher in good outcome
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patients compared to poor outcome patients at 24hrs post-resuscitation (84). The study
suggests that BIS values at 24hrs post-resuscitation are correlated with neurologic
outcome in patients receiving TH after CA. In another study of 83 patients with BIS
monitoring following CA and TH, the BIS after the first administration of neuromuscular
blockade was higher in patients with good outcomes compared to those with poor
outcomes (85). Finally, a prospective cohort study of 45 comatose patients that had
received TH after CA, found that a BIS of 0 was a good predictor of poor neurologic
outcome, however, there was no correlation between a BIS higher than 0 and good
outcome (86). This technique may be beneficial due to its simplicity and non-
invasiveness, however, the conflicting results in terms of prognostic ability suggest that

further research is necessary.

Cerebral Recovery Index

The Cerebral Recovery Index (CRI) was developed to assist clinicians with the
prognostication of patients treated with TH after cardiac arrest and is a single numeric
value that represents five qEEG parameters. In an initial single-center study of 109
patients treated with TH post-CA and cEEG monitoring, at 24 hours post-CA, CRI<0.29
was associated with poor outcome (PPV =1, Negative Predictive Value (NPV) =0.71)
while CRI>0.69 was associated with good outcome (PPV=0.55, NPV=1) (87). This index
is beneficial as it uses the clinically important information within EEG and can predict
both good and bad outcome. However, given the lack of clinical data using this index, it

should be used only as a complementary criterion in prognostication.
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1.6.2 Prognostic Test via Evoked Potential (EP)

Although EEG monitoring is generally easy to conduct and interpret, it can be affected
by external factors such as medications and sedation in the first 3 days after CPR and
does not provide detailed information about the degree of injury in the higher cortical
pathways in the brain. In order to avoid premature removal from ICU, evoked potentials
(EPs) is used to confirm prognosis based on clinical findings, although is sensitive to
muscle artifacts and relaxation(88). EP tests can provide information about the degree of
functional damage of the cortical pathways upon sensory stimuli: somatosensory, motor,

auditory, visual, etc., and imply the degree of likelihood of non-awakening.

Somatosensory evoked potentials (SSEPs)

Normal SSEP can be used to assess the integrity of the somatosensory pathway, the
restoration of normal thalamocortical coupling, and the onset of arousal (89).
Experiments have demonstrated that a significant and measurable difference existed in
SSEP signals based on neurologic injury and that SSEP evolved in a predictable manner
and was associated with outcome in rats after CA (90).

According to the AAN guidelines, absence of N20 component from SSEPs bilaterally
up to 3 days after resuscitation has been found to be the most reliable
electrophysiological biomarker for mortality or poor outcome (6). The absence of the
N20 potential after stimulation of the median nerve is indicative that the patient will most
probably die in a state of comatose (6, 91). The experiment results lay the groundwork
for establishing the relationship between SSEPs and post-CA neurological injuries and

functional outcomes. New theories promote SSEP in clinical settings to monitor patients
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resuscitated from CA not only after but also during TH intervention (9). It has been
identified that absence of cortical SSEP components (N20) after stimulation of the
median nerve within the first 3 days after resuscitation are the reliable
electrophysiological indicators of an unfavorable prognosis after therapeutic hypothermia
in clinics (92). One recent study with 60 patients indicated that SSEP recorded retained
high prediction value for poor neurological outcome despite TH intervention. In patients
with preserved SSEP, no significant differences were found between N20 mean
amplitude during therapeutic hypothermia (6-24 hours after CA) and after re-warming. In
contrast, the 24 patients who showed bilaterally absent N20 did not have recovered
cortical responses after re-warming. All patients with absent SSEPs during therapeutic
hypothermia did not recover consciousness (93). Due to these inconsistent findings, the
use of SSEP during hypothermia has yet been validated in a large hypothermic patient
population to ensure that treatment benefits are not reduced and neurologists should be
careful on the early only SSEP-based prognostication especially in the first 24 hrs.
Furthermore, an independent component analysis (ICA) method to separate the SSEP
into early (short-latency, SL) and late (long latency, LL) responses, which were generated
from the ascending pathway in both the subcortical and cortical areas, has been underway.
It was shown that the recovery processes of SL- and LL-SSEPs followed different
dynamics, with the SL-SSEP being restored earlier than LL-SSEPs. The SL- and LL-
SSEPs represented temporal evolution of evoked response through the thalamocortical
pathway and these responses were different upon injury and recovery of the thalamic and
cortical regions following CA (94). Upon initiation of HI injury in a rat model with TH,

LLR disappeared first, followed by the disappearance of SLR, and after a period of
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isoelectric silence, SLR reappeared prior to LLR. This suggests that cortical activity,
which primarily underlies the LLR, may be more vulnerable to ischemic injury than
subcortical activity represented by the SLR. Compared with normothermia, hypothermia
potentiated the SLR, but suppressed the LLR by delaying its recovery after CA and
attenuate its amplitude, suggesting that hypothermia may selectively down-regulate
cortical activity as an neuroprtective approach for the cerebral cortex (95).

While the prognostic value of SSEPs in comatose patients is well established, their
clinical use is limited to studying the presence or absence of characteristic short and long
latency peaks (N20 and N70 in humans). The electrophysiological examination of
patients is often done 824 hrs after CA, due to the lack of reliable quantitative indicators
for SSEP monitoring. In addition, SSEPs are only a few microvolts in amplitude and are
often corrupted by biological (from nonspecific neural activity) and electrical (from
instrumentation and surrounding environment) noise; waveform averaging (typically 100
to 1000 sweeps in intraoperative monitoring) is required to enhance signal quality. Also,
the presence of N20 potentials cannot guarantee the good functional outcome. In order to
solve the above problems, the area enclosed by the SSEP in the phase space, a space of
all possible configurations of magnitudes and slopes in a signal, was investigated and
introduced as a quantitative descriptor for temporal evolution of SSEP. Advanced neural
monitoring systems with novel quantitative tools such as PSC (the phase space cure)
and/or PSA (the phase space area) can provide real-time markers that do not require
expert interpretation and offer clinicians the option to select window of interest (14 hrs
postasphyxia) to study different components of SSEPs, simultaneously providing a better

means to track injury, recovery, and the effect of neuroprotective interventions in real
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time and a clinically translational means of evaluating the integrity of deep-brain regions
(89). The quantitative information obtained from phase space analysis may be a valuable
method in predicting both good and bad outcomes in clinical use. The second order blind
identification (SOBI) technique can also be utilized to extract characteristic peak
information, as new parameter from one trial of SSEP to solve noise problem. This
efficient method in the identification of peak detection can offer a favorable alternative to

reveal the neural transmission variation (96).

Other Diagnostic Evoked Potentials Markers

Other types of evoked potentials have not been thoroughly investigated although there
has been some research on motor evoked potentials (MEPs) and auditory evoked
potentials (AEPs), and their predictive value.

Presence of MEPs has long been considered to be an accurate measure of the degree of
functionality of the descending cortical pathways and determine the status of the motor
cortex. However, due to their high degree of sensitivity to anesthesia levels of isoflurane
and ketamine and to stimulation intensity, MEPs are difficult to monitor. Previous studies
have focused on using a moving average method to characterize the changes in MEP
amplitudes, but this method assumes that all of signals are identical which might not be
the case (97). In order to circumnavigate this issue, a statistical method has been
employed to characterize MEPs by estimating the number of motor units and the
potential amplitude of a single motor unit instead of using a moving average (98). The
recordings showed that a decrease of anesthesia intensity resulted in increase of MEP

signal amplitude.
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AEPs provide information about the degree of preservation of the higher auditory
cortical pathways and might help determine the likelihood of both poor outcome and
chance of awakening (99). Depending on its origin, AEPs can be classified as brainstem
AEPs, middle-latency AEPs (MLAEPs), and event-related AEPs (ERPs), the last being
able to differentiate between different acoustic stimuli. It has been suggested that
presence of mismatch negative (MMN) wave in ERPs is likely to suggest awakening of
comatose patients, although it does not guarantee full functional recovery (99). A recent
study, however, contended that the discriminatory performance in survivors and non-
survivors is not significantly different in both TH and NT conditions, while the change in
the area under the curve in the transition from TH to NT is increased in survivors
compared to non-survivors (100). The study suggested that MMN presence could be
observed in people with similar states of unconsciousness and could not be predictive for
the final outcome, but that if the discriminatory performance changes positively in the
early phase of coma, awakening will occur with 100% predictive value. Furthermore,
AEPs have been associated with detecting change by a sudden change in frequency after
30ms which is particularly important for monitoring anesthesia (101). A very recent
study from 2013 hypothesized that MLAEPs during anesthesia would be able to detect
ROSC, survival, and neurologic outcome (102). The research group used an MLAEP
monitor to determine the MLAEP inedex (MLAEPi) of 61 comatose patients. The
MLAEDPi reflected the morphology of MLAEP and the presence of the P50 component,
the hippocamical CA pyramidal cells, suggests good neurologic outcome after
resuscitation (102). A cut-off of 35 was established to be the threshold below which

unfavorable outcome is detected with 100% sensitivity while cutoffs of 24 and 33 were
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able to predict ROSC and postresusciation survival (102).

AEPs have significant potential for predicting good outcome, which is often elusive
using the standard multimodal approach (51), but studies with larger group of patients are
needed to determine the veracity of this method and be implemented in the emergency

room.

1.7 Cellular Electrophysiological Brain Monitoring Measurement

Methods

Although TH is used as a neuroprotective treatment for post-CA patients, it is
necessary to understand the unclear fundamental mechanism for helping improving
therapies. The cellular electrophysiological monitoring can be applied to investigate the
alternations in activities of cerebral neurons and the neural circuit, which cannot be

achieved by global electrophysiology, i.e. EEG and EPs.

1.7.1 Local Field Potentials (LFPs)

Electrophysiological brain monitoring has been expanded to include measurement of
transmembrane currents and more localized events such as local field potentials (LFPs)
and spikes, which can provide further information to traditional EEG recordings. LFPs
originate from the firing of cortical neurons and not from action potentials, and are
obtained by low-pass filtering (<300Hz), while spikes are the high-frequency component
of the signal. The recordings are obtained using extracellular microelectrodes to measure

synaptic current events over a much localized cortical region. There is some evidence that
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LFPs can precede the occurrence of action potentials and could potentially be helpful for
evaluation of the state of connectivity of neural pathways, while the spike temporal

characteristics could signal the presence of EEG abnormalities.

In order to study the dynamics of the HI injured brain, indexes have been developed to
measure anesthetic depth to quantify and understand the electroencephalogram signal and
the ongoing neural processes. Local field potentials (LFPs) present advantages over the
EEG diagram, as EEG 1is often corrupted by high frequency artifacts and
electromyographic activity (103). In contrast to the EEG, in which only components
below 30Hz are studied, LFPs cover a wide range of neural signals with frequencies
between 1 Hz up to 300 Hz. The multitude of excitatory and inhibitory neural processes
and the band-limited structure of the signals, such as gamma, alpha and beta, provide a
more holistic picture of information processing in the brain during injury and recovery.
For instance, high-frequency gamma-band components are preserved in LFPs and allow a
better measurement of anesthetic depth compared to only the EEG. Furthermore, LFPs
can be used to assess the functionality of the cortical pathways and analyze the phase-
relations between the thalamus and the cortex (104, 105). A study that analyzed
thalamocortical interactions discovered that at steady state there is a high degree of
coherence between the thalamus and the cortex (103). Silva et al also recorded LFPs and
revealed that the permutation entropy (PE) corrected for the classic burst suppression (BS)
component is the most indicative component for quantifying anesthetic depth (103).
Another study used LFPs to measure the vulnerability of the somatosensory responses
during injury and recovery as well as during hypothermia and normothermia (106). The

results suggested that the cortical function is more susceptible to HI injury than the
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subcortical regions.

1.7.2 Single and Multi Unit Activity

Action potentials can be recorded with high spatial resolution from microelectrode
arrays that are implanted on the cortex, and can be separated offline into single and
multiunit activity (SUA, MUA) (107). The raw data are high-pass filtered followed by
the application of spike detection to identify single spikes. Spike sorting is then applied
to the data to discriminate SUA from MUA. The activity from single neurons will be
categorized by templates such that SUA is extracted from spike sorting whereas MUA
will not produce unique spike clusters after the sorting process and will instead contain
spikes from multiple neurons (83, 107, 108). MUA provides more information than
single-unit activity (SUA) as it accounts for smaller amplitude spike activity of the
neurons around the microelectrode (109). Since MUA is generated by the spiking of
several neurons it allows the study of interactions between neurons. Using a scheme of
filtering and multiresolution entropy (MRE) analysis allows for spike detection and
extraction of information based on entropy levels. It has been shown that employing
entropy-based resolution on the MUA signal from both simulation and real time
recordings, can indeed be used to describe the cortical neuron dynamics (110). LFP and
MUA both underlay critical cortical processes and are interdependent, although they may

differ in temporal coherence.
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1.7.3 Spiking and Burst Suppression Model

According to the definition by the American Clinical Neurophysiology Society (111),
spikes are short wave transients lasting <100ms and can be useful in detecting
abnormalities in EEG background. A novel biophysiological model of burst-suppression
(BS) based on neuronal dynamics and brain metabolism has been developed to explain
the periods of quiescence and spiking in the BS pattern using the ATP concentration
changes (112). Cerebral metabolism, as explained by the activity of ATP-gated potassium
channels (Kartp) expressed in cortical and subcortical structures, was related to the
observed BS pattern (112). Upon the decrease of intracellular ATP concentration, the
conductance of Karp increases and Kartp channels open, leading to hyperpolarization and
inhibition of further spiking. The ATP concentration rises again during suppression and
conductance of Katp decreases until another spike is generated. The metabolic model
shows that spiking is not a simple switch on/off event and that neural activity changes in
frequency depending on the oxidative stress present and the dynamics of the KATP
channel. The variability of spiking that is associated with cerebral blood flow was not
described by the model. There are hypotheses suggesting that slower spiking can be

associated with calcium fluctuations in thalamic cells (112).

1.8 Conclusion

Therapeutic hypothermia has been considered as one of the most effective treatments
for out-of-hospital CA patients for enhancing their survival and neurological function.

The currently proposed multimodal approaches, combining clinical findings, biochemical
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markers, and electrophysiology hold promise to facilitate the prognostication of poor
outcome in post-CA patients. qEEG, SSEP and neuroimaging are able to provide accurate
and objective information on the degree of HI injury and the early prediction of
neurologic outcomes maximally eliminating the subjective errors by neurologists.
However, these accuracy of these prognostic methods has been challenged, when used in
conjunction with therapeutic hypothermia, and must be further tested by studies with
larger patient groups. Absent pupillary light reflexes and SSEP are still regarded as
reliable methods for the early prognostication of neurologic outcomes under hypothermia.
qEEG and neuroimaging markers may bring new insights into neuromonitoring and
prognostication after CA, but they still need more experiments and investigation before
translated into clinical practices. Extensive cellular electrophysiology, i.e. MUA and LFP,
have strong potentials for improving prognostication and therapy by assessing the
thalamocortical network integrity and by offering additional cellular information to
understand the underlying mechanism of therapeutic methods respectively, but have not

yet become a standard practice in the emergency room.
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CHAPTER 2 Quantitative EEG Markers in
Severe Post-resuscitation Brain Injury with

Therapeutic Hypothermia

2.1 Introduction

Approximately 326,200 cases of death and disability are caused by cardiac arrest (CA)
annually in the United States (1). Only about 10.6% out-of-hospital patients survive CA,
of whom 8.3% have good neurological outcome (1). Therapeutic hypothermia has been
recommended as one of the most effective neuroprotection methods and a standard
treatment for post-CA patients to improve survival and functional outcome after
resuscitation (1, 3). However, the accuracy of some prognostic predictors for poor
outcomes, such as the recovery of motor responses and biochemical markers, are
challenged and less reliable under hypothermia (113). Therefore, a study to re-evaluate
the current prognostic markers for different degrees of brain injuries with hypothermia is

necessary.

Electroencephalography (EEG) has emerged as one of the most widely used reliable
bed-side electrophysiological tools for prognostication. Due to the complicated and
subjective analysis of raw EEG signals, we introduced a quantitative EEG (qEEG)
method — information quantity (IQ) (79), showing objective and reliable results in
predicting neurological outcome and recovery after 7-min and 9-min axphyxial CA,

leading to moderate or severe brain injury, respectively (79, 80). However, IQ only
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determines the recovery pattern of gross EEG signals. Thus, an alternative method, sub-
band IQ (SIQ), was developed to quantify the changes during the period of injury and
recovery in 5 standard clinical frequency EEG bands of interest, excluding the high-
frequency oscillation (HFO) (61-122 Hz). The qEEG recovery in the bands of interest,
gamma (30-60 Hz), beta (16-30 Hz), alpha (8-15 Hz), theta (4-8 Hz), and delta (below 4
Hz) (81), are potentially related to the recovery of corresponding brain functions. Both 1Q
and SIQ were normalized to the baseline EEG to equal 1 and dead animals had a value of
0. Higher 1Q or SIQ values have been proven to be associated with good neurological

outcome after moderate CA (79, 81).

Here, we describe the calculation of early 1Q-qEEG and SIQ-qEEG markers as a
measure of neurologic outcome, and then compared their prediction value for neurologic
outcome in rats that recovered from severe brain injury after 9-min cardiac arrest with
therapeutic hypothermia. We hypothesized that both 1Q and SIQ qEEG markers would
provide a reliable and detailed prognostic indicator after CA under therapeutic
hypothermia, with the 1Q marker providing additional information related to HFO

activity.

2.2 Methods and Materials

2.2.1 Animals

Fourteen adult male Wistar rats (350+25 g) under 9-min asphyxial CA were randomly
assigned to the hypothermia (33+£1°C) or normothermia (37+0.5°C) groups (n=7 per

group). The experiment protocols were approved by The Johns Hopkins University
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Animal Care and Use Committee.

2.2.2 Asphxial Cardiac Arrest and Hypothermia

The asphxial CA animal model was developed in our previous studies (79, 80). We
used several life support adjustments (i.e. anesthesia, breathing circuit settings and drug
requirements) for rats. 4.5% halothane mixed with 50% oxygen and 50% nitrogen at
41 /minute was carried to anesthetize the rat after the tracheal intubation with a catheter
under direct laryngoscopy initially. The catheter was then connected to a mechanical
ventilator (Harvard Apparatus Model 553438) with humidified 50% FiO, and 1.0%
halothane at 50 breaths/minute, tidal volumes of 8 ml/kg and positive expiratory end
pressure of 3 cm H>O. The femoral artery and vein were cannulated (Intramedic Non-
Radiopaque Polyethylene Tubing PE-50 catheters, PE 50, Becton Dickinson) to administer
drugs, monitor mean artery pressure (MAP) and obtain sample of arterial blood gases
(ABQG). Following these preparations, baseline EEG and physiologic measurements were
recorded for 5 mins with 1.0% halothane carried by a vaporizer. A 5-min washout period
following the recordings of baseline with 100% oxygen for 3 mins and room air for 2 mins
was implemented to prevent an anesthetic effect on the EEG signals. The rats were
paralyzed with vecuronium (2 mg/kg), i.v., delivered during the 2-min washout period by
room air. Global asphyxia was induced by clamping the breathing circuit and stopping
mechanical ventilation for 9 mins following the 5-min washout period. CA was defined as
pulse pressure <10 mmHg. Immediately after the 9-min asphyxiation, cardiopulmonary
resuscitation (CPR) was performed with effective ventilation (Respiration Rate of 40/min,

Tidal volumes of 8 ml/kg, positive expiratory end pressure of 0 cm H>O), sternal chest
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compressions (200 compressions/min), 100% oxygen, epinephrine (0.005 mg/kg, i.v.) and
NaHCO3 (1 mmol/kg, i.v.) until the return of spontaneous circulation (ROSC) (MAP >
60mm Hg). Then, the parameters of ventilation were adjusted to hyperventilation
(Respiration Rate of 65/min, Tidal volums of 8 ml/kg, positive expiratory end pressure of
0 cm H>0O) and maintained for 10 minutes. Subsequently, the animal was ventilated at
respiration rate of 55/min at 10 mins and then 50/min at 20 mins after ROSC. The ABG
was measured and monitored at 10, 20 and 40 mins after ROSC to prevent respiratory
acidosis or alkalosis. No more anesthesia was given to animals during the spontaneous
recovery period to reduce the effect of drugs on EEG signals. After 2 hrs, the animal was
extubated and ventilation was stopped. The rat was well monitored and treated to reduce

its pain and distress throughout the entire experimental period.

Hypothermia was initiated 45 mins after ROSC by external cooling using cold water
and alcohol mist with an electric fan. The target core temperature of 33+1°C, measured by
a temperature sensor (G2 E-mitter 870-0010-01, Mini Mitter, Sun River, OR) implanted
into the peritoneal cavity 1 week before the day of cardiac arrest, was achieved within 15
mins and was maintained for 12 hrs. Rectal temperature was monitored as a reference.
Since the rats were still in a comatose state within the first few hours after ROSC, a
warming lamp (Thermalet TH-5, model 6333, Physiotemp, NJ, USA) was applied to avoid
sharp temperature decline. At 13 hrs after ROSC, the animals were gradually re-warmed
from 32-34°C to 36.5-37.5°C over 2 hrs by a heating pad and heating lamp.
Normothermia was maintained after CPR at 36.5-37.5°C throughout the same time period
as the hypothermia group. All animals were kept in a neonatal incubator at constant

temperature of 28°C in the first 24 hrs after ROSC (79).
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2.2.3 EEG Recording and Data Analysis

A two channel EEG signal from both hemispheres was recorded for 17 hrs, throughout
the hypothermia, re-warming periods and 2 more recovery hours, from epidural electrodes
(Plastic One, Roanoke, VA) implanted 1 week before the day cardiac arrest, by WinDaq
software at a sampling rate of 250 Hz on the first day of the experiment. Serial 30-min
EEG recordings were carried out at 24, 48 and 72 hrs after ROSC. The artificial noise was
manually eliminated before the final data analysis. EEG electrodes were placed over
parietal areas 2 mm posterior or anterior to and 2 mm lateral to bregma and a ground

electrode 2 mm posterior to lambda.

In this study, we calculated the entropy-based IQ (79) and SIQ (81) in Matlab
(MathWorks, Natick, MA) using our previously reported quantitative methods. In brief,
Shannon entropy was calculated with a sliding temporal window technique (sliding
window length ©=8s, sliding step A=8s and the number of magnitude levels M=20),
dividing the sampled EEG signals into equal-length windows. Second, 6 resolution
decomposition coefficients, cX, where k=1,2,...r+1 representing the k™ subband, were
obtained by discrete wavelet transform (decomposition scale r=5) in each temporal
window. Third, since the entropy is based on probability, we determined the statistical
distribution of the wavelet coefficients within each time window. To calculate the
probability, pX(m), of each coefficient we introduced M bins I, and calculated the

occurrences of the coefficients found within each bin

[Crlu CTZU ...,C£+1] = U%=1]m (1)

Next, the entropy formula was used to calculate the information content of the EEG
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signals. The difference between IQ (Eq.2) and SIQ (Eq.3) is that IQ is obtained from the
probability function for all levels of sub-band decomposition, whereas SIQ is calculated
from the separately estimated probabilistic distribution in each level of decomposition.
Then, the final SIQ is obtained by averaging the SIQs of all five standard clinical sub-
bands of interest. Finally, we compared the changes in these values with temperature
intervention and the ability to predict neurologic outcome with IQ or SIQ in severe brain

injury.

IQ(n) = — ¥ h=1 Pn(M)log, (pn(m)) (2)
SIQ*(n) = — Xii=1 pr(M)log, (py(m)) 3)
SIQ(n) = = X5 SIQ*(n) @)

IQ and SIQ were normalized to the corresponding baseline values recorded before CA
to allow comparison between the two temperature groups. IQ and SIQ were measured at 9
time intervals for both temperature groups: baseline (0-5 mins), CA period, 60-90 mins, 2-

2.5 hrs, 3-3.5 hrs, 4-4.5 hrs, 5-5.5 hrs, 24 hrs, 48 hrs and 72 hrs.

2.2.4 Neurological Evaluation

A neurological deficit scale (NDS) score with a range of 0 (worst) to 80 (best) was used
to evaluate the neurologic function of rats (Table 2.1). The NDS examination was carried
out by a trained examiner blinded to temperature groups. NDS was determined at 15 hrs
on the day of CA and then repeated at 24, 48 and 72 hrs after ROSC (79). Good

neurologic outcome was predefined as animals with 72-hr NDS > 60 and bad neurologic
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outcome as animals with 72-hr NDS < 60 (80).

Table 2. 1 Neurological Deficit Scale Score

Arousal:

Alerting: Normal (0)/ Stuporous (5) / Comatose (0)

Eye Opening: Open spontaneously (3) / Open to pain (1) / Absent (0)
Spontaneous Respiration: Normal (6) / Abnormal (3) / Absent (0)

Total Score : 19

Brainstem Function:

Olfaction: Present (3) / Absent (0)

Vision: Blinks to threat (3) / Absent (0)
Pupillary Light Reflex: Present (3) / Absent (0)
Corneal Reflex: Present (3) / Absent (0)

Startle Reflex: Present (3) / Absent (0)
Whisker Stimulation: Present (3) / Absent (0)
Swallowing: Present (3) / Absent (0)

Total Score: 21

Motor Assessment:

Strength: Normal (3) / Weak movement (1) / No movement (0)
(Each side tested and scored separately)

Total Score: 6

Sensory Assessment:

Pain: Brisk withdrawal (3) / Weak withdrawal (1) / No movement (0)
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(Each side tested and scored separately)

Total Score: 6

Motor Behavior:

Gait coordination: Normal (3) / Abnormal (1) / Absent (0)
Balance Beam Walking: Normal (3) / Abnormal (1) / Absent (0)

Total Score: 6

Behavior:

Righting Reflex: Normal (3) / Abnormal (1) / Absent (0)
Negative Geotaxis: Normal (3) / Abnormal (1) / Absent (0)
Visual Placing: Normal (3) / Abnormal (1) / Absent (0)
Turning Alley: Normal (3) / Abnormal (1) / Absent (0)

Total Score: 12

Seizures:
Seizures: No seizure (10) / Focal seizure (5) / Generalized seizure (0)

Total Score: 10

* NDS was obtained after the recovery period on the day of CA, after 24 hrs, 48 hrs and

72 hrs.

2.2.5 Statistical Methods

The parametric variables (IQ, SIQ, temperature, ABG results) were reported as

mean+S.E.M. and the non-parametric variable (NDS) were presented as median (25th-
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75th interquartile). All statistics were conducted using SPSS (IBM SPSS Statistics, version
22, Armonk, NY). “Aggregate 1Q or SIQ” represent the signal analyzed over the 72-hr
experimental period. Parametric variables were analyzed by univariate analyses to test for
the differences in IQ or SIQ between temperature groups. Non-parametric analyses were
performed to test for the differences in rank order based NDS. Bivariate analyses with
Pearson correlation were used to reveal the association between IQ or SIQ and 72-hr NDS.
A receiver operating characteristic (ROC) curve was constructed to identify the qEEG
marker optimal cut-off point with ideal sensitivity and specificity for good functional

outcome. A level of p <0.05 was considered significant.

2.3 Results

2.3.1 Temperature Recording, ABG Testing, and NDS Analysis

All fourteen rats’ core temperature was well controlled. The target temperatures,
hypothermia (33+£1°C) and normothermia (37+0.5°C), were successfully achieved and
maintained. All rats were moved to a neonatal incubator at normothermia in the first 24 hrs
after ROSC. No significant differences were found in ABG values (pH, HCO3", PCO2,
PO2) at baseline, 10 min, 20-min and 40-min after ROSC between the two temperature
groups (Data not shown). Although 72-hr NDS was slightly improved in the hypothermia
group (median (25th, 75th), 65 (52, 67)) compared to the normothermia group (53.5
(52.25, 66.75)), no statistically significant difference was found (p>0.05), which might be
due to the high mortality rate (3/7 in normothermia group and 2/7 in hypothermia group)

resulting in an increased variability in the results.
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2.3.2 Quantitative EEG (QEEG) Analysis

The raw EEG signals (Fig. 2.1A) were converted to 1Q- (Fig. 2.1B) and SIQ- qEEG
markers (Fig. 2.1C). Both IQ and SIQ decreased from baseline to the lowest points during
CA, and then gradually recovered close to baseline until 72 hrs. The higher variability

seen in the 1Q curve might be caused by HFO (Fig. 2.1C).

2.3.3 Association between EEG values and 72-hr NDS

Bivariate analyses indicated a significant correlation between qEEG values and 72-hr
NDS (Table. 2.2). IQ-qEEG marker notably correlated with 72-hr NDS at 1 hr (r value:
0.829, p<0.01), 2 hrs (0.718, p<0.05) (Fig.2.2A), 24 hrs (0.723, p<0.05), 72 hrs (0.844,
p<0.01). SIQ showed a similar significant correlation with 72-hr NDS at 1 hr (0.802,

p<0.01), 2 hrs (0.842, p<0.01) (Fig.2.2B), 72 hrs (0.710, p<0.05).
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Figure 2. 1. Representative raw EEG data, information quantity (IQ) and sub-band
information quantity (SIQ) plots from the hypothermia and normothermia groups. Raw
EEG signals under A, hypothermia and normothermia. B-C: The effect of hypothermia on
EEG recovery was apparent with the analysis of IQ (in B) and SIQ (in C). Higher IQ was

more evident in hypothermia group compared with normothermia. The high variability in

1Q might be due to the HFO.
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Table 2. 2 Correlation coefficient between qEEG values and 72-hr NDS

qEEG IQ SIQ
Tim
1-1.5 hour 0.829%* 0.802%*
2-3 hour 0.718* 0.842%*
3-4 hour 0.579 0.200
4-5 hour 0.523 0.111
5-6 hour 0.484 0.086
24 hour 0.723* 0.621
48 hour 0.571 0.466
72 hours 0.844%* 0.710%

*p<0.05, **p<0.01
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Figure 2. 2. Representative Pearson correlation (r value) plot between IQ or SIQ and 72-hr
NDS. A, IQ strongly correlated with 72-hr NDS at 2 hrs after ROSC (r value: 0.718),
whereas, B, SIQ have a more robust correlation with 72-hr ROSC at the same time (r

value: 0.842).
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2.3.4 Prediction of Functional Outcomes by qEEG Markers

By comparing the good and bad neurological functional outcome groups as defined
previously, we found that the rats with good outcomes (NDS > 60) at 72 hrs after ROSC
had higher aggregate 1Q values (0.74+0.04) than those with bad outcomes (NDS < 60)
(0.50+0.03) (p<0.01). The aggregate SIQ showed this similar tendency as the aggregate
IQ. The rats belonging to the good outcomes group (0.73£0.04) also showed higher
aggregate SIQ values than those belonging to the bad outcomes group (0.59+0.03)

(p<0.01) (Fig. 2.3).
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Figure 2. 3 Higher aggregate 1Q and SIQ values (meant+S.E.M) were found in rats with
good functional outcome (72-hr NDS>60) than in those with bad function outcome (72-hr

NDS<60). #p<0.05, **p<0.01.
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Significant differences between temperature groups could be found in both IQ and SIQ at different time intervals beginning at 1 hr

after ROSC (Fig. 2.4).
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Figure 2. 4 In 1Q, remarkable significances were observed between animals with good and bad outcomes beginning at 1 hr (good/bad:
0.51+0.03/0.3440.03, p<0.01), 2 hrs (0.73+£0.05/0.44+0.03, p<0.01), 3 hrs (0.85+0.07/0.57+0.04, p<0.01), 5 hrs (0.89+0.06/0.61+0.08,
p<0.05), and 72 hrs (0.94+0.04/0.71+0.07, p<0.01), whereas notable differences in SIQ occurred at 1 hr (0.62+0.02/0.45+0.04, p<0.05).

and 2 hrs (0.76+0.02/0.5620.04, p<0.01).
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ROC curve was used to determine the qEEG optimal cut-off points with ideal
sensitivity and specificity at different time intervals for the prediction of good 72-hr
functional outcome. The accurate cut-off points were defined as the highest specificity
(100%) with the area under ROC curve > 0.8. They could be found in both IQ and SIQ
(Table. 2.3) at 1 hr, 2 hrs and 72 hrs, with also at 3 hrs, 4 hrs, 5 hrs and 24 hrs in IQ and

24 hrs in SIQ after ROSC.

Table 2. 3 The optimal cut-off points (sensitivity) with the highest specificity (100%) and
area under ROC curve >0.8

qEEG IQ SIQ
Tin
1-1.5 hour 0.47 (0.80) 0.58 (0.80)
2-3 hour 0.66 (0.80) 0.75 (0.80)
3-4 hour 0.79 (0.80) none
4-5 hour 0.90 (0.40) none
5-6 hour 0.87 (0.60) none
24 hour 0.91 (0.75) none
48 hour none 0.93 (0.75)
72 hours 0.77 (1) 0.89 (0.80)
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2.3.5 Changes in Aggregate 1Q and Aggregate SIQ with Therapeutic
Hypothermia

There was no significant difference in the recovery of SIQ between the hypothermia
(0.66+0.04) and normothermia (0.64+0.04) groups (p>0.05), which is consistent with the
trend of 72-hr NDS. The aggregate IQ of the hypothermia group (0.65+0.04) was
significantly higher than the aggregate IQ of the normothermia group (0.56+0.04)
(p<0.05). (Fig. 2.5) Nevertheless, as shown in Fig. 2.6, the 1Q and SIQ values were
slightly greater, although no statistical differences, in hypothermic group compared to

normorthermic group over the 72 hours of the study.
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Figure 2. 5 Greater recovery of 1Q (mean+S.E.M) was found in rats under hypothermia
than those under normothermia. However, no significantly better recovery of SIQ
(meantS.E.M) was shown between hypothermia and normothermia groups, which is

consistent with the result of 72-hr NDS. *p<0.05, **p<0.01.
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Figure 2. 6 Comparison of IQ and SIQ between A, hypothermia group and B,
normothermia group at different time intervals: 1-1.5 hrs, 2-2.5 hrs, 3-3.5 hrs, 4-4.5 hrs,

5-5.5 hrs, 24 hrs, 48 hrs and 72 hrs.
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2.4 Discussion

In this study, the electrophysiological recovery in severely injured post-CA brains was
precisely tracked by entropy based-measures, 1Q and SIQ. Both are able to accurately
track the brain injury and recovery and predict the hypothermic effect on functional

outcomes in the early time period after resuscitation when rats were still unresponsive.

IQ was previously introduced to quantify EEG signals and was validated by calculating
the recovery of EEG entropy in both severe (79) and moderate injured brains (80) with
therapeutic hypothermia. However, 1Q only analyzes the gross EEG, and changes in each
EEG frequency band may relate to the recovery of different brain functions. To study the
cerebral changes in clinically important frequency bands, we developed a new
quantitative measure, SIQ, by averaging the IQs in 5 frequency sub-bands (81). We
previously found that a lower SIQ value is associated with greater injury and poor
neurological outcome after CA (81) . Here we applied both IQ and SIQ on the EEG of
post-severe CA rats. Both IQ-qEEG and SIQ-qEEG markers were proven to be accurate
predictors of 72-hr NDS and were notably higher in the good functional outcome group
(NDS > 60) compared with the bad functional group (NDS < 60) as early as 1 hr after

ROSC, while the animals still remain comatose.

Our previous study has shown that after moderate brain injury (7-min asphyxia-CA)
both 1Q (80) and SIQ (data not shown) accurately revealed the recovery of EEG and
predicted functional outcome. Due to the high mortality rate (overall 5/14) in these post-
resuscitation animals with severe brain injury, the current sample size has no power to
detect the statistical difference of 72-hr NDS between the animals treated with

hypothermia from the normothermia, despite the improved functional outcome from 15
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hrs to 72 hrs in the hypothermia group. A similar lack of significant difference was also
found in SIQ value. Interestingly, the aggregate IQ recovery after resuscitation was
higher in the hypothermia group than the normothermia group in severely brain injured 9-
min CA rats. When IQ was calculated, the coefficients of 6 decomposition were
aggregated together to measure the distribution of the coefficients in the gross EEG,
whereas the SIQ algorithm separately measured the entropy of coefficients in five
different sub-bands of clinical interest and then average the results of five sub-bands to
get the final SIQ value. In other words, the 6™ sub-band (approximately 61-122Hz) was
considered in IQ but not in SIQ. The frequency band of the 6™ sub-band is identified as
ripple, one of the HFOs (114, 115), which is highly associated with epileptogenesis (115,
116) and is linked to poor outcome after cardiac arrest (22, 52). The animals are more
likely to generate HFOs after severe injury, resulting in the difference of prediction value
between 1Q and SIQ indicators. In the current study, we didn’t employ continuous video
recordings or other measures to show evidence of epilepsy or seizure. Further
investigation is needed to investigate the sources of such HFO activity in post-CA severe

brain injury.

The main focus of our study is to develop electrophysiological markers of brain injury
and recovery with therapeutic hypothermia. Although the rewarming time is not our
primary focus, it has been widely accepted that a slow rewarming period is beneficial. Our
standard rewarming protocol was based on previous publications (117-119) such that a
slow rewarming rate of 1 degree per half hour was selected, which is slow enough to
preserve the benefit of hypothermia but more practical for manual temperature

management. In our preliminary studies, rats with good or fair recovery spontaneously
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rewarmed to normothermia in such a time frame. The designated rewarming speed was
chosen to avoid additional anesthesia to cool down the animal for a slower rewarming
speed. Though slower rewarming periods have been reported (120), Lu X et. al
demonstrated that 1°C/hr did not alter the beneficial effect of hypothermia (121) that was
shown at 0.5°C/hr. In our experiment, the actual rewarming rate of around 1.25°C/hr
(34 °C at the end of hypothermia and rewarm to 36.5 °C in approximately two hours) was
very close to 1°C/hr, which did not abolish the beneficial effect of therapeutic
hypothermia. It has been demonstrated that our methods of manual temperature
management with slow rewarming were efficient (77, 79-81, 122-124). However, the rat
size is much smaller than piglets, dogs or human beings (120). In our studies, the rats
usually rewarmed at the designated speed without additional manual cooling. In our rat
asphyxia CA model, it’s unclear whether a longer rewarming period would lead to a more
beneficial effect after therapeutic hypothermia. Further studies are needed to elucidate the

answer.

2.5 Conclusion

Our experiment demonstrated that HFO activities were particularly noticeable during
the recovery from severe brain injury. While SIQ provides detailed sub-band EEG
information related to the recovery of different brain functions, both early 1Q and SIQ
markers are able to accurately track recovery and predict the functional outcome from
severe brain injury after CA. Development of an accurate early predictor for the recovery
after ROSC from CA is the ultimate goal of neurologists and physicians. Our early qEEG

markers, 1Q and SIQ, are able to simplify the subjective and laborious interpretation of
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EEG, which may bring new benefits to bedside cerebral monitoring if translated into

clinical use.
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CHAPTER 3 Early Quantitative Gamma-
Band EEG Marker Predicts Outcomes after
Cardiac Arrest and Target Temperature

Management

3.1 Introduction

Cardiac arrest (CA) has a prevalence of approximately 424,000 cases annually in the
United States (125). However, only 10.4% of out-of-hospital and 22.7% of in-hospital
CA resulted in survival in 2014 (125) and surviving patients are susceptible to secondary
neurological injuries. Minor fluctuations in temperature can severely affect ischemic
cerebral pathological injury after CA (28). Therapeutic hypothermia and avoidance of
fever have been demonstrated to improve neurological outcome and survival (2, 126-

128).

Due to the limitations in detecting brain injury with standard clinical examination and
structural imaging in comatose CA survivors, electroencephalography (EEG) has
emerged as a widely used electrophysiological tool for prognostication (129, 130). EEG
measures the sum of synchronous activity of neuronal ensembles with similar spatial
orientation. Berger (131) first described alpha waves and demonstrated that EEG is
characterized by different rhythms. Subsequently, a number of studies were performed to

investigate the frequency content of EEG for clinical diagnostic applications. In clinical
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practice, the EEG frequency bands of interests are defined as gamma (>30 Hz), beta (16-
30 Hz), alpha (8-15 Hz), theta (4-8 Hz), and delta (below 4 Hz) (132). The neuronal
oscillatory activities in each band represent coordinated activity (132) related to brain
behavioral responses. The gamma-band, in particular, is associated with higher cortical
functions such as learning, memory, perception, and consciousness (133, 134). Therefore,
recovery of gamma-band activity is a pivotal target for post-CA research related to

neurological recovery.

Analysis of EEG is laborious and confounded by subjective interpretation and manual
pattern recognition. Quantitative EEG (QEEG) has shown promising results in studying
brain injury and recovery after CA (79, 80). Based on information theory, the qEEG
algorithm Information Quantity (IQ) was established in our previous studies (79) to
provide an objective measure of the impact of temperature on neurological recovery after
CA (80). However, IQ was only used to quantify changes in the gross EEG signal.
Because changes in each EEG frequency band may relate to recovery of different brain
functions, we developed the sub-band 1Q (SIQ) algorithm (81). In our previous study, we
quantified the information embedded in each EEG band by averaging the SIQ in 5
frequency sub-bands (referred to below as conventional SIQ) (81). We previously found
that a lower conventional SIQ is associated with greater injury and poor neurological

outcome after CA (81).

The recovery of SIQ in different EEG sub-bands after CA and the impact of
temperature have not been elucidated. Because gamma-band activity is increased with
higher cortical processes, we hypothesized that gamma-band SIQ would be strongly

associated with functional outcome after CA. Second, we hypothesized that hypothermia
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would be associated with better recovery of gamma-band SIQ compared to normothermia

and hyperthermia.

3.2 Materials and Methods

3.2.1 Animals

We evaluated the effect of hypothermia (33+1°C), normothermia (37+0.5°C), and
hyperthermia (39+0.5°C) in a rodent CA model. Twenty-four adult male Wistar rats
(300— 350 g, Charles River, Wilmington, MA) were randomly assigned to one of three
groups: hypothermia, normothermia, or hyperthermia (n=8 per group). All animals
underwent 7-min asphyxial CA and resuscitation followed by immediate temperature
management during recovery in accordance with their assigned group. All rats had the
free access to food and water, and were housed in a temperature-controlled environment
with regular light/dark cycles during the whole experiment. All procedures were approved

by The Johns Hopkins University Animal Care and Use Committee.

3.2.2 Cardiac Arrest and Temperature Management

The CA and resuscitation procedures were performed as previously described (77, 79,
80). Briefly, rats were intubated and ventilated with a pressure controlled ventilator. The
animals were anesthetized with 1.0% halothane in 50%N>/50%0; via the ventilator. The
femoral artery and vein were cannulated to obtain sample arterial blood gases (ABG),

continuously monitor blood pressure, and to deliver drugs. A 5-min EEG baseline
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measurement with halothane was recorded, followed by a 5-min washout period without
halothane to eliminate the effect of the anesthetic on the EEG recording (79). To induce
paralysis, vecuronium (2mg/kg) was administered during the final 2 minutes of the
washout period. Asphyxia was then induced by clamping the breathing circuit and
stopping mechanical ventilation for 7 mins, thereby causing CA (pulse pressure
<10mmHg). Cardiopulmonary resuscitation was performed with effective ventilation,

external chest compression, epinephrine, and NaHCO3, until return of spontaneous

circulation (ROSC, pulse pressure >60mmHg).

Approximately 1 week before experiments, a telemetry temperature sensor (G2 E-
mitter 870-0010-01, Mini Mitter, Sun River, OR) was implanted into the peritoneal cavity
to monitor the rat’s core temperature. Temperature management (hypothermia or
hyperthermia) was initiated immediately after ROSC and the target temperature was

maintained for 6 hrs.

The hypothermia group was cooled to reach a target temperature of 33°C in 15 mins.
Hypothermia was induced by a manual external cooling method using cold water and
alcohol mist. The core temperature was maintained between 32-34°C for 6 hrs, after
which the rewarming process began. The core temperature of the rat was gradually

increased from 33°C to 37°C over 2 hours by a heating lamp and a heating pad (79, 80).

The core temperature of the normothermia group was maintained at 36.5-37.5°C for 8
hrs after ROSC. All animals were kept inside a neonatal incubator (Isolette infant

incubator model C-86, Air-Shields, Hatboro, PA) for the first 24 hrs after ROSC to

maintain a constant temperature after resuscitation (80).
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The hyperthermia group was warmed to reach a target temperature of 39°C in 15 mins.
Hyperthermia was induced by a heating pad and automatic heating lamp (Thermalet TH-
5, model 6333, Physitemp Instruments, Clifton, NJ). The core temperature was
maintained between 38.5-39.5°C for 6 hrs, after which the animal underwent passive

cooling from 39°C to normothermia over the course of 2 hrs (80).

3.2.3 Sampling Method and SIQ-qEEG Analysis

Two-channel EEG signals were recorded via epidural screw electrodes at a sampling
rate of 250 Hz (79, 80) for the first 8 hrs after ROSC for all temperature groups. At 24-,
48-, and 72-hrs after ROSC, serial 30-min EEG recordings were carried out in all
animals. The noise in the signal was detected from WinDaq software (Dataq Instruments,
Akron, OH) and MATLAB (MathWorks, Natick, MA) (80). Signals containing artifact

were eliminated manually in the final analysis.

We computed the information content in each individual EEG frequency band using
our previously established SIQ algorithm (81). Briefly, a sliding window technique was
applied to the non-stationary EEG waveforms so that the waveform was divided into
temporal windows representing the interval of raw EEG signals. Then, a discrete wavelet
transform was used to separate the signal into sub-bands and compute the wavelet
coefficients in each sub-band window. The probability functions of the wavelet
coefficients were then separately estimated for each sub-band. The SIQ for each sub-band
was then calculated using the probability functions and the entropy formula. Lastly, the

SIQ values were averaged over all standard sub-bands of clinical interest, which was
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defined as “conventional SIQ”. To compare SIQ among different groups, the SIQ values
were normalized to their corresponding baseline values from the signal recorded before
the initiation of CA. We calculated the SIQs from CA, every 30-min interval of raw EEG

signals for the first 4 hrs, and then 24 hrs, 48 hrs and 72 hrs after ROSC.

3.2.4 Neurologic Evaluation

The neurological condition of each rat was evaluated by a Neurological Deficit Scale
(NDS) score with a range of 0-80 and higher numbers representing better function. The
score is based on a series of behavioral tests (79, 80). The NDS score of each animal was
calculated after the recovery period on the day of CA and repeated at 24 hrs, 48 hrs and
72 hrs after ROSC. 72-hr NDS was a primary functional outcome in our study. We
defined good functional outcome as rats with 72-hr NDS >60 and bad functional outcome

as rats with 72-hr NDS<60 (80).

3.2.5 Statistical Analysis

Statistical analyses were performed using a commercial statistical computer program
(IBM SPSS Statistics, version 22, Armonk, NY). The parametric values of experimental
groups were reported as mean+S.E.M. whereas nonparametric values were reported as
median (interquartile range). “Aggregate SIQ” and “aggregate NDS” were defined as the
SIQ values and NDS analyzed over the 72-hr study period, respectively. Univariate
analyses were performed to test for differences in SIQ values and 72-hr NDS outcomes

between temperature groups. Nonparametric analysis of variance was conducted to
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determine the differences in NDS. The good electrophysiological outcome in each sub-
band was predefined as a SIQ value greater than the mean SIQ in each temperature group
at different time intervals. Bivariate analyses using the Pearson correlation were used to
test for a correlation between 72-hr NDS and SIQ and the correlation between good or
bad outcome using the recovery of 72-hr NDS and SIQ as defined above. A receiver
operating characteristic (ROC) curve was used to identify the SIQ cutoff point with ideal
sensitivity and specificity for good functional outcome (72-hr NDS>60). A value of

p<0.05 was considered to be significant.

3.3 Results

3.3.1 Temperature Management and ABG Data

The core temperature was well controlled for all 24 rats. The three target temperatures
- hypothermia (33+1°C), normothermia (374+0.5°C), and hyperthermia (39+£0.5°C) -were
readily achieved and maintained as shown in Fig 3.1. There were no significant
differences between the three groups in ABG data, including pH, PO, PCO> bicarbonate,

and O; saturation (data not shown).
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Figure 3. 1 The core temperature (meantS.E.M.) was well controlled in all three
temperature groups — hypothermia (33+1°C, blue), normothermia (37+0.5°C, red) and

hyperthermia (39+0.5°C, green) — during the 6-hr temperature management period

(highlighted).

3.3.2 Aggregate SIQ was Associated with Post-CA Functional
Outcomes

We converted the raw EEG signal to SIQ values (Fig 3.2). There were significant
differences in aggregate SIQ values between the three temperature groups (p<0.05)
(Table 3.1). Better recovery of aggregate conventional SIQ was found in the hypothermia
group (0.80+0.02) compared with the normothermia group (0.69+0.02) (p<0.01) and in

the normothermia group compared with the hyperthermia group (0.66+0.02) (p<0.05). In
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the analysis of SIQ in each sub-band, the aggregate SIQ in the gamma-band showed the
same tendency as conventional SIQ. Higher aggregate SIQ values in the gamma-band
were found in the hypothermia group (0.60+0.03) compared with the normothermia
group (0.40+0.03) (p<0.01) and in the normothermia group compared with the
hyperthermia group (0.3440.03) (p<0.05). The recovery of conventional SIQ and gamma-
band SIQ were consistent with the aggregate NDS (median (25%, 75™)) such that the
hypothermia group had a higher aggregate NDS (74 (61, 74)) than the normothermia
group (49 (47, 61)) (p<0.01) and the normothermia group had a higher aggregate NDS

compared to the hyperthermia group (43 (0, 50)) (p<0.01).
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Figure 3. 2 Examples of sub-band information quantity (SIQ) plots from the good

outcome and bad outcome groups. From top to bottom, the plots represent conventional
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SIQ and SIQ of the sub-bands from lowest to highest frequency. Significant differences
between the good and bad outcome groups were shown in the gamma band, whereas

there were no differences in the delta band.

Table 3. 1 Aggregate SIQ (mean+S.E.M.) in temperature groups

Time after

Hypothermia Normothermia Hyperthermia
Conventional 0.80+0.02** 0.69+0.027 0.66+0.02%%
S1Q
Delta-band 1.060.02 1.08+0.03* 1.00+0.03¢
Theta-band 0.86+0.027%** 0.760.02 0.77+0.03%
Alpha-band 0.79+0.02%%* 0.66+0.03 0.66+0.03%
Beta-band 0.70+0.02%%* 0.56+0.03 0.53+0.03%
Gamma-band 0.60+0.03** 0.40+0.03" 0.34+0.03%

Hypothermia compared with normothermia, *p<0.05, **p<0.01
Normothermia compared with hyperthermia, p<0.05, ¥p<0.01

Hypothermia compared with hyperthermia, *p<0.05, $¥p<0.01
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3.3.3 Temporal Evolution of SIQ was Associated with Functional

Outcomes in the Three Temperature Groups

There were significant differences in conventional SIQ (Fig 3.3A) and sub-band SIQ
values except delta SIQ (Fig 3.3C) among the three temperature groups as early as 30
mins after ROSC (Table 3.2, p<0.05), with the most significant differences in gamma SIQ
(Fig 3.3B). Bivariate analyses showed no significant correlation between 72-hr NDS and
SIQ value in the delta-band. However, significant correlations were found between the
72-hr NDS and conventional SIQ values, and SIQ values in all other sub-bands (Table
3.3) at 30 mins, 1 hr, 1.5 hrs, 2 hrs, and 2.5 hrs after ROSC. It should be noted that a
significant correlation was found between 72-hr NDS and SIQ values at every time point
between 30 mins and 72 hrs using the conventional SIQ, except at 4 hrs. The gamma-
band SIQ showed a more robust significant correlation with 72-hr NDS at every time
point after ROSC (30 mins, 0.555, p<0.05; 1 hr, 0.599, p<0.01; 1.5 hrs, 0.520, p<0.05;

then ranging 0.649-0.788 for the remaining time points, all p<0.01) (Fig 3.4).
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Figure 3. 3 The sub-band SIQ values in the three temperature groups at different time
intervals. A, Conventional SIQ values of the hypothermia group were significantly higher
than the other temperature groups from 30 mins to 2.5 hrs after ROSC. B, There were

significant differences in gamma-band SIQ among the three groups at all time intervals
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(30 mins, 1 hr, 1.5 hrs, 2 hrs, 2.5 hrs, 3 hrs, 3.5 hrs, 48 hrs and 72 hrs). C, In the delta
sub-band, a significant difference in SIQ values between the normothermia and

hyperthermia groups was seen only at 4 hrs after ROSC. *p<0.05, **p<0.01.
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Figure 3. 4 Representative Pearson correlation (r value) plot between SIQ value and 72-hr
NDS. The gamma-band SIQ most consistently correlated with 72-hr NDS from 30 mins
until 72 hrs after ROSC among all sub-bands. As shown, the gamma-band SIQ at 3 hrs

after ROSC had good correlation with 72-hr NDS (r value: 0.782, p<0.01).
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Table 3. 2 SIQ values (mean+S.E.M.) of temperature groups at different time intervals

Time after ROSC 30 mins 1 hr 1.5 hrs 2 hrs 2.5 hrs 3 hrs
EEG Rhythm

Hypothermia 0.64:+0.03%* 0.80+0.03%* 0.81+0.03%* 0.83+0.03* 0.87+0.02 0.85+0.02
Conventional  Normothermia 0.46+0.05 0.57+0.04 0.62+0.04 0.69+0.05 0.77+0.05 0.79+0.04
SIQ Hyperthermia 0.52+0.04% 0.61+0.02%% 0.65+0.02%% 0.69+0.03% 0.7340.04%% 0.79+0.03
Hypothermia 1.04+0.04 1.12+0.06 1.16+0.05 1.12+0.04 1.08+0.06 1.08+0.07
Delta Normothermia 1.01+0.07 1.08+0.05 1.09+0.05 1.13+0.05 1.17+0.05 1.17+0.04
Hyperthermia 0.98+0.05 1.04+0.03 1.05+0.03 1.09:+0.04 1.10+0.03 1.10+0.04
Hypothermia 0.78+0.03** 0.91+0.02%* 0.92+0.02%* 0.94+0.02* 0.96:+0.02 0.93+0.03
Theta Normothermia 0.55+0.07 0.68+0.05 0.75+0.05 0.81+0.04 0.87+0.04 0.89+0.03
Hyperthermia 0.65+0.05 0.75+0.03%3 0.79+0.03% 0.84:+0.03% 0.87+0.03 0.93+0.03
Hypothermia 0.65+0.04%* 0.84+0.03%* 0.85+0.03%* 0.87+0.03%* 0.92+0.03* 0.86+0-04
Alpha Normothermia 0.39+0.06 0.54+0.05 0.62+0.05 0.70+0.05 0.78+0.05 0.79+0.04
Hyperthermia 0.49+0.05% 0.61+0.04%3 0.67+0.03%3 0.72+0.03%3 0.75+0.04%3 0.81+0.03
Hypothermia 0.47+0.04%* 0.67+0.04%* 0.68+0.04%* 0.73+0.05%* 0.80+0.03 0.77+0.04
Beta Normothermia 0.24+0.05 0.36+0.04 0.44+0.05 0.54+0.07 0.65+0.07 0.67+0.06
Hyperthermia 0.31+0.04" 0.4240.03%% 0.47+0.03%% 0.54+0.048 0.60+0.06" 0.69+0.05
Hypothermia 0.25:+0.04%%* 0.45+0.07%* 0.44+0.08** 0.51+0.07* 0.61+0.06* 0.62+0.03
Gamma Normothermia 0.12+0.02 0.19+0.02 0.22+0.04 0.29+0.06 0.38+0.07 0.43+0.10
Hyperthermia 0.15+0.028 0.2340.02%% 0.25+0.02¢ 0.27+0.03%% 0.31+0.05% 0.40+0.06"

Hypothermia compared with Normothermia, *p<0.05, **p<0.01

Normothermia compared with Hyperthermia, 'p<0.05, *p<0.01

Hypothermia compared with Hyperthermia, $p<0.05, ¥*p<0.01



Table 3. 2 (cont.)

Time after ROSC 3.5 hours 4 hours 24 hours 48 hours 72 hours

EEG Rhythm
Hypothermia 0.84+0.02 0.83 +0.02 0.97+0.03 0.97+0.03 0.98+0.05
Conventional Normothermia 0.80+0.04 0.81+0.04 0.90+0.04 0.91+0.03 0.86+0.05
SIQ Hyperthermia 0.74+0.06 0.74+0.07 0.86+0.07 0.84+0.07 0.87+0.09
Hypothermia 1.144+0.06 1.15+0.06 1.13+0.05 1.12+0.06 1.07+0.06
Delta Normothermia 1.19+0.05 1.19+0.04" 1.18+0.04 1.17+0.03 1.17+0.04
Hyperthermia 1.03+0.07 0.99+0.11 1.17+0.03 1.13+£0.04 1.10+0.09
Hypothermia 0.91+0.02 0.89+0.02 0.96+0.03 0.95+0.02 0.93+0.03
Theta Normothermia 0.89+0.03 0.89+0.03 0.90+0.03 0.94+0.02 0.87+0.03
Hyperthermia 0.87+0.07 0.87+0.09 0.934+0.05 0.914+0.06 0.90+0.09
Hypothermia 0.82+0.04 0.80+0.05 0.90+0.04 0.93+0.05 o.owwo.@q
Alpha Normothermia 0.79+0.03 0.79+0.03 0.85+0.04 0.87+0.03 0.78+0.04
Hyperthermia 0.75+0.06 0.75+0.07 0.85+0.07 0.83+0.07 0.79+0.11
Hypothermia 0.73+0.03 0.72+0.04 0.88+0.04 0.90+0.07 0.92+0.08
Beta Normothermia 0.69+0.05 0.70+0.04 0.81+0.04 0.80+0.04 0.74+0.05
Hyperthermia 0.660.06 0.66+0.07 0.75+0.09 0.75+0.07 0.77+0.09
Hypothermia 0.61+0.02 0.61+0.04 0.98+0.05 0.94+0.07 1.07£0.10
Gamma Normothermia 0.44+0.09 0.46+0.08 0.74+£0.10 0.77£0.08 0.77+0.12
Hyperthermia 0.39+0.06" 0.42+0.08 0.59+0.15% 0.59+0.16" 0.79+0.15

Hypothermia compared with Normothermia, *p<0.05, **p<0.01
Normothermia compared with Hyperthermia, "p<0.05, p<0.01

Hypothermia compared with Hyperthermia, $p<0.05, ¥*p<0.01



Table 3. 3 The correlation coefficient between SIQ values and 72-hr NDS scores

30 min 1 hr 1.5 hrs 2 hrs 2.5 hrs 3 hrs
Conventional SIQ 0.657** 0.750%* 0.686** 0.669** 0.640%* 0.646%*
Delta-band 0.196 0.154 0.294 0.007 -0.165 -0.187
Theta-band 0.648** 0.703#* 0.664** 0.608** 0.472% 0.295
Alpha-band 0.710%* 0.787%* 0.739%** 0.729%** 0.646** 0.501*
Beta-band 0.696** 0.772%* 0.699** 0.672%* 0.649** 0.601**
Gamma-band 0.555* 0.599** 0.520* 0.649** 0.712%* 0.782%*
*p<0.05, **p<0.01
Table 3. 3 (cont.)
3.5 hrs 4 hrs 24 hrs 48 hrs 72 hrs
Conventional SIQ 0.550%* 0.437 0.643%* 0.587** 0.656**
Delta-band -0.006 0.053 -0.049 -0.137 -0.139
Theta-band 0.116 -0.041 0.471%* 0.395 0.509*
Alpha-band 0.272 0.168 0.414 0.457* 0.589*
Beta-band 0.420 0.272 0.529* 0.504* 0.626%*
Gamma-band 0.788** 0.667** 0.788** 0.655%* 0.726%*

*p<0.05, **p<0.01
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3.3.4 Good Functional Outcomes were Associated with higher SIQ

Values

By comparing the aggregate SIQ value (Fig. 3.5A), animals with good functional
outcomes at 72 hrs had higher conventional SIQ values (0.80+0.02) compared to animals
with bad functional outcomes (0.65+0.02) (p<<0.01). Among the sub-bands, rats with
good functional outcomes had significantly higher SIQ values compared to those with
bad functional outcomes in the theta-band (0.86+0.02 versus 0.75+0.02, p<0.01), alpha-
band (0.78+0.02 versus 0.64+0.02, p<0.01), beta-band (0.69+0.02 versus 0.51%0.02,
p<0.01), and gamma-band (0.59+0.03 versus 0.32+0.02, p<0.01). However, there was no

significant difference in the SIQ values of the delta-band.

By comparing the temporal evolution of SIQ values (Table 3.4), significant differences
between animals with good and bad outcomes were seen in the high frequency bands
(beta and gamma) from 30 mins to 72 hrs after ROSC except in the beta-band at 4 hrs,
and in the intermediate frequency bands (theta and alpha) from 30 mins to 2.5 hrs after
ROSC, with the alpha rhythm also showing significant differences at 3 hrs, 48 hrs and 72
hrs. Gamma-band SIQ (Fig 3.5C) and conventional SIQ (Fig 3.5B) most consistently
discriminated between animals with good and bad functional outcomes at all time points
from 30 mins to 72 hrs after ROSC. Conversely, the delta-band poorly discriminated
between animals with good and bad outcomes at most time points after ROSC (except at

1.5 hrs) (Fig 3.5D).

To study the relation between good electrophysiological recovery (defined as SIQ

>mean SIQ) and good functional outcome (72-hr NDS>60), electrophysiological
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recovery was strongly correlated with good functional outcome starting from 30 mins
after ROSC (Table. 3.5). The conventional SIQ recovery showed significant correlation
with functional outcome at 1 hr, and 2 hrs to 72 hrs, with no significant correlation at 0.5
and 1.5 hrs. The gamma-band had the strongest correlation with functional outcome as
significant correlation coefficients were identified from 30 mins to 72 hrs, while the

delta-band had no correlation with functional outcome.

3.3.5 Predictive Value of SIQ-qEEG Values

Receiver operation characteristic (ROC) curves were used to identify the SIQ cut-
points at different intervals with optimal sensitivity and specificity for predicting good
functional outcome at 72 hrs. The optimal SIQ cut-points were defined by an area under
the ROC curve >0.8 and the highest specificity (100%) among all EEG sub-bands except
delta. As shown in Table 3.6, the cut-points with highest sensitivity of 0.909 appeared in
conventional SIQ at 1-hr and in the alpha-band at 1.5-hr post-ROSC. However, among
conventional SIQ and all sub-bands, the most consistently predictive cut-points (from 30
min throughout 4 hrs and then daily until 72-hr) occurred in the gamma-band (from
sensitivity of 0.273 at 30-min to 0.600 at 72-hr after ROSC). The most accurate gamma-
band cut-point was at 2 hrs after ROSC, where the SIQ >0.39 had sensitivity of 0.727 and

specificity of 100% for prediction of good functional outcome (Fig 3.6).
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Figure 3. 5 The comparison of SIQ-qEEG values (mean+ S.E.M.) between the good functional outcome group (72

-hr NDS>60) and

bad functional outcome group (NDS<60). A, Aggregate SIQ demonstrated significant differences, except in the delta-band, in

conventional SIQ (good/bad: 0.80+0.02/0.65+0.02, p<0.01), theta (0.86+0.02/0.75+0.02, p<0.01), alpha (0.78+0.020/0.64+0.019,
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p<0.01), beta (0.69+£0.021/0.51+0.019, p<0.01), and gamma (0.59+0.028/0.32+0.019, p<0.01). B and C, Significant differences in
conventional SIQ and gamma-band SIQ between the outcome groups were shown continuously from 30 mins to 72 hrs after ROSC.

D, The delta-band SIQ showed poor discrimination between the outcome groups at most time intervals. *p<0.05, **p<0.01.
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Figure 3. 6 Receiver operation characteristic (ROC) curves were used to identify the
optimal SIQ cut-points with area under the ROC curve >0.8 and highest specificity for
good outcome. The cut-point for gamma-band SIQ >0.39 at 2 hrs after ROSC had a

sensitivity of 0.727 and specificity of 1 with an area under ROC curve of 0.86 (shown).
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Table 3. 4 SIQ values (mean+S.E.M.) of functional outcome condition groups at different time intervals

Time after ROSC
30 mins 1 hour 1.5 hours 2 hours 2.5 hours 3 hours
EEG Rhythm
Conventional ~ Good  0.62+0.03** 0.76£0.03** 0.79+£0.03** 0.83+0.03** 0.87£0.02**  (0.87+0.02**
SIQ Bad 0.47+0.03 0.57+0.03 0.61+0.02 0.67+0.03 0.72+0.03 0.76+0.03
Delta Good 1.05+0.04 1.12+0.04 1.15+0.04* 1.13£0.03 1.10£0.05 1.10+0.05
Bad 0.97+0.05 1.04+0.03 1.05+0.03 1.10+0.03 1.13+0.03 1.14+0.03
Theta Good  0.76+0.03** 0.88+0.02** 0.91£0.02** 0.93+0.02** 0.96+0.01** 0.94+0.02
Bad 0.58+0.05 0.70+0.03 0.75+0.03 0.81+0.03 0.86+0.03 0.89+0.03
Alpha Good  0.63+0.04** 0.79+0.04** 0.82+0.03** 0.86+0.02** 0.90+0.02**  0.87+0.03*
Bad 0.42+0.05 0.55+0.04 0.62+0.03 0.68+0.03 0.74+0.03 0.77+0.03
Beta Good  0.44+0.04** 0.61+0.04** 0.65+0.04** 0.72+0.04** 0.79+0.03**  0.79+0.03*
Bad 0.26:+0.03 0.37+0.03 0.43£0.03 0.50+0.03 0.59+0.04 0.65+0.04
Gamma Good 0.22+0.03* 0.40+0.06** 0.41+0.06* 0.49+0.06** 0.59+0.06**  0.63+0.05**
Bad 0.13+0.02 0.20+0.02 0.22+0.02 0.24+0.02 0.30+0.03 0.35+0.05

Good Condition compared with Bad Condition, *p<0.05, **p<0.01
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Table 3.4 (cont.)

Time after ROSC
3.5 hours 4 hours 24 hours 48 hours 72 hours
EEG Rhythm
Conventional ~ Good 0.86+0.02* 0.85+0.02* 0.98+0.02* 0.98+0.02* 0.98+0.03*
SIQ Bad 0.74+0.04 0.74+0.04 0.85+0.04 0.85+0.04 0.82+0.05
Delta Good 1.15+0.05 1.15+0.05 1.15+0.04 1.14+0.04 1.10+0.05
Bad 1.10+0.05 1.09+0.07 1.17+0.03 1.15+0.03 1.13+0.05
Theta Good 0.92+0.02 0.91+0.02 0.96+0.02 0.96+0.02 0.94+0.02
Bad 0.86+0.04 0.86+0.05 0.89+0.03 0.90+0.03 0.86+0.05
Alpha Good 0.83+0.03 0.82+0.04 0.91+0.03 0.94+0.04* 0.91+0.05*
Bad 0.75+0.04 0.74+0.04 0.82+0.04 0.82+0.04 0.75+0.05
Beta Good 0.75+0.03* 0.74+0.03 0.89+0.03* 0.90+0.05* 0.90+0.05*
Bad 0.64+0.04 0.65+0.04 0.75+0.05 0.74+0.04 0.70+0.05
Gamma Good 0.62+0.03** 0.63+£0.04** 0.98+0.04** 0.95+0.05%* 1.06+0.07**
Bad 0.35+0.04 0.38+0.05 0.60+0.09 0.61+0.09 0.68+0.10

Good Condition compared with Bad Condition, *p<0.05, **p<0.01
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Table 3. 5 The correlation coefficient between good electrophysiological outcome and good functional outcome

30 mins 1 hr 1.5 hours 2 hours 2.5 hours 3 hours
Conventional SIQ 0.367 0.8327%# 0.330 0.585%* 0.608** 0.497*
Delta-band 0.194 0.251 0.084 -0.161 -0.161 -0.071
Theta-band 0.540%* 0.678** 0.324 0.678** 0.438* 0.251
Alpha-band 0.438* 0.678** 0.151 0.678** 0.753#* 0.497*
Beta-band 0.438* 0.749%** 0.151 0.585%* 0.608** 0.585%*
Gamma-band 0.497* 0.669** 0.486* 0.664** 0.749%** 0.678**
*p<0.05, **p<0.01
Table 3. 5 (cont.)
3.5 hours 4 hours 24 hours 48 hours 72 hours
Conventional SIQ 0.510%* 0.510* 0.678%* 0.678%* 0.489*
Delta-band 0.007 0.007 0.071 0.084 0.214
Theta-band 0.269 0.084 0.585%* 0.678%* 0.489*
Alpha-band 0.175 0.329 0.497* 0.497* 0.555%*
Beta-band 0.438* 0.418* 0.497* 0.497* 0.555%*
Gamma-band 0.678** 0.678** 0.678** 0.585%* 0.592%*

*p<0.05, **p<0.01
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Table 3. 6 SIQ cut-points (sensitivity) with highest specificity (100%) and area under ROC curve >0.8

30 mins 1 hr 1.5 hrs 2 hrs 2.5 hrs 3 hrs 3.5 hrs 4 hrs 24 hrs 48 hrs 72 hrs
Conventional 0.66 0.67 0.73 0.80 0.87 0.93 0.88 None 1.10 1.02 0.96
SIQ (0.273)  (0.909) (0.818) (0.727)  (0.545) (0.182) (0.364) (0.091) (0.364) (0.700)
Delta-band None None None None None None None None None None None
Theta-band 0.80 0.90 0.95 0.96 2.03 None None None None None None
(0.273)  (0.545) (0.273)  (0.455) (0)
Alpha-band 0.65 0.71 0.76 0.81 0.85 None None None None None None
(0.364) (0.818)  (0.909) (0.727)  (0.727)
Beta-band 0.47 0.52 0.58 0.70 0.86 0.94 None None None None 0.95
(0.455) (0.818)  (0.818) (0.545) (0.364) (0.182) (0.400)
Gamma-band 0.24 0.32 0.35 0.39 0.55 0.68 0.61 0.73 1.11 0.98 1.00
(0.273)  (0.636) (0.636) (0.727)  (0.545) (0.455) (0.545) (0.273) (0.182) (0.455) (0.600)

None: There were no cut-points with the area under ROC curve > 0.8
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3.4 Discussion

In this study, recovery of SIQ-qEEG signal was associated with better functional
outcomes after resuscitation from CA and targeted temperature management led to
sustained improvement of SIQ values soon after ROSC. The gamma-band had the
strongest and most consistent association with outcome and temperature management
compared to the other EEG sub-bands. Conversely, the delta-band represented a more
constant component of EEG signal and showed no consistent association with outcome or

temperature management.

IQ was introduced in our prior studies to quantify EEG signal as a means of
simplifying the interpretation of EEG and measuring recovery of EEG entropy (79). IQ
only evaluates the information of the gross EEG without sub-band information, however.
As shown in this experiment, EEG can be decomposed into different frequency sub-
bands: gamma (above 30 Hz), beta (16-30 Hz), alpha (8-15 Hz), theta (4-8 Hz), and delta
(below 4 Hz). The SIQ algorithm allows additional sub-band analysis to identify the most

relevant sub-bands of EEG during brain recovery after CA.

The high frequency EEG signal classified into beta, and gamma frequency sub-bands
are predominantly generated and synchronized by cortical mechanisms, whereas
subcortical structures are responsible for the generation and synchronization of low-
frequency delta-, theta- and alpha-band EEG (135). In our SIQ EEG analysis, the best
recovery was in the hypothermia group in all EEG frequency sub-bands. Therapeutic
hypothermia has been recommended as an effective treatment of brain injury after CA (3,
61, 125) and has been validated to improve neurological recovery and reduce ischemic

neuronal injury after CA (136-138), consistent with our results.
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The present study, for the first time, confirmed our hypothesis that the gamma-band
makes the greatest contribution to the prognostic value of SIQ after CA. Recovery of the
gamma-band SIQ was a robust, early, and consistent electrophysiological marker of
better functional recovery. The association between gamma-band SIQ and outcome was
stronger than conventional SIQ. This result was not surprising because gamma
frequencies are considered to be an indicator of engaged intracortical networks necessary
for recovery of higher order neurological processes (139). Gamma power increases with
sensory stimulus (140-142), cognitive processing (143), and lexical processing (144), for
example. In the cerebral cortex, gamma-band activity is increased during memory tasks,

learning (145), and other advanced functional behaviors (146-148).

Significantly higher gamma-band SIQ was found in the hypothermia group than in the
normothermia and hyperthermia groups. The most notable differences occurred within
the first 2 hrs after ROSC when the rats remained unresponsive and neurological deficits
may be obscured. Gamma-band SIQ was also strongly associated with 72-hr NDS as
early as 30 mins after ROSC and was significantly higher in the good functional outcome
group than the bad functional outcome group throughout the 72 hrs after ROSC. The
optimal cut-points were determined by constructing ROC curves for prediction of 72-hr
functional outcome. For gamma-band SIQ, a value >0.39 had exceptional sensitivity of
0.727 and specificity of 100% at 2-hr post-ROSC for prediction of good functional
outcome. Similarly accurate cut-points were also found at each time point from 1 hr to

3.5 hrs.

The mechanism of alterations of gamma-band activity after CA has not been fully

elucidated. Gamma frequencies are generated and synchronized by the interaction of two
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neurotransmitters: gamma-aminobutyric acid (GABA), an inhibitory neurotransmitter in
the mammalian nervous system, and glutamate (149, 150). Glutamate concentration is
increased in the ischemic brain (151, 152), which may result in reduction of cerebral
metabolism and energy consumption as a means of neuroprotection. This mechanism will

prioritize energy usage for active glutamate removal to prevent excitotoxicity (153).

Hyperthermia further increases the concentration of glutamate (154), leading to
excessive glutamate activity (155) and simultaneously decreases transmission of GABA
(156), amplifying glutamate excitotoxicity. This mechanism may decrease high frequency
EEG activity, resulting in the loss of the gamma-band in hyperthermic animals destined
for poor functional recovery. Conversely, hypothermia reduces glutamate-mediated
neuroexcitation and suppresses downstream secondary injuries induced by CA (3, 152,
157, 158). In this study, hypothermia mainly improved recovery of high frequency
rhythms, especially in the gamma-band, which was associated with better functional

outcome after CA.

We also evaluated the prognostic value of delta-band EEG and found that the delta
rhythm showed poor ability to predict neurologic outcome and was not as sensitive to the
temperature intervention as other sub-bands. During global ischemia, high frequency
EEG rhythms are quickly suppressed and lower frequencies predominate until EEG
signal is fully suppressed (159-161). After ROSC, there is early recovery of low
frequency EEG signal followed by higher frequencies (162). During coma, low frequency
EEG is produced by hyperpolarization of cortical neuronal membrane potentials with the
absence of spontaneous synaptic potentials (163). Our studies indicate that, after ROSC,

waves of low frequency bands gradually return prior to emergence from coma. Because
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the delta frequency band predominates during coma, recovery of delta-band SIQ had little
prognostic value. Therefore, the delta-band appears to be a constant component of EEG
signal. These results confirmed our earlier findings that delta frequencies made little
contribution to the prognostic value of conventional SIQ (81) or 1Q (79, 80) after CA

with post-resuscitation temperature management.

In the current study, we evaluated neurological outcomes with the NDS, which is
heavily weighted to basic motor functions and coordination rather than more complex
tasks. Because gamma-band EEG frequencies are produced during higher cognitive
processes, future studies will measure the association of gamma-band recovery with more
complex behaviors, such as learning and memory, after CA. These studies will help to
investigate the role of gamma activity in neurological recovery in CA survivors treated

with targeted temperature management.

3.5 Conclusion

This study demonstrated that temperature management had significant effects on
recovery of EEG activity in different sub-bands, especially in the gamma-band. The rate
of recovery of gamma-band SIQ was strongly associated with functional outcomes. This
association was detectable soon after ROSC and was consistent throughout the recovery
period. If translated into clinical practice, these experiments may bring new insights into
real-time bedside neuromonitoring and prognostication after CA. Because EEG can be
readily obtained from humans and is part of the standard clinical assessment of CA

survivors, the ultimate goal of the project is to develop an accurate bedside prognostic
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marker for neurological recovery based on gamma-band SIQ.
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CHAPTER 4 Effects of Transcranial Direct
Current Stimulation on Somatosensory

Evoked Potentials in Uninjured Rats

4.1 Introduction

The transcranial direct current stimulation (tDCS), an noninvasive, safe and painless
intervention with weak direct currents, is able to modulate and change cortical
excitability validated from animal (164) or clinical (165-167) experiments. Compared to
other transcranial stimulation techniques, such as transcranial magnetic stimulation (168)
or transcranial electrical stimulation (169), the advantages of tDCS, i.e. low-tech and
portable, make it one of the more commonly used methods in clinical practice (170).
Although the exact mechanism of tDCS on excitability has not been elucidated, the
application of tDCS was recommended as an therapeutic method for neurological and
psychiatric disorders resulted from abnormalities of excitability, such as depressive

illness, manic, chronic stroke and epilepsy (171-176).

tDCS has been regarded as a neuromodulatory technique to improve motor learning
and motor coordination (177, 178) by changing the polarity of the resting membrane
potential (179, 180) rather than directly inducing or inhibiting action potentials (181). It
has been shown that the effect of tDCS on the modulation of membrane polarization in the
human motor cortex depends on the current polarity. The after-effect of tDCS was

monitored by the amplitude of motor evoked potentials (MEPs), which was increased by
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anodal stimulation and decreased by cathodal stimulation in humans (165, 166, 178) and
in animals (182, 183). Current duration is another parameter that describes the after-effects
of tDCS. Longer stimulation duration resulted in increasing duration of after-effects for
both humans (165-167) and animals (164) under the same stimulus intensity. Also, the
potency of tDCS to induce the modulation of membrane potential was determined by the
current intensity. Previous studies indicated that the stronger effects on performance by
tDCS were achieved by larger current intensities (166, 184). However, the application of
tDCS not only affects MEPs but also induces long-lasting variations of visual evoked
potentials (VEPs) (185, 186). These studies reported conflicting findings, but it was found
that the polarization of tDCS on the visual cortex facilitated or diminished the after-

effects.

Some studies has found that tDCS has the ability of modifying the electrical activities in
somatosensory cortex detected by somatosensory evoked potential in healthy volunteers,
although their results are inconsistent (187, 188). Furthermore, Some pharmacological
studies showed that Dextromethorphan, an N-methyl-D-aspartate (NMDA) receptor
antagonist, was able to significantly diminish the effects of anodal and cathodal tDCS
(189, 190). Interestingly, flunarizine, a calcium channel blocker, was also shown to
decrease the changes in excitability of both anodal and cathodal tDCS (190). These
findings suggest that the alterations of cortical excitability by tDCS depend on NMDA
receptors, determined by glutamatergic synaptic plasticity, and calcium channels. Since
the most important pathological mechanism of central nervous system (CNS) disorders,
such as stroke or nervous system trauma, is related to glutamate excitotoxicity followed

by the increase of calcium influx, tDCS can be regarded as a potential neuroprotective
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method to preserve brain functions.

tDCS has been proved to induce the alteration of cortical excitability of the motor
cortex (165, 166). However, it has not been elucidated whether the effect of tDCS on
excitability observed in the motor cortex is also typical of other cortices. Some studies
demonstrated that the modulation of sensorimotor cortical excitability is useful to relieve
chronic pain or movement disorder (191). Furthermore, somatosensory pathway has been
commonly used to assess the functional integrity of thalamocortical pathway and been
one of the most robust and accurate neurophysiologic and prognostic parameters for brain
monitoring after CNS injuries in clinical condition (90). Therefore, a study of the
somatosensory cortical response, represented by SSEPs, to tDCS is necessary. Before
tDCS can be used over somatosensory cortex to treat neurologic disorders, there is a
strong need to study the effect of tDCS on healthy brains. Due to the effect of tDCS on
the modulation of membrane polarization depending on the current polarity monitored by
motor evoked potentials (165, 166, 178, 182, 183), we applied the anodal and cathodal
stimualtion on uninjuried rats’ somatosensory cortices, analyzed the peak-to-peak
amplitude and duration of N10/P15, and the latency of N10, equivalent to N20 in
humans, and compared these characteristics of SSEPs before and after stimulus to
evaluate the tDCS’ effects on the change of local cortex excitability. We hypothesized
that anodal tDCS would facilitate the somatosensory cortical activities, whereas cathodal

tDCS would have an opposite effect.
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4.2 Materials and Methods

4.2.1 Animals

We evaluated the effect of anodal and cathodal tDCS on SSEPs in an uninjured rat
model. A total of 12 adult female Wistar rats (300-350g, Charles River, Wilmington, MA)
were given anodal and cathodal stimulation separately. This experimental model of tDCS
was modified from the previous study of Liebetanz et.al in 2006 (183). All the
experimental procedures were approved by Johns Hopkins University Animal Care and

Use Committee.

4.2.2 Transcranial Direct Current Stimulation

Cathodal and anodal tDCS were applied by using a constant current stimulator (Model
2400, Keithley Instruments Inc., Cleveland, OH) to provide the continuous application of
low currents in the rats. To mimic the setup in the clinical studies on humans and study the
effect of tDCS on SSEPs, the current stimulations were transcranially applied on the
primary somatosensory cortex (S1) of the animals. A plastic tube, which held the
stimulation electrode, was positioned on the cranium over the right sensory cortex (1 mm
posterior to the bregma and 3 mm right to the midline). To establish a defined contact area
and a consistent position for stimulation, the tube was fixed by carboxylate dental cement
(Durelon Carboxylate Cement, 3M, ESPE, St. Paul, MN) one week prior to the first day of
recording SSEP after tDCS. Two adhesive electrodes were placed onto the ventral thorax
of the anaesthetized rat and served as counterelectrodes. To ensure good conductivity, the

tube was filled with saline solution (0.9% NaCl) for a contact area of 3.5 mm? on the skull.
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A plate electrode with a contact area of 4 cm? was placed as a reference electrode onto the
ventral thorax of the rat and the contact area was shaved followed by application of
electrode gel (Parker Laboratories, Inc., Fairfield, NJ) before stimulation. Cathodal and
anodal tDCS were applied by a constant current stimulator (Model 2400, Keithley
Instruments Inc., Cleveland, OH) at a low current intensity of 100pA for 30 mins. In all
experimental procedures, the animals were anesthetized by a tight-fitting facemask with
1.0% isoflurane in 50%N2/50%0> via an anesthesia vaporizer (Penlon Sigma Delta,
Penlon LTd., Abingdon, Oxon, UK). To prevent the interaction of cathodal and anodal
stimulation, the sequence of anode or cathodal tDCS was randomized alternated on every

other day.

4.2.3 SSEPs Recording and Stimulation

One week prior to stimulation under anesthesia with 2-3% isoflurane, the rats were
implanted with 5 epidural screw electrodes (Plastics One, Roanoke, VA) and the plastic
tube for tDCS to record the bipolar SSEPs from both cerebral hemispheres. Four
recording electrodes were placed over primary somatosensory cortices near regions
representing forelimbs (1 mm posterior and + 4 mm lateral to bregma) and hindlimbs (2
mm posterior and + 1.5 mm lateral to bregma), and a ground electrode over the right
frontal lobe, as previously described (90, 192). The depth of electrode implantation was
to light contact with dura matter rather than penetration into brain. Electrodes and wires,
the plastic tube and the exposed skull were fixed together by carboxylate dental cement
(Durelon Carboxylate Cement, 3M, ESPE, St. Paul, MN). The core temperature of the rats

was maintained at normothermia (36.5-37.5°C) by using a temperature monitoring
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system (Mon-a-Therm 6510, Mallinckrodt Medical Inc, St Louis, MO).

SSEP signals were recorded using Tucker Davis Technologies (TDT, Alachua, FL) data
acquisition systems and software. Median nerves were stimulated through the insertion of
two pairs of needle electrodes into the distal forelimbs with the application of direct
current stimulation - pulse duration of 200us, 6 mA, and frequency of 0.5 Hz. Signals
were sampled at a frequency of 6.1 kHz. For both anodal and cathodal stimulations,
baseline SSEP signals were recorded for 15 min under 1.5% isoflurane, followed by tDCS.
Continuous SSEP recordings 30-minutes in duration were taken immediately after the

stimulation.

4.2.4 SSEPs Signal Analysis

The forelimbs of the rats were stimulated at a frequency of 0.5 Hz alternatively, and
SSEPs were recorded over the somatosensory cortex contralateral to the median-nerve
stimulation. The short-latency SSEPs between 5 ms and 20 ms were used for processing.
Signals were analyzed using an automated peak detection algorithm to determine the
initial significant negative potential related to N10 (negative potential at the latency of 10
ms), equivalent to N20 in humans (90) and the significant positive potential related to P15
(positive potential at the latency of 15 ms). The peak-to-peak amplitudes were calculated
as the difference between N10 and P15 after stimulation. Latencies were determined as the
appearance of N10 with reference to stimulus time, and duration was measured as the
period between N10 and P15. During the final analysis, signals containing artifact were

eliminated manually and normalized to the corresponding baseline signal recorded prior to
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the tDCS. Aggregate SSEPs analyzed the whole 30-min recording period (900 sweeps). To
investigate the temporal evolution of SSEPs, every 300 sweeps (10-min time window)
were averaged together, defining the time intervals as 10 mins, 20 mins and 30 mins, to

determine the peak-to-peak amplitude, latency and duration of SSEPs.

4.2.5 Statistical Analysis

All the statistical analyses were performed using IBM SPSS Statistics 22 software
(IBM, Armonk, NY). All data in this study were parametric data reported as mean +
S.E.M. Independent-samples t-tests were used to test the changes of aggregate SSEPs and
univariate analyses using ANOVA with repeated measures were applied to test the
temporal evolution of SSEPs after tDCS. A value of p<0.05 was regarded to be

statistically significant.

4.3 Results

Twelve rats were included in the experiment and each of them were given both
cathodal and anodal stimulus. The primary measures of the SSEP signal after tDCS were
peak-to-peak amplitude (N10/P15), latency and duration, normalized with respect to the
baseline SSEPs. There were no significant differences appearing in the baseline of these

three measures between cathodal and anodal groups (Fig. 4.1).
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Figure 4. 1 The baseline amplitude, latency and duration of SSEPs (mean+S.E.M) before

cathodal and anodal tDCS. There were no significant differences found in all three

parameters, demonstrating no interaction of cathodal and anodal tDCS.



4.3.1 Aggregate SSEPs Post-tDCS

The differences in aggregate SSEPs were significance after anodal stimulus on the
right cortex. Higher peak-to-peak amplitude of the SSEPs was found after stimulus
(1.16+0.07, p=0.033) compared with the baseline (Fig. 4.2A). However, no significant
changes were found in the latencies (1.00+0.01, p=0.928) and durations (0.92+0.06,

p=0.206).

Yet, anodal stimulation on the left cortex did not cause significant changes. The
amplitudes (1.23+0.12, p=0.82) did not show any significant difference after stimulus
compared to baseline (Fig. 4.2B). Similarly, there were no significant differences in
latencies (0.99+0.01, p=0.413) and durations (1.02+0.12, p=0.886) after anodal

stimulation compared to baseline.

After comparing the aggregate SSEPs over 30 mins after cathodal stimulus and
baseline, the peak-to-peak amplitude (Right cortex: 1.18+0.150, p=0.263; Left cortex:
1.17+0.181, p=0.369), latency (Right: 1.00+0.011, p=0.928; Left: 0.99+0.012, p=0.413)
and duration (Right: 0.93+0.075, p=0.366; Left: 1.02+0.121 ms, p=0.885) were similar

without statistical significance on both sides of the cortex.
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Figure 4. 2 The changes in peak-to-peak amplitudes from right cortex and left cortex after
anodal tDCS. A, Significantly higher amplitude was found in right cortex (1.16+0.07,
p=0.033) compared to baseline. B, There were no significant changes found in left cortex.

#p<0.05, **p<0.01.
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4.3.2 Temporal Evolution of SSEPs Post-tDCS

After anodal stimulation, on the right cortex, the amplitudes at 10 mins (0.99+0.02,
p=0.399) and baseline were similar, but increased at 20 mins (1.13+0.03, p=0.004) and
slightly increased to 1.20+0.08 at 30 mins (p=0.250) (Fig. 4.3A). The amplitudes at both
20 mins and 30 mins were significantly higher than the baseline (p=0.02, p=0.25,
respectively). Nevertheless, there were no significant temporal changes in latencies and

durations (Table 4.1).

The results of anodal tDCS to the left cortex were similar to the right cortex. The
amplitudes slightly increased with respect to baseline after anodal stimulation at 10 mins
to 1.2240.16 (p=0.208) and then increased to 1.33+0.15 (p=0.178) at 20 mins, and finally
notably increased to 1.55+0.22 (p=0.028) at 30 mins (Fig. 4.3B). There were remarkable
differences in the amplitude at 20 mins and 30 mins compared to baseline (p=0.041,
p=0.026, respectively). No significant effect was seen by anodal stimulation on latencies

and durations (Table 4.1).

We could not find significant temporal changes in peak-to-peak amplitudes and
durations (Table 4.2) after cathodal stimulation for both sides, at any time point.
However, notable changes were found in latencies at 20 mins on both sides of the cortex.
For the right side, no significance of SSEP N10 latency was found in the first 10 mins,
but remarkably declined to 0.97+0.04 (p=0.020) at 20 mins and then slightly went down
at 30 mins (0.96+0.041, p=0.339). The changes in latencies on the left side shared the
same tendency as those on the right side. No significance was found on the left side
initially, but latency sharply reduced to 0.99+0.01 at 20 mins (p=0.004) and remained

stable until 30 mins (0.99+0.01, p=0.338).
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Figure 4. 3 After anodal stimulation, significant temporal evolutions were shown on both
sides of cortex. A, From the right cortex, the amplitudes at 10 mins (0.99+0.02, p=0.399)
and baseline were similar, but increased at 20 mins (1.13+0.03, p=0.004) and slightly
increased to 1.2040.08 at 30 mins (p=0.250). B, From the left cortex, the amplitudes
slightly increased with respect to baseline after anodal stimulation at 10 mins to
1.224+0.16 (p=0.208) and then increased to 1.33+0.15 (p=0.178) at 20 mins and notably

increased to 1.55+£0.22 (p=0.028) at 30 mins.
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Table 4. 1 The temporal changes (Mean+S.E.M) in latencies and durations after anodal tDCS

Time (mins) 10 min 20 min 30 min
Paramete Left Right Left Right Left Right
Latency 1.00+0.002 0.97+0.035 0.99+0.004 0.97+0.036 1.00+0.009 0.97+0.035
Duration 0.98+0.018 1.01£0.037 1.00+0.027 0.98+0.055 0.93+0.084 0.88+0.063
Table 4. 2 The temporal changes (Mean+S.E.M) in amplitudes and durations after anodal tDCS
Time (mins) 10 min 20 min 30 min
Paramete Left Right Left Right Left Right
Amplitude 0.99+0.026 0.93+0.054 1.08+0.082 1.03+0.075 1.22+0.147 1.11£0.116
Duration 1.02+0.016 1.00+0.010 0.98+0.038 0.97+0.038 1.03+0.120 0.93+0.066
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4.4 Discussion

In order to clarify the effect of tDCS to the somatosensory cortex, we quantified and
evaluated three parameters of SSEPs: N10/P15 peak-to-peak amplitude and duration, and
latency of N10, to indicate the polarity-dependent effects of tDCS on excitability of the
afferent somatosensory pathway in uninjured rats. Our results showed that 30-min 100pA
anodal tDCS to the somatosensory cortex resulted in a long-lasting significant increase in
amplitude evoked by contralateral median-nerve stimulus, whereas no effects were found
after cathodal tDCS. No comparable effects of tDCS on latency or duration on both sides
of the cortex were seen, except for the significant reduction in latency at 20 mins after

cathodal stimulus.

Previously, the effect of tDCS on the shifts of somatosensory cortical excitability has
been studied. However, these previous experiments reported contradictory conclusions
(187, 188). Matsunaga et al indicated that anodal tDCS applied on the motor cortex
amplified the amplitude of N30 SSEP components whereas cathodal tDCS had no effect.
Conversely, a notable decrease was shown in the N20 amplitude after cathodal tDCS on
the somatosensory cortex, while no significant change was shown in N20 and N30

activity after anodal stimulation in the study by Dieckhofer A et al.

Our animal experiment suggests that anodal stimulation could elevate somatosensory
cortical excitability, similar to the enhancing effect of anodal tDCS to the human motor
cortex (165, 166), demonstrating the possibility of measuring and quantifying the SSEP
signals instead of MEPs to investigate the excitability modulation by tDCS. MEPs could
be severely affected by external factors such as anesthetics (193), which may lead to

more artificial noise in signals and impact the accuracy of the results of the analysis in
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behavior or locomotion studies. Rather, SSEPs were stable and consistent throughout our
present study, as was shown by the lack of significant differences in amplitudes, latencies

and durations between the baseline and cathodal and anodal stimulation.

Although the exact mechanism of tDCS on the change of excitability has not been fully
understood, many studies indicated that anodal stimulation depolarizes the resting
potential of many perpendicular-oriented neurons directly under the point of stimulus,
inducing a long-lasting elevation of the cortical activity and excitability after the end of
stimulation (164, 180, 194). In our analysis of SSEPs, the growth in N10/P15 peak-to-
peak amplitudes lasted for 30 mins after the 30-min anodal stimulation. These long-
lasting effects depend on protein synthesis (195) with the change in levels of cAMP (196)
and calcium (197), and result in the alternations in synaptic transmission (188). These
findings confirmed by subsequent pharmacological studies that the polarity-dependent
alteration of resting membrane potential, resulted from long-time tDCS, leads to the
changes in synaptic strength via modulating NMDA receptor activity (189). One
interesting phenomena that occurred after anodal stimulation was a lack of significant
increases in the first 10-min amplitude on both sides of the cortex, followed by a notable
increase at 20 mins and 30 mins. This may be due to the 10-min reaction period being too
short in time for neurotransmitters to be released, bind to and activate the receptors, the

efficacy of which being elevated by anodal tDCS.

It was unexpected that the anodal stimulation would elevate excitability but the
cathodal stimulation could not induce the diminution on SSEPs. Previous studies
demonstrated that cathodal stimulation had opposite effects to anodal stimulation,

inducing the moderation of motor cortical activity (166, 182, 183). Nevertheless, other
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experiments showed that the change of excitability was only sensitive to one-polarity
tDCS in the motor system (198), visual system (199) and even somatosensory system
(170, 187, 188), corresponding to our experimental results. Another interesting result was
the small and insignificant increase of latencies after cathodal stimulation. This
phenomena may be explained by the cathodal stimulation being unable to counteract the
excitation induced by median-nerve stimulus. The activation caused by anodal
stimulation, however, might be amplified after median-nerve stimulus to the
somatosensory cortex. This might lead to the significant “positive” after-effects after
anodal stimulation but the absence of “negative” effects by cathodal stimulation. The
final reason for the different results from previous studies might be due to the current
density we applied on the rat’s cortex. The animal’s cortex was stimulated with the
current density of 2.86, approximately half of the density used by other groups (182,
183), but much higher than the clinical standard range of 0.028-0.057 mA/cm? (165, 200).
The differences in current density might cause a different current propagation over the

cortex.

The high current density of tDCS, outside of the clinical range, applied in our
experiment is the potential limitation of this study, though it is in the safety range for rats
(183, 201). No muscular twitching or epileptic-like activity was found during or after
tDCS, also suggesting the safety level of the stimulation on the somatosensory cortex.
However, further animal studies are required to mimic clinical practices to maintain the

post-tDCS effect without any functional damage to the brain.
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4.5 Conclusion

In conclusion, this study demonstrated that the anodal transcranial direct current
stimulation could significantly enhance the N10/P15 peak-to-peak amplitude of SSEPs
safely. This elevation was detectable throughout the whole 30-min post stimulation,
whereas no effects could be found after cathodal tDCS. Our results further proved that
transcranial direct current stimulation is a reliable noninvasive technique to modulate the
excitability of somatosensory cortex as shown for the motor cortex. With the large
number of neurologic disorders caused by abnormal excitability in cerebral activity, these
effects of tDCS on somatosensory cortex might bring a new insight into clinical use.
Also, the feasibility of tDCS in rats on SSEPs suggests that this technique can be used to
explore more potential therapeutic methods in many pre-clinical studies on animal
models of neurological and neuropsychiatric diseases associated with cortical

polarization.
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CHAPTER 5 Summary and Future

Directions

5.1 Summary

This thesis work mainly investigated and evaluated the accuracy of two quantitative
EEG markers (qEEG), information quantitative (IQ) and sub-band information
quantitative (SIQ) in predicting neurologic recovery from severe hypoxic-ischemic injury
with therapeutic hypothermia, studied the alternations of each EEG sub-band in moderate
brain injury and their associations with neurologic outcome in moderately injured brains
with temperature management, and quantified and assessed the ability of somatosensory
evoked potentials (SSEPs) on detecting the after-effects of transcranial direct current

stimulation (tDCS) on somatosensory cortex.
In summary, this work:

e Reviewed current clinical standards, therapeutic methods for post-CA brain injury,
neurophysiologic and physiological methods for predicting neurologic outcome.

e Applied IQ and SIQ to evaluate the benefits of therapeutic hypothermia on severe
brain injury and assess their accuracy of predicting neurologic outcome. We found
that both quantitative markers were able to provide early accurate predictions, but
SIQ was able to offer additional sub-band EEG information related to the
recovery of different brain functions. High-frequency oscillations were

particularly remarkable during the recovery from severe brain injury.
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e Employed SIQ to investigate the changes in different standard clinical EEG sub-
band after moderate brain injury and recovery with temperature management.

e Characterized the association between gamma-band SIQ and temperature
manipulation after cardiac arrest. For the first time we showed that recovery of
gamma-band SIQ-qEEG marker was strongly associated with functional
outcomes after CA. Induced hypothermia was associated with faster recovery of
gamma-band SIQ and improved functional outcomes.

e Explored the post-CA changes in delta-band with targeted temperature
manipulation. The delta-band represented a more constant component of EEG
signals and showed no consistent correlation with outcome or temperature
management.

e Investigated the ability of somatosensory evoked potentials (SSEPs) to evaluate
the effect of transcranial direct current stimulation (tDCS) on the somatosensory
system. We found that anodal tDCS was able to enhance N10/P15 peak-to-peak
amplitude of SSEPs, consistent with the findings obtained from motor evoked
potentials (MEPs). Thus, we concluded that tDCS could modulate the excitability
not only on motor cortex but on somatosensory cortex, which could be detected

by SSEPs.

5.2 Future Directions

Current findings and methods in this work laid a foundation for the future studies

including:
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Study of the effect of mild hypothermia (34-36 °C) on EEG by using IQ or SIQ.
Exploration and validation of the cut-off points obtained from IQ or SIQ on post-
CA patients to help in translating these two methods into clinical practices.
Application of the cut-off points to guide the duration and intensity of induced
hypothermia.

Development of an optimal multimodal algorithm including IQ-qEEG, SIQ-qEEG
markers and neuroimaging.

Investigation the effect of tDCS on post-CA somatosensory cortex.
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