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2 1. General introduction

Each year, around 8000 people in the Netherlands are successfully resuscitated after
a cardiac arrest’. Despite the return of spontaneous circulation, 64-74% remain co-
matose upon arrival at the hospital as a result of diffuse postanoxic encephalopathy 22,
making cardiac arrest one the most common causes of coma at the intensive care unit*.
About half of these patients regain consciousness and independence in activities of
daily living within six months®®. In the other half, severe anoxic brain damage pre-
cludes recovery of consciousness. Most of these patients die, making postanoxic en-
cephalopathy one of the most prevalent causes of death in the hospital.

Treatment options for comatose survivors of a cardiac arrest are limited. Cooling the
brain is the only general therapy of presumed benefit, but the gain of this treatment
has become unclear since the recent targeted temperature management (TTM) trial ®7.
Its presumed mechanisms of action include influences on metabolic pathways, inflam-
mation, and apoptosis®. Various neuroprotective drugs have been proposed, includ-
ing corticosteroids, calcium entry blockers, and barbiturates, but none of them proved
to be successful in improving outcome®. The value of treatment of electrographic or
clinical signs of epilepsy, aimed at prevention of secondary neuronal damage, remains
unclear’,

1.1 Mechanisms of postanoxic brain injury

The brain is extremely vulnerable to a depletion in blood supply. Despite comprising
only 2% of the body’s weight, itis responsible for approximately 20% of the total energy
consumption''. The brain requires a constant supply of glucose and oxygen via the
blood stream. Glucose is the major fuel for the nervous system, since fatty acids can-
not pass the blood brain barrier. Neurons have no ability to store glucose, and glycogen
storage in astrocytes is sufficient to sustain normal brain activity for only seconds'.
Levels of glucose, oxygen, and ATP fall immediately during cerebral ischemia, and are
nearly completely depleted within 10-12 minutes '3. After 15 minutes without circula-
tion, up to 95% of the brain tissue is damaged irreversibly '*.

Severe or complete interruption of energy supply to neurons is quickly followed by a
failure of sodium potassium pumps and an excessive release of glutamate into the ex-
tracellular space. This induces anoxic depolarization, with important changes in the
intra- and extracellular ion concentrations '>. Osmosis caused by the ion shifts induces
cell swelling, mechanical damage, and necrosis. Massive influx of calcium activates
processes that eventually lead to apoptosis. The increased metabolic demand for re-
covery induces the generation of reactive oxygen species '®. All these factors contribute
to the probability of neural cell death.

In mild to moderate brain ischemia, only synaptic transmission may be affected.
Approximately 44% of the brain’s energy consumption is spent on synaptic transmis-
sion'”,2012), which is one of the first processes to fail in case of hypoxia orischemia '8
The exacts mechanisms remain unclear, but the available evidence indicates that
the initial event is a failure of presynaptic transmitter release '®%°. Although synaptic
failure is initially reversible, isolated synaptic failure may become irreversible?'2?,
associated with persistent failure of presynaptic transmitter release?®2*, Anoxic
long term potentiation of N-methyl-D-aspartate (NMDA)-receptor gated currents



1.2. Outcome prediction of patients after cardiac arrest 3

contributes to exitotoxicity and secondary cell death?®,

1.2 Outcome prediction of patients after cardiac arrest

Early identification of patients without potential for recovery of brain function may pre-
vent inappropriate continuation of medical treatment. Since decisions on treatment
withdrawal are irreversible, highly specific tests for the prediction of poor outcome are
warranted. Research on these predictors of outcome is vulnerable for the risk of a self-
fulfilling prophecy?®. This is the bias occurring when the treating physicians are not
blinded to the results of the outcome predictor and use it to make a decision to with-
draw life-sustaining treatment.

The introduction of TTM has further complicated outcome predictions of comatose pa-
tients after cardiac arrest. Hypothermia and the associated sedatives and muscle re-
laxants interfere with neurological examination, even after the interruption of sedative
drugs, since hypothermia reduces drug clearance?’.

Most research on outcome prediction after cardiac arrest has focused on prediction of
poor outcome. Arecent meta-analysis identified bilaterally absent SSEP responses ora
combination of absent pupillary light and corneal reflexes plus an < M2 motor response
after rewarming as reliable predictors 2.

For serum biomarkers NSE and S-100B, no consistent threshold for a zero false posi-
tive rate could be identified. Myoclonus and status epilepticus were not without false
positive predictions, although they both had a strong correlation with poor neurologi-
cal outcome?8. A few studies using imaging techniques, including computer tomogra-
phy and magnetic resonance imaging (MRI), show promising results®. However, pa-
tient numbers were small and confidence intervals wide. The qualitative nature of
these techniques makes them prone to interrater variability. Additionally, measure-
ment times are relatively long and the lack of bedside availability limits the use of these
techniques in patients on the intensive care unit2®.

1.3 The value of continuous EEG in outcome prediction

EEG predominantly measures synaptic activity in the cerebral cortex. More specifically,
it measures potentials induced by postsynaptic currents on pyramidal cells, which are
aligned perpendicular to the skull®. Since synaptic transmission is one of the earliest
events to fail in cerebral anoxia'®, and because the cerebral cortex locates most func-
tions that are essential for recovery, EEG is a sensitive tool to monitor the effects of
anoxia on the brain. Additional advantages of EEG are its availability at the bedside,
its high temporal resolution, and low costs in comparison to other techniques, such as
MRI.

The postanoxic EEG evolves as a function of time, on a time scale of many hours=*°. The
EEG in first 24 hours after cardiac arrest has been shown to contain most relevant infor-
mation for the discrimination between patients with good and poor recovery, despite
TTM and sedation>3'*2, Thisinformation can only be captured by appreciating the EEG
in relation to time since cardiac arrest.



4 1. General introduction

Consistently among studies that use early EEG, continuous, normal amplitude
patterns, without epileptiform activity at 12 h after cardiac arrest predict a good
outcome 733, Burst-suppression with identical bursts and persisting isoelectric or
low voltage EEG patterns (<20 pV) at 24 h after cardiac arrest are reliable predictors of
poor outcome >34,

Predictive values of early EEG for outcome of postanoxic coma can be further im-
proved. Categories of EEG patterns used up to now were heterogeneous, suggesting
that a refinement could improve discrimination between good and poor recovery.
Since postanoxic EEG patterns typically evolve over time, a closer look at their evolu-
tion and repeated evaluation could be of additional value above evaluation at a single
time point. Furthermore, the use of standardized terminology is needed %",

1.4 Computer-assisted analysis of the postanoxic EEG

The introduction of digital EEG has made interpretation of the EEG more flexible and
allows for complex signal processing tasks*8. The general availability of devices with
large data storage capacity has facilitated long time recordings.

Quantitative EEG can be helpfulin the assessment of continuous EEG recordings in the
ICU. Visual interpretation requires extensive training, is time-consuming, and suffers
from interrater variability ***°, Otherwise, quantitative analyses are objective, fast, and
allow for EEG interpretation by non-experts. Furthermore, quantitative analyses hold
the potential to extract more relevant information from the complex EEG signal than
visual analysis alone. Various quantitative EEG features have been proposed, includ-
ing measures for amplitude, continuity, spectral contents, information content, and
entropy*'. The best results for the prediction of outcome after cardiac arrest were
achieved by combining features into a single index *%.

Quantitative measures for EEG background continuity seem to discriminate best be-
tween comatose patients after cardiac arrest with good and poor outcome **344, How-
ever, up to now, these have only been applied to small case series. Features that cap-
ture characteristics of burst suppression or epileptiform patterns are promising but
lacking.

1.5 Influence of sedation on reliability of EEG interpretation
Previous work shows that differences of EEG patterns between patients with good and
poor outcome are largest within the first 24 hours after cardiac arrest®*'*2, Conse-
quently, discrimination is optimal within the first 24h, which coincides with the period
of TTM and sedation. Apparently, effects of cerebral ischemia are larger than those of
hypothermia and sedation, and predictive values are high, despite treatment.

Effects of hypothermia and sedation on the EEG are well known, and do not include the
typical pathological patterns observed after cardiac arrest. Mild therapeutic hypother-
mia at 33 °Cinduces frequency shifts *°, but the EEG background continuity is preserved
with temperatures of 25 °C and above*®. Propofol, one of the most commonly used
sedative agents in the ICU, can induce burst-suppression or even flattening of the EEG
in high doses*’. However, in the typical doses of 1-3 mg/kg/h used in the ICU, the EEG
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remains continuous, with anteriorization of the alpha rhythm*®, Still, many potential
users distrust EEG activity for outcome predictions during these treatments. A quan-
tification of medication effects in postanoxic comais lacking.

1.6 Modeling dynamics underlying postanoxic EEG patterns

Although some microscopic effects of hypoxia and ischemia on the brain are well-
known*?, their relation with EEG patterns remains unclear. Understanding of the
pathophysiology of evolving EEG rhythms after cardiac arrest could support associa-
tions between EEG patterns and outcome predictions, and provide opportunities for
identification of individualized treatment targets.

Computational models on various scales have been proven useful to improve the un-
derstanding of cortical dynamics and the associated macroscopic EEG rhythms*°. For
example, a neural mean field model revealed selective synaptic failure as potential
mechanism for GPDs in postanoxic encephalopathy®'~2. In neural mean field mod-
els, individual cell properties and their interactions are replaced by continuous func-
tions that depend on spatial averaging to a certain dergree®’. This seems reasonable,
since a single EEG electrode records currents of well over a 100,000 neurons >3, Mean
field models hold potential to identity mechanisms underlying EEG patterns specific
for postanoxic encephalopathy that have remained unexplained, so far.

1.7 Treatment of electrographic status epilepticus

In 10-35% of comatose patients after cardiac arrest EEG patterns are observed that
could be classified as ‘electrographic status epilepticus’®*™%¢. It remains unclear
whether this represents a condition to be treated with anti-epileptic drugs to improve
outcome, or a sign of severe encephalopathy in which treatment is futile. Evidence for
treatment is limited to small, uncontrolled case series, and suggests lack of a relevant
effect of treatment '%%7,

Despite the lack of evidence, most neurologists treat status epilepticus in comatose
patients after cardiac arrest with anti-epileptic drugs. Treatment is mostly moderate.
Only one third treat these patients equal to those with clinically overt status epilepti-
cus >89, A prospective, randomized clinical trial on the value of intensive anti-epileptic
treatment according to status epilepticus guidelines is warranted.

1.8 Objectives

The overall objective of the research described in this dissertation is to validate and im-
prove the value of early continuous EEG monitoring for outcome prediction and treat-
ment of comatose patients after a cardiac arrest. Specific objectives are

1. To validate the use of early EEG for the prediction of good and poor outcomes of
comatose patients after cardiac arrest.

2. Toimprove the prognostic value of early EEG by a refinement of categories, stan-
dardization of terminology, and determination of optimal timing and duration.
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3. To develop quantitative EEG measures that help to identify patients with a
chance of recovery.

4. To quantify the effect of propofol on the postanoxic EEG, and its consequence for
the reliability of outcome predictions.

5. To improve the understanding of synaptic mechanisms that underlie character-
istic EEG patterns in postanoxic brain injury.

6. To estimate the effect of treatment of electrographic status epilepticus on the
outcome of comatose patients after cardiac arrest in a randomized controlled
trial.

1.9 Outline of this dissertation

In chapter 2, we present a prospective cohort study, conducted on ICUs of five hospi-
tals, on the value of visually assessed EEG at various time points within the first five
days after cardiac arrest for prediction of poor or good outcome of comatose patients
after cardiac arrest. Chapter 3 describes a quantitative study which investigates the
prognostic value of background continuity and amplitude fluctuations. In Chapter 4,
we use quantitative EEG to identity patients with possible recovery in the subgroup
with epileptiform EEG patterns. In Chapter 5, we investigate whether propofol seda-
tion significantly influences the reliability of qualitative and quantitative measures of
EEG for the prediction of outcome after cardiac arrest. In Chapter 6, using a biophysi-
cal model, we show that two pathophysiological mechanisms at the synaptic level may
explain common EEG patterns in postanoxic encephalopathy. In Chapter 7, we present
the study protocol for the ongoing, multicenter, randomized, controlled ‘Treatment
of ELectroencephalographic STatus epilepticus After cardiopulmonary Resuscitation’
(TELSTAR) trial. The general discussion is provided in Chapter 8.
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Early EEG for outcome prediction of postanoxic coma

Abstract
Background

Methods

Findings

Interpretation

Recent work indicates that early EEG contributes to outcome pre-
diction of postanoxic coma. We aim to validate these findings
and align with international EEG terminology to provide high
quality evidence that EEG after cardiac arrest allows for reliable
prediction of good or poor outcome.

Consecutive, comatose survivors after cardiac arrest were in-
cluded in a prospective cohort study conducted in five cen-
ters. Continuous EEG recordings were started as soon as pos-
sible and continued up to five days. Five-minute EEG epochs
were assessed by two reviewers, independently, at eight prede-
fined time points from 6h to 5 days after cardiac arrest, blinded
for patients “actual condition, treatment, and outcome. EEG-
patterns were categorized as generalized suppression (<10 pV),
synchronous patterns with >50% suppression, continuous, or
other. Outcome at six months was categorized as good (Cerebral
Performance Category 1-2) or poor (CPC 3-5).

We included 850 patients, of which 46% had a good outcome.
Generalized suppression and synchronous patterns with >50%
suppression predicted poor outcome without false positives at
6h after cardiac arrest or later. Their summed sensitivity was 0.47
(95% confidence interval (Cl): 0.42-0.51) at 12h and 0.30 (95%-Cl:
0.26-0.33) at 24h after cardiac arrest, with specificity 1.00 (95%-
Cl: 0.99-1.00) at both time points. At 36h or later, sensitivity for
poor outcome was <0.22. Continuous EEG-patterns at 12h pre-
dicted good outcome with sensitivity of 0.50 (95%-Cl: 0.46-0.55)
and specificity of 0.91 (95%-Cl: 0.88-0.93); at 24h or later, speci-
ficity for the prediction of good outcome was <0.90. Reliability
of predictions was equal among centers, despite different treat-
ment regimes.

Generalized suppression and synchronous patterns with >50%
suppression allow for reliable prediction of poor outcome in the
first five days after cardiac arrest, with maximum sensitivity in the
first 24 hours. Continuous EEG patterns at 12h after cardiac arrest
have a strong association with good recovery.
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2.1 Introduction

Postanoxic brain injury is among the most frequent causes of coma in the Intensive
Care Unit (ICU). The chance of recovery of consciousness and independence in activi-
ties of daily living within six months is approximately 50% . Early prediction of recov-
ery perspectives may guide decisions on continuation or withdrawal of life sustaining
treatment. Current guidelines focus on prediction of poor outcome and recommend
the use of absent pupillary light and corneal reflexes or bilaterally absent somatosen-
sory evoked potential (SSEP) responses for decisions on treatment withdrawal, given
their low false-positive rates®*. However, of these predictors, sensitivity to identifi-
cation of patients with a poor outcome is limited, ranging from 13 to 48%, and their
reliability is insufficient during hypothermia and sedation®.

Recent studies have shown that the EEG contains valuable information to assist in pre-
diction of outcome after cardiac arrest. This information could only be extracted when
appreciating EEG patternsin relation to the time since cardiac arrest. The best discrimi-
nation between patients with good and poor outcomes was possible with EEG recorded
within the first 24h after cardiac arrest, despite treatment with targeted temperature
management (TTM) and sedation®®. The prognostic value of the EEG seemed lower
after the first 24h and remains unclear for the period beyond 72h*7""", Previous indis-
criminate studies did not acknowledge the time-dependency of EEG patterns-'*7'3,

In all studies on early EEG for prognostication after cardiac arrest, a continuous, normal
amplitude background pattern at 12h was strongly associated with a good neurologi-
cal outcome®®'°, Otherwise, isoelectric or low-voltage patterns at 24h after cardiac ar-
rest were invariably associated with poor outcome *%. Time-independent predictors of
poor outcome were generalized period discharges on a suppressed background "¢,
and burst-suppression with identical bursts®®'°. Results on the prognostic value of
other burst-suppression patterns are conflicting® ",

With this study, we validate the use of early EEG for outcome prediction of coma after
cardiac arrest in a multicenter prospective cohort study. In order to improve predic-
tive values and applicability, we use recent findings to refine EEG categories® and align
classification with standardized critical care EEG terminology . We determine optimal
timing and assess the additional yield of EEG recordings beyond 24h.

2.2 Methods

2.2.1 Study design and participants

This is a prospective cohort study on intensive care units of five teaching hospitals in
the Netherlands (Medisch Spectrum Twente, Rijnstate Hospital, St. Antonius Hospi-
tal, University Medical Center Groningen, and VieCuri Medical Centre). Consecutive,
adult, comatose (Glasgow Coma Scale <8 or suspected in sedated patients) patients
after cardiac arrest were included. EEG recordings were started as soon as possible
after admission, preferably within 12h after cardiac arrest. For practical reasons, EEG
recordings were only started between 8 A.M. and 8 P.M. in each center, and not during
weekend in one center. EEG recordings were continued until patients were awake or
died, with a maximum of five days. Part of the EEG data from two centers were used in
previous publications on visual or quantitative EEG analyses®'®'°, In the participating
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hospitals, continuous EEG monitoring was considered standard care for patients after
cardiac arrest. The Medical Research Ethics Committee Twente waived the need for in-
formed consent for the EEG monitoring. Informed consent was obtained from surviving
patients at time of follow up.

2.2.2 Procedures

Patients were treated according to standard protocols for comatose patients after car-
diac arrest. A target temperature of 33 °C or 36 °C was induced as soon as possible after
arrival on the ICU and maintained for 24h. Patients received propofol, midazolam, or
both for sedation, and morphine, fentanyl, or remifentanil for analgesia. In one cen-
ter, the majority of patients was anesthetized with sevoflurane instead of propofol or
midazolam.

Withdrawal of treatment was considered >72h after cardiac arrest, during normother-
mia and off sedation. Decisions on treatment withdrawal were based on international
guidelines including bilateral absence of the somatosensory evoked potential (SSEP),
absent or extensor motor responses, and absent of brainstem reflexes**. Decisions on
treatment withdrawal were sporadically taken between 48 and 72h in case of absent
brain stem reflexes or SSEP responses. EEG data were not used for decisions regarding
treatment withdrawal. However, physicians were not blinded to the EEG in order to
allow early detection and treatment of electrographic seizure activity.

Continuous EEG recordings were started as soon as possible after arrival at the ICU and
continued up to five days, or until discharge from the ICU. Twenty-one electrodes were
placed on the scalp according to the international 10-20 system. Visual analysis of
EEG data was pre-specified and performed offline, after the recordings. A computer
algorithm selected 5 minute artifact-free EEG epochs at 6, 12, 24, 36, 48, 72, 96, and
120 h after cardiac arrest to be presented to a reviewer?. If no epoch was available at
these time points, because of artifacts, the closest available artifact-free epoch in the
range + 2h was used. Before visual assessment, signals were band pass filtered (range:
0.5 to 35 Hz). Visual assessment was performed using a longitudinal bipolar montage.
EEG epochs were presented in random order to reviewers who were blinded to the tim-
ing of the epoch, the clinical condition of the patients, medication, and outcome. All
EEG epochs were assessed by two experienced reviewers from a pool of six (B.R., M.T-C,
M.v.P., H.K., A.G., or J.H.), independently. If the two reviewers disagreed, the final clas-
sification was determined by consensus. If necessary, a third reviewer was consulted.
Reviewers were allowed to choose the option “No classification possible” if the epoch
was considered unreliable due to artifacts.

EEG categorization was based on previous work?®'!, with definitions updated and

aligned with the ACNS standardized critical care EEG terminology to allow for better
reproducibility'”. EEG patterns were classified as generalized suppression (all ac-
tivity <10 pV), synchronous patterns with >=50% suppression (generalized periodic
discharges on a suppressed background, or burst-suppression with generalized,
abrupt onset bursts, with suppressed background and at least 50% of time spent in
suppression), continuous (continuous or nearly continuous patterns without periodic
activity), or other. Burst-suppression with identical bursts°, and highly epileptiform
bursts typically fulfilled the criteria for ‘synchronous burst-suppression’. Spatially
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Figure 2.1: Examples of synchronous patterns with 250% suppression. A: burst suppression with identi-
cal bursts. B: burst-suppression with abrupt onset, generalized bursts (these bursts could alternatively be
described as “highly epileptiform bursts”). C: burst-suppression with abrupt onset, generalized bursts, alter-
nated with generalized discharges. D: generalized periodic discharges on a suppressed background.

heterogeneous burst-suppression patterns were classified as ‘other patterns’. Contin-
uous patterns were subdivided according to their dominant frequency (delta, theta, or
>alpha). See Figure 2.1 for examples of synchronous patterns with >=50% suppression.

Additionally collected data included age, sex, resuscitation details, and maximum
doses of sedative medication.

2.2.3 Outcome

The primary outcome measure was neurological functional recovery at six months, ex-
pressed as the score on the five-point Glasgow-Pittsburgh Cerebral Performance Cate-
gory (CPC)?", dichotomized as good (CPC 1 or 2) or poor (CPC 3, 4, or 5). Outcome was
assessed during a standardized telephone interview by one of two investigators (BR or
MT-C) or a trained research nurse. CPC scores were based on a Dutch translation of the
EuroQol-6D questionnaire. In one center, CPC scores were assessed using the Short
Form 36 (SF-36) questionnaire.

2.2.4 Statistical analysis

In order to compare patients with good and poor outcomes, categorical variables
were analyzed using Pearson’s y2-test, continuous variables using the Mann-Whitney
test. Interrater reliability (IRR) for the categorization of EEG patterns was tested
using Cohen’s Kappa. Sensitivity and specificity were calculated for EEG predictors of
poor or good outcome, including corresponding 95% confidence intervals. P-values
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<0.05 were considered statistically significant. All tests were performed using Matlab
Statistics Toolbox software (MATLAB and Statistics Toolbox Release R2016b, The
MathWorks, Inc., Natick, Massachusetts, United States).

2.3 Results

Between May 2010 and November 2017, EEG recordings were started in 887 comatose
patients after cardiac arrest. Fourteen had no artifact-free EEG at any of the investi-
gated time points and 23 were lost to follow-up, leaving 850 patients for the analyses.
We visually assessed a total number of 3232 EEG epochs. Categorization was impossi-
ble for 139 epochs (4%) due to artifacts.

Clinical characteristics are shown in Table 2.1, grouped by outcome. Poor outcome
occurred in 455 patients (54%). As expected, patients with poor outcome were older,
more often had a non-cardiac cause of arrest, and less often had ventricular fibrillation
(VF) as initial rhythm. Patients with a good outcome required higher doses of sedation
and analgesia. EEG recordings were stopped earlier in patients with a good outcome
(52 vs. 62 h after cardiac arrest), because recordings were terminated at awakening.

Generalized EEG suppression (all activity <10 uV) and synchronous patterns with >50%
suppression were invariably associated with a poor outcome, from six hours after car-
diac arrest onwards (Figure 2.2). Sensitivity for detection of patients with a poor out-
come reached its maximum at 12h (0.47, 95%-Cl: 0.42-0.51) and gradually decreased
thereafter (Figure 2.3A, Table 2.2). Specificity was 100% in all participating centers, de-
spite different treatment regimens, and sensitivity ranged from 0.13 to 0.55 (Table 2.2).
It should be noted that the center with the lowest sensitivity had only 13 patients with
an EEG epoch available at 12h.

Continuous EEG patterns were strongly associated with a good outcome, if present
within 12h after cardiac arrest. At 12 h, sensitivity was 0.50 (95%-Cl: 0.46-0.55) at speci-
ficity of 0.91 (95%-Cl: 0.88-0.93). At later time points, sensitivity increased even fur-
ther, but at the cost of a lower specificity (Figure 2.3B). Specificity of a continuous EEG
pattern for prediction of good outcome was not different among participating centers,
whereas sensitivity ranged from 0.46 to 0.88 (Table 2).

With an intermediate EEG pattern, the chance of a good outcome was time-dependent.
This was most striking for discontinuous patterns (Figure 2.2): the chance of a good
outcome decreased gradually from 80% at 6h to 0% at 120h. Likewise, the chance of a
good outcome of heterogeneous burst-suppression (i.e. not classified as ‘synchronous
pattern with >50% suppression’) decreased from 37% at 12h to 0% at 72h and later. All
patients with an epileptiform EEG pattern within the first 24 hours, or a low voltage EEG
at 48 hours or later, had a poor outcome.

The chance to identify a poor outcome was highest if EEG recordings were started
within 12 h after cardiac arrest. For subjects with poor outcome that had their first
EEG evaluated at 12 h, the probability of reliable identification of poor outcome was
55%. With cEEG starting between 12h and 24 h, this probability was 36% (p<0.001),
and with start time >24 h only 24% (p<0.001).
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Table 2.1: Patient characteristics, grouped by outcome.
Poor outcome Good outcome P-value
(CPC 3-5) (CPC 1-2)
Number 455 (54%) 395 (46%)
Age 67(57-75) 60(51-69) <0.001
Female 121(27%) 84(21%) 0.07
Out-of-hospital cardiac arrest 407 (89%) 367 (93%) 0.08
Noncardiac cause of arrest 94 (24%) 21(6%) <0.001
VF as initial cardiac rhythm 248 (58%) 352(91%) <0.001
Therapeutic hypothermia (33 °C) 214 (47%) 9 (45%) 0.62
EEG start time (h after cardiac arrest) 11(6- 19) 11(6-19) 0.70
EEG stop time (h after cardiac arrest) 62(42-93) 52(41-78) 0.01
Treatment with propofol 378 (85%) 352 (91%) 0.01
Max. dose in first 24h (mg/kg/h) .7(2.0-3.6) .1(2.3-3.9) <0.001
Treatment with midazolam 132 (30%) 105 (27%) 0.43
Max. dose in first 24h (ug/kg/h) 99 (57-162) 96 (67-164) 0.77
Treatment with fentanyl 204 (48%) 155 (40%) 0.10
Max. dose in first 24h (ug/kg/h) .3(1.0-1.8) .5(1.2-2.2) 0.002
Treatment with remifentanil 33(7%) 21(5%) 0.25
Max. dose in first 24h (ug/kg/h) .6(2.5-5.6) .6(3.3-11.4) 0.02
Treatment with morphine 174 (39%) 192 (50%) <0.001
Max. dose in first 24h (ug/kg/h) 25(22-31) 25(21-29) 0.26
Treatment with sevoflurane 30(7%) 21(5%) 0.43
Max. end-tidal volume % 2(1.1-1.4) 1.4(1.2-1.6) 0.03
SSEP performed 276(61%) 43(11%) <0.001
N20 bilaterally absent 123 (27%) 0(0%) <0.001

Data are shown as number (percentage) or median (interquartile range). SSEP: somatosensory evoked

potential, VF: ventricular fibrillation.
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Figure 2.2: EEG-patterns and their time-dependent positive predictive value (PPV) for good outcome. Each
cell shows the PPV (95% confidence interval) for a combination of EEG pattern and timing relative to the
cardiac arrest BG: background pattern, BS: burst-suppression, GPDs: generalized periodic discharges, Supp:
suppression.
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Figure 2.3: Predictive value of the EEG as a function of time after cardiac arrest. A: test characteristics for the
prediction of poor outcome based on ‘suppression’ or ‘synchronous pattern with =50% suppression’. B: test
characteristics for the prediction of good outcome based on ‘continuous’ EEG pattern. Error bars indicate the
95% confidence intervals. Numbers (N) refer to the total number of patients with an EEG epoch available at
the indicated time point.

With repeated EEG evaluation, the proportion of patients in whom reliable prediction
of outcome was possible increased (Figure 4). Having at least one unfavorable EEG
(‘suppression’ or ‘synchronous pattern with >50% suppression’) at 6, 12, or 24 h af-
ter cardiac arrest yielded a sensitivity of 0.52 (95%-Cl: 0.47-0.58) at specificity of 1.00
(95%-Cl: 0.98-1.00). By including the information obtained between 36h and 5 days af-
ter cardiac arrest, prediction of poor outcome improved only marginally. Sensitivity
for good outcome improved by assessment of the EEG at more than one point in time.
Since the proportion of patients with continuous EEG patterns and poor outcome also
increased over time, this was at the cost of specificity. The presence of at least one con-
tinuous EEG pattern at 6h or 12h yielded a sensitivity of 63% (95%-CI: 57-68), at speci-
ficity of 90% (95%-Cl: 86-93). The cumulative sensitivity for prediction of good outcome
at 120h was 98% (95%-Cl: 96-99), at a specificity of 69% (95%-Cl: 64-74). None of the
patients with a continuous EEG at 12h showed ‘suppression’ or ‘synchronous pattern
with >50% suppression’ throughout the remainder of the EEG recording.

At 12h after cardiac arrest, the interrater reliability was 0.80 (95%-Cl: 0.74-0.86) for
discrimination between continuous and other patterns and 0.78 (95%-Cl: 0.72-0.85)
for discrimination between unfavorable (‘suppression’ or ‘synchronous pattern with
>50% suppression’) and other patterns. The IRR was 0.85 (95%-Cl: 0.77-0.92) for the
distinction between ‘synchronous burst-suppression’ and other burst-suppression
patterns.

In combination, SSEP and early EEG identified more patients with a poor outcome than
EEG alone. Of those with EEG available within the first 24h after cardiac arrest, an unfa-
vorable pattern (‘suppression’ or ‘synchronous pattern with >50% suppression’) at 6,



2.4. Discussion 21

A Patients with poor outcome (N=185) B Patients with good outcome (N=155)
100
I unfavorable pattern (cumulative)
80 1 I Favorable pattern (cumulative)
2] 2]
o 60F 3
o o
=} 3
2 2]
S 40}t S
R X
20
0
NN ST NS X Q> * NGO SN Q N X Q L
) A A AT S G S

Figure 2.4: Prognostic yield of repeated EEG assessment. This analysis includes only patients with an EEG
recording started within 6 hours after cardiac arrest. Red bars indicate the fraction of subjects in which an
unfavorable EEG pattern (‘suppression’ or a ‘synchronous pattern with 250% suppression’) was observed up
to the indicated time point. Green bars indicate the fraction of subjects in which a favorable (’continuous’)
EEG pattern was observed up to the indicated time point. A: results for all 185 patients with poor outcome.
B: results for all 155 patients with good outcome.

12, or 24h identified 181 of 420 (43%) patients with a poor outcome. In the same group,
absent SSEP responses allowed for reliable prediction of outcome in an additional 31
patients (7%).

2.4 Discussion

With this prospective cohort study, including nearly 900 patients from five hospitals,
we provide high quality evidence confirming that early EEG allows reliable prediction
of outcome of comatose patients after cardiac arrest. Generalized suppression or ‘syn-
chronous patterns with at least 50% suppression’ were invariably associated with a
poor outcome between 6h and 5 days after cardiac arrest. A continuous background
pattern at 6 or 12h was strongly associated with a good recovery. Predictive values
were highest at 12-24h after cardiac arrest. Predictors were equally specific among five
centers, despite differences in treatment regimes. We confirm that unfavorable EEG
patterns and absent SSEP responses have complementary value for the prediction of
poor outcome.

Our results validate previous findings on reliability and time dependency of EEG
patterns?. The achieved improvement of sensitivity for reliable prediction of poor
outcome, from 0.29 to 0.47, was achieved by lumping previously identified unfavorable
EEG categories®®'8, and by aligning definitions with standardized terminology'”.
Studies reporting higher sensitivities were either retrospective, inheriting the risk of
selection bias®'°, or not without false positives’. Studies showing conflicting results
did not account for time dependency®. In line with international terminology'”, we
now used a suppressed background pattern (indicating <10 pV) as hallmark. The
previously reported low voltage criterion (indicating <20 pV) EEG was not 100%
specific for the prediction of poor outcome, since two patients with a low voltage
patterns at 36h eventually recovered. One group reported a few cases that recovered
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despite a suppressed EEG at 12 or 24h after cardiac arrest, but in their definition
»10

recovery of consciousness was sufficient for ‘good outcome’'°.

We show that repeated assessment of the EEG within the first 24h after cardiac arrest
improves the sensitivity for reliable detection of either good or poor outcome. These
results contradict findings of a smaller study, which concluded that continuous EEG
does not have additional value over routine spot EEGs during hypothermia ?. However,
this previous work did not account for evolution of the EEG during the first 24h after
cardiac arrest. With the current study, the prognostic yield of prolonging continuous
EEG beyond 24h was limited. However, diagnosis of epileptiform patterns, which might
warrant treatment, was not taken into account.

We confirm the reliability for prediction of poor outcome ‘synchronous patterns with
>50% suppression’. One of its subgroups is burst-suppression with abrupt onset, gen-
eralized bursts on a suppressed background, with at least 50% of the record consisting
of suppression. Sixty-five percent of these patterns showed identical bursts2°. The sec-
ond subgroup generalized periodic discharges on a suppressed background®'". These
results are in line with findings of our recent quantitative analysis, in which we showed
that an amplitude ratio between non-suppressed and suppressed segments of >6.12
is invariably associated with a poor outcome**.Some authors have claimed that all
burst-suppression patterns predicts a poor outcome, regardless of the burst type®®
124 This was typically with studies starting >72h after cardiac arrest®''. One study
thatincluded burst-suppression as predictor of poor outcome in early EEG, and did not
specify burst-types, was not without false positives'. Our definition of ‘synchronous
burst-suppression’ seems robust, since interrater agreement for the distinction of ‘syn-
chronous burst-suppression’ and other burst-suppression patterns was good.

We only investigated spontaneous EEG patterns and did not assess background reac-
tivity of the EEG. The presence of reactivity seems very sensitive for prediction of a good
outcome, but lacks specificity to make relevant predictions of outcome. Results on ab-
sent reactivity for the prediction of poor outcome are conflicting®'%'"2° most likely
resulting from a lack of standardization of stimulus protocols and quantitative defini-
tions of reactivity ?°. Studies combing analysis of background EEG pattern and reactiv-
ity for prediction of outcome after cardiac arrest are lacking.

EEG interpretation in this study may have been influenced by the use of sedative med-
ication. However, typical doses used were much lower than those needed to induce
burst-suppression in healthy brains>"?8, Additionally, quantitative studies suggest that
the effects of sedation on the EEG are small as compared to the effects of the anoxic en-
cephalopathy#*%°,

Although this study meets the Standards for the Reporting of Diagnostic accuracy stud-
ies (STARD) criteria (www.stard-statement.org), it has limitations. Like most studies on
prognostication of comatose patients after cardiac arrest, we cannot exclude the po-
tential bias of self-fulfilling prophecy®°. To minimize this risk, decisions on treatment
withdrawal were based on international guidelines including bilaterally absent SSEP,
absent or extensor motor responses, and absent brain stem reflexes®*. The EEG within
the first 72h after cardiac arrest was not taken into account.
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Second, outcome for some of the patients may have been influenced by causes unre-
lated to the postanoxic encephalopathy. Because we aimed for a realistic patient sam-
ple, not biased by selection, we did not exclude patients that died from other organ
failure, such as a second cardiac arrest. This may have limited the specificity of our
predictions of good outcome. Finally, visual assessment of EEG is subject to interrater
variability. Nevertheless, the interrater reliability for the distinction between ‘gener-
alized suppression or synchronous patterns with >50% suppression’ and 'continuous
EEG’ from other patterns was good (IRR=0.78-0.85), and probably better than those re-
ported for absent SSEP responses (IRR=0.2-0.76) 332,
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Prognostic value of discontinuous EEG after cardiac arrest

Abstract

Objective

Methods

Results

Conclusions

Significance

To assess the value of background continuity and amplitude fluc-
tuations of the EEG for the prediction of outcome of comatose
patients after cardiac arrest.

In a prospective cohort study, we analyzed EEGs recorded in the
first 72 hours after cardiac arrest. We defined the background
continuity index (BCl) as the fraction of EEG not spentin suppres-
sions (amplitudes <10 pV for >0.5 s), and the burst-suppression
amplitude ratio (BSAR) as the mean amplitude ratio between
non-suppressed and suppressed segments. Outcome was as-
sessed at 6 months and categorized as “good” (Cerebral Perfor-
mance Category 1-2) or “poor” (CPC 3-5).

Of the 559 patients included, 46% had a good outcome. Combi-
nations of BCl and BSAR resulted in the highest prognostic accu-
racies. Good outcome could be predicted at 24 hours with 57%
sensitivity (95% confidence interval (Cl): 48-67) at 90% specificity
(95%-Cl: 86-95). Poor outcome could be predicted at 12 hours
with 50% sensitivity (95%-Cl: 42-56) at 100% specificity (95%-Cl:
99-100).

EEG background continuity and the amplitude ratio between
bursts and suppressions reliably predict the outcome of
postanoxic coma.

The presented features provide an objective, rapid, and reliable
tool to assist in EEG interpretation in the Intensive Care Unit.
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3.1 Introduction

Early outcome prediction of comatose patients after cardiac arrest remains a challenge.
The EEG is a sensitive and reliable tool, especially within the first 24 hours after cardiac
arrest’. A timely restoration of continuous, normal amplitude background activity is
essential for good neurological recovery. Consistently among various studies, a contin-
uous EEG pattern within 12 hours after cardiac arrest predicts a good outcome, whereas
a persistent isoelectric or low-voltage EEG at 24 hours predicts a poor outcome 2™,

In addition to the EEG background continuity, the degree of amplitude fluctuation
seems to be a powerful indicator of the severity of postanoxic encephalopathy. EEG
patterns with pronounced alternations in amplitudes, such as burst-suppression
with identical bursts®, and generalized periodic discharges (GPDs) on a suppressed
background®, have a strong association with poor outcome.

Although both background continuity and amplitude fluctuations play an important
role in the visual assessment of the postanoxic EEG, they remain hard to quantify by a
human observer. Continuity and relative amplitude are usually treated as categorical
variables’, for which interrater agreement is far from perfect®®. Therefore, visual anal-
ysis alone has probably not been able to elucidate the discriminative power of these
features.

The assessment of discontinuous EEG patterns can be improved by the use of quanti-
tative EEG (qEEG). Quantitative measures do not suffer from interrater variability, can
be applied by non-experts, and save reviewing time 2. Quantitative measures for
EEG background continuity have proven to be valuable for the prediction of outcome
in postanoxic coma, but have only been applied to small case series'*'* or selected
EEG patterns®, so far. The prognostic value of the amplitude ratio between bursts and
suppressions has, to the best of our knowledge, never been investigated in any visual
or quantitative analysis.

In this study, we relate outcome of postanoxic coma to quantitative measures of EEG
background continuity and the amplitude ratio between bursts and suppressions. We
will show that these straightforward measures are reliable predictors of outcome, with
sensitivities higher than reported for visual EEG analysis. Since the presented features
remain closely related to key visual observations, they will also provide insights to be
of value in routine EEG assessment.

3.2 Methods

3.2.1 Patients

This study was designed as a prospective cohort study on continuous EEG monitoring
for outcome prediction of comatose patients after cardiac arrest. Data were collected
between June 2010 and April 2017 in Medisch Spectrum Twente and Rijnstate, two large
teaching hospitals in the Netherlands. All consecutive adult patients that were admit-
ted comatose after cardiac arrest to the Intensive Care Unit (ICU) were included. Parts
of the EEG data up to December 2015 were used previously for studies on outcome pre-
diction after cardiac arrest using visual """ or quantitative analysis "', The Medical
Research Ethics Committee Twente waived the need for informed consent for EEG mon-
itoring during the ICU stay and clinical follow-up.
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3.2.2 Standard of care

Patients were treated according to standard protocols for comatose patients after car-
diac arrest. Atarget temperature of 33 °C or 36 °C was induced as soon as possible after
arrival on the ICU and maintained for 24 hours. In Medisch Spectrum Twente, propofol
and either fentanyl or remifentanil were used for sedation and analgesia. In Rijnstate
hospital, patients received a combination of propofol, midazolam, and morphine. Con-
tinuous EEG recordings were started as soon as possible after admission to the ICU, and
for practical reasons always between 8 AM and 8 PM. Twenty-one silver/silver chloride
cup electrodes were placed on the scalp according to the international 10-20 system.
EEG recordings were continued until patients were awake or until the decision to with-
draw treatment was made, with a maximum of five days.

3.2.3 Decisions on withdrawal of care

Withdrawal of treatment was considered >72 hours after cardiac arrest, during nor-
mothermia and off sedation. Decisions on treatment withdrawal were based on inter-
national guidelines including bilateral absence of the somatosensory evoked poten-
tial (SSEP), absent or extensor motor responses, and incomplete return of brainstem
reflexes '%%°. Decisions on treatment withdrawal were sporadically taken between 48
and 72 hours in case of absent SSEP responses. EEG data were not used for decisions
regarding treatment withdrawal. However, physicians were not blinded to the EEG and
treatment of electrographic seizures was left to the discretion of the treating physician.

3.2.4 Outcome

We considered outcome good if patients were alive and independent in activities of
daily living at six months. Therefore, the primary outcome measure was neurological
outcome expressed as the score on the five-point Glasgow-Pittsburgh Cerebral Perfor-
mance Category (CPC)?', dichotomized between good (CPC 1 or 2) and poor (CPC 3, 4,
or 5). Outcome was assessed during a standardized telephone interview at six months
by one of two investigators (BR or MT-C). CPC scores were based on a Dutch translation
of the EuroQol-6D questionnaire.

3.2.5 Clinical characteristics

Additionally collected clinical data included age, gender, resuscitation details, and
maximum doses of sedative medication. These characteristics were compared be-
tween patients with good and poor outcomes. Categorical variables were analyzed
using Pearson’s y2-test, continuous variables using the Mann-Whitney test. P-values
<0.05 were considered statistically significant. All tests were performed using Matlab
Statistics Toolbox software (MATLAB and Statistics Toolbox Release R2016b, The
MathWorks, Inc., Natick, Massachusetts, United States).

3.2.6 EEG preprocessing and artifact rejection

Analysis of the EEG data was performed offline. All routines were implemented in Mat-
lab (MATLAB Release R2016b, The MathWorks, Inc.). Only EEG recorded in the first 72
hours after cardiac arrest was used for the analysis. Epochs were created by selecting
the first five minutes of each consecutive hour of the recording, with timing relative to
the cardiac arrest. Before any analysis, the EEG was transformed to the longitudinal
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Table 3.1: Definition of artifact parameters and threshold values for exclusion.

Type of Preprocessing steps  Parameter definition Threshold
artifacts value
Muscle Calculation of Mean power in high frequency band >0.5
artifacts power spectral den-  (25-40 Hz) divided by mean power in
sity using Welch’s low frequency band (4-12 Hz). Only
averaged peri- calculated if mean power in high
odogram. frequency band >1 uVv2.
High- Butterworth high Peak amplitude in 5-min epoch >1000 pVv
amplitude  pass filter (cutoff or <1000 pVv
peaks frequency: 0.5 Hz) with simulta-
(absolute) neous ampli-
tude >1000
uVin other
channel
High- Butterworth high Maximum ratio between amplitude >5
amplitude  pass filter (cutoff and mean amplitude of other chan-
peaks frequency: 0.5 Hz), nels. Only calculated if amplitude
(relative) followed by mov- was > 20 uV and after excluding
ing average filter channels based on parameter AMP1.

with window length
1s over absolute

values.
Flat Unfiltered EEG Fraction of segments with standard >0.01
channels divided into one- deviation smaller than 0.1 pV.

second segments.

bipolar montage. Subsequently, an artifact detection algorithm was applied to reject
three types of artifacts: flat channels, muscle artifacts, and high-amplitude artifacts
resulting from head movements or loose electrodes. Definitions of the artifact param-
eters are given in Table 3.1. Artifact detection was performed per channel. Channels
were excluded if at least one of the artifact parameters exceeded a threshold value. If
more than 6 of the 18 recording channels were excluded by the artifact rejection algo-
rithm, the epoch was considered unreliable and not used for further analysis. Thresh-
olds for the artifact parameters had been determined after testing them on all available
epochs of 50 randomly selected patients. Epochs and channels that passed the artifact
rejection algorithm were filtered using a sixth order zero-phase Butterworth bandpass
filter (frequency range: 0.5-30 Hz).

3.2.7 Definition of quantitative EEG (qEEG) features

‘Suppressions’ were defined as segments with amplitudes <10 uV for at least 500 ms®.
The amplitude threshold value is based on the commonly used definition of a sup-
pressed EEG background’. Since standard definitions for the minimum duration of
suppressions are lacking, we chose 500 ms as the best compromise between the need
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to detect suppressions in between GPDs and the need to avoid the classification of
spontaneous fluctuations in amplitude as suppressions. The background continuity
index (BCI) was defined as the fraction of EEG not spent in suppressions, and could
take values between 0 and 1.

The burst-suppression amplitude ratio (BSAR) was subsequently defined as the stan-
dard deviation of signal outside suppressions divided by the standard deviation of sig-
nal within suppressions, resulting in BSAR >1. The BSAR was calculated only if 0.01
<BCI <0.99, otherwise, BSAR=1. Since high-amplitude artifacts can have a large influ-
ence on the BSAR, all epochs with BSAR >4 were checked visually on any remaining
artifacts and excluded if necessary. Features were calculated per channel, after which
mean values were used for further analysis.

3.2.8 Influence of sedative medication

Based on their pharmacological properties, we expected potential effects of propofol
and midazolam on our qEEG features. Propofol is well known to induce burst-
suppression patterns at higher doses (San-Juan et al., 2010). Midazolam reduces
the EEG amplitude?? and may also induce burst-suppression patterns in critically ill
patients 3. These effects may decrease the BCl and increase the BSAR, and therefore
lead to falsely pessimistic predictions of the outcome of patients under sedation.

To investigate the effects of propofol, midazolam, and other sedative medication used,
we performed a linear regression analysis relating their maximum doses in the first
24 hours to the extracted qEEG parameters in the same period. To give each patient
equal weight in the regression analysis, individual data points were weighted by the
total number of data points included for the corresponding patient.

3.2.9 Evaluation of value of qEEG features for outcome prediction

The predictive values of the quantitative measures were evaluated for any of the first
72 hours after cardiac arrest. If for some patient a particular hour was unavailable, we
used the closest available value in the range + 2 hours. Receiver Operating Characteris-
tic (ROC) curves were plotted to determine the optimal threshold values for prediction
of either good or poor outcome. For the prediction of good outcome, we allowed for a
maximum of 10% false-positives. For the prediction of poor outcome, we only consid-
ered threshold values without false-positive predictions in our data set.

3.2.10 Prediction model
To investigate the joint value of BCl and BSAR as outcome predictors of postanoxic
coma, we defined the following prediction model:

BCI
Pgooa = 7 + exp(k - (BSAR — BSAR))’

where Pg,,4 represents the chance of a good outcome. The model coefficients BSAR,
and k were obtained by fitting model predictions to the binary outcome measure. In
the prediction model, the chance of a good outcome linearly increases with the BCI,
yielding maximum values for continuous EEG patterns (BCI=1) and zero for suppressed
EEG (BCI=0). The chance of a good outcome decreases exponentially for increasing

(3.1)
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BSAR values. The coefficient BSAR, represents the value for which the maximally
achievable Py,,4 is 0.5, and k determines how rapidly Py,,4 approaches zero for BSAR
values above BSAR,. Since we expected a strong time-dependency of the coefficients,
a separate model was constructed for each of the first 72 hours after cardiac arrest.

We validated the models using 10-fold cross-validation. In this procedure, datasets
were partitioned into 10 equal subsets, each called a ‘fold’. Subsequently, one fold
was used for validation and the remaining data for fitting the model. By repeating this
procedure ten times, each entry was used for validation once. Test accuracies were
calculated by averaging accuracies for each of the ten folds, and corresponding 95%
confidence intervals by using bootstrap estimates (N=2000).

3.3 Results

3.3.1 Patients

EEG recordings were started in 582 patients. Twenty-three patients were lost to follow-
up, leaving 559 patients for the analysis. Outcome was good in 46%. Baseline char-
acteristics are listed in Table 3.2 and were as expected: patients with good outcome
were younger (60 vs. 68 years, p<0.001), more often had a primary cardiac cause of the
arrest (94% vs. 76%, p<0.001), ventricular fibrillation as initial rhythm (92% vs. 58% ,
p<0.001), and required higher doses of propofol (2.95 vs. 2.67 mg/kg/h, p=0.03), fen-
tanyl (1.72 vs. 1.38 pg/kg/h, p=0.002), and remifentanil (6.67 vs. 3.23 pg/kg/h, p=0.01)
for sedation.

3.3.2 Artifact rejection

Thresholds for the artifact rejection algorithm were based on visual inspection of the al-
gorithm performance in a random selection of 50 patients (2156 epochs). Of the 24447
epochs available, 6157 (25%) were excluded by the artifact rejection algorithm. Exclu-
sion most often resulted from muscle artifacts (13%), followed by high-amplitude arti-
facts (9.9%) and flat channels (2.6%). Illustrative examples for each type of artifact are
shown in Figure 3.1. An additional 69 out of 2549 epochs with BSAR >4 were excluded
after a visual check on high-amplitude artifacts.

3.3.3 Continuity and burst suppression amplitude ratio calculation

Examples for the calculation of BCl and BSAR are shown in Figure 3.2. Note that the
BSAR clearly distinguishes patterns with gradual transitions between bursts and sup-
pressions (panels A, C) from burst-suppression with epileptiform bursts (panel B) and
burst-suppression with identical bursts (panel D). The highest BSAR value found in pa-
tients with a good outcome was 6.11.

3.3.4 Evolution of qEEG features

As known from visual analyses, shortly after cardiac arrest, almost all patients have dis-
continuous traces’. In 96% patients that eventually had a good outcome, the EEG im-
proved towards a (nearly) continuous pattern (BCl >0.9) within 72 hours, whereas this
occurred in only 65% of cases with poor outcome. If reached, time to continuity (BClI
=>0.9) was longer in the poor outcome group (34 + 14 hrs. vs. 23 + 13 hrs., p<0.001).
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Table 3.2: Clinical characteristics of patients included.

Characteristic Good outcome Poor outcome P-value
(CPC1-2) (CPC 3-5)
Number of patients 259 (46%) 300 (54%)
Age 60(29-88) 68(19-93) <0.001
Female 60 (23%) 80(27%) 0.34
Out of hospital cardiac arrest 238(92%) 263 (88%) 0.10
Primary cardiac cause of arrest 230 (94%) 203 (76%) <0.001
VF as initial rhythm 233(92%) 160 (58%) <0.001
Treated with hypothermia (33 °C) 165 (64%) 207 (69%) 0.17
Treated with propofol 240 (95%) 260 (89%) 0.01
Max. propofol rate (mg/kg/h) 2. 95 (0.18-7.14) 2.67(0.53-6.15) 0.03
Treated with midazolam 85(34%) 106 (36%) 0.51
Max. midazolam rate (pug/kg/h) 92(27-356) 105(22-556) 0.70
Treated with fentanyl 117 (46%) 154 (53%) 0.13
Max. fentanyl rate (ug/kg/h) 1. 72 (0.67-5.18) 1. 38 (0.56-4.71) 0.002
Treated with remifentanil 17 (7%) 28(10%) 0.23
Max. remifentanil rate (ug/kg/h) 6.67(2.5-15) 2(1.2-14) 0.01
Treated with morphine 110 (44%) 103 (35%) 0.05
Max. morphine rate (pg/kg/h) 25(9-113) 26(12-65) 0.02
Median nerve SSEP 39(15%) 198 (66%) <0.001
Bilaterally absent N20 response 0(0%) 91(30%) <0.001
EEG start time (hours) 9(2-28) 9(1-63) 0.90
EEG end time (hours) 64 (7-260) 65(3-223) 0.51

Numbers are displayed as median (range), unless otherwise indicated. EEG start and end times are relative

to the time of cardiac arrest. SSEP: somatosensory evoked potential, VF: ventricular fibrillation.
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Figure 3.1: Examples of artifact rejection algorithm. Ten-second samples taken from five-minute epochs are
shown. Excluded channels are displayed as red lines, where the type of artifact is indicated by the text on the
right. A: Muscle artifacts (FRQ) in 6 channels. B: Two channels with high-amplitude artifacts above the abso-
lute threshold of 500 pV (AMP1). C: Two channels with high-amplitude artifacts above the relative threshold
(AMP2). D: Two flat channels (FLT). Since all of these examples have at least 12 artifact-free channels remain-
ing, none of these epochs were excluded completely from further analysis.
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Figure 3.2: Four examples of EEG patterns with corresponding BCl and BSAR values. Ten-second samples
taken from five-minute epochs are shown. The indicated qEEG features were extracted from the ten-second
sample only. Segments classified as ‘suppression’ are indicated by blue highlights. A: Burst with physiolog-
ical bursts content, where the burst amplitude is low relative to the suppressions. This is reflected by the
low BSAR value (3.21). B: Burst with epileptiform morphology on a suppressed background. Note that BCI
is the same as for example A, but with significantly higher BSAR (23.33). C: Pattern with gradual transitions
between suppressions and bursts and relatively low burst amplitude. In this case, BSAR is low (2.73). D:
Burst-suppression with identical bursts, again with a high BSAR (11.58).
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Of all patients with a poor outcome, 97 (32%) had a BSAR >6.12 during their EEG record-
ing. In 85% of these patients, a value above the threshold was observed in the first 24
hours after cardiac arrest, and 66% reached their maximum BSAR within 24 hours. Fig-
ure 3.3 shows the evolution of BCl and BSAR in the first 72 hours after cardiac arrest.

3.3.5 Single features predicting good or poor outcome

The single feature that best predicted good outcome was the background continuity
index. At a specificity of 90%, BCl >0.92 at 24 hours predicted good outcome with a
sensitivity of 53%, which differed not statistically significant from any other time point
between 3 and 30 hours after cardiac arrest. Relevant discrimination for good out-
come prediction using BCl was only achieved within 47 hours. Thereafter, specificity
was never higher than 90%.

The single feature that best predicted a poor outcome, without false positives, was the
BSAR. Its sensitivity was 38% at 24 hours, which was not significantly different from any
other time point between 2 and 34 hours, and decreased for later time points. Irrespec-
tive of timing with respect to cardiac arrest, taking all EEG epochs for all patients into
account, a BSAR >6.12 always predicted a poor outcome. At 11 hours or later, a BCI
<0.014 always predicted a poor outcome.

Test characteristics for the individual predictors and their combinations at 12, 24, 48,
and 72 hours are summarized in Table 3.3.

3.3.6 Combinations of features for prediction of outcome

Combination of features allowed detection of more patients with good or poor out-
come than single features, at equal specificity. Sensitivity for the prediction of good
outcome at 24 hours could be improved from 53% to 57% by using the prediction model
instead of the BCI.

The prediction of poor outcome using either BCl <0.014 or BSAR >6.11 was without
false positives for each time point between 11 and 72 hours after cardiac arrest. Their
combined sensitivity at 12 hours after cardiac arrest was 46%. By using the prediction
model instead of the individual features, sensitivity at 12 hours improved to 50%, at
100% specificity.

Just like the individual features, the model predictions suggests that the EEG has its
highest prognostic value in in the first two days after cardiac arrest. The AUC of the
ROC curves of the model predictions differed with no statistical significance between 1
and 42 hours after cardiac arrest, and decreased thereafter. The AUC of the ROC curve
was 0.86 (0.82-0.90) at 12 hours, and 0.87 (0.83-0.91) at 24 hours, as shown in Figure 3.4.

3.3.7 Influence of sedative medication

The association of propofol and midazolam doses with the quantitative EEG features
was the opposite of what could be expected based on their pharmacological character-
istics (Figure 3.5). For both propofol and midazolam doses, there was a positive corre-
lation with the background continuity index and no statistically significant correlation
with the burst-suppression amplitude ratio. Also for fentanyl, remifentanil, and mor-
phine, increasing doses were associated with more favorable values of BCl and BSAR, if
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Figure 3.3: Evolution of qEEG features in the first 72 hours after cardiac arrest. A: Evolution of BClI for all
cases with a good outcome (CPC 1-2). Each horizontal line represents one case. Dark blue color indicates a
suppressed EEG (BCI =0), and bright yellow indicates continuous, normal amplitude background (BCI=1), as
follows from the color bar on the right. For values missing due to excluded epochs, linear interpolation was
applied. Cases were primarily sorted by the time at which the EEG background was nearly continuous for the
first time (BCI 20.9), and secondarily by their maximally achieved BCI value. B: Evolution of BCI for all cases
with a poor outcome (CPC 3-5). C: evolution of BSAR for all patients with a value above the threshold for poor
outcome (6.11). Green colorindicates values below the threshold, blue color values above the threshold, and
purple color the maximum value per patient. Cases were primarily sorted by the timing of the first BSAR value
above the threshold, and secondarily by the maximally achieved BSAR value.
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Figure 3.4: ROC-curves for the prediction modelincluding both BCl and BSAR. Green dots indicate the thresh-
old value for prediction of good outcome, with maximized sensitivity at 90% specificity. Red dots indicate
the threshold values for prediction of poor outcome, with maximized sensitivity for 100% specificity. The
curves shown were constructed by threshold averaging of the ROC curves resulting from each fold of the
cross-validation procedure. Confidence bands were calculated using bootstrapping estimates (N=2000). A:
ROC-curve for 12 + 2 hours after cardiac arrest. Model coefficients are BSARy=5.43 (95% Cl: 5.39-5.53), k=264
(95% Cl: 166-377). B: ROC-curve for 24 + 2 hours after cardiac arrest. Model coefficients are BSAR,=4.49 (95%
Cl: 4.45-4.55), k=1.32 (95% Cl: 1.23-1.40).). AUC: area under curve.
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Figure 3.5: Association between doses of sedative medication and qEEG features in the first 24 hours. Quan-
titative EEG features plotted as function of the dose of sedative drugs in mg/kg/h. Each subplot includes
a linear fit with 95% confidence intervals. Note the apparent vertical lines in each of the subplots, caused
by multiple values extracted in the same patient for constant level of sedation. A: BCI versus propofol dose
(B =3.6+1.1-1072,R? = 1.3-1072). B: BSARversus propofoldose (8 = —1.1+1.3-107%,R? = 8.8-107%).
C: BCl versus midazolam dose (8 = 2.7 + 2.6 - 1071, R? = 4.1 - 10~3). D: BSAR versus midazolam dose
(B =1.46 +£2.66,R?> =1.1-1073).

statistically significant (Supplementary Figure 3.A.1). The proportion of variance in the
quantitative EEG parameters explained by the dose of sedative medication was very
low (R? <0.15in any case).

3.4 Discussion

We show that the background continuity index and the burst-suppression amplitude
ratio are straightforward, quantitative EEG-measures that assist in the prediction of
outcome after cardiac arrest. Our results confirm that return of EEG background con-
tinuity within 24 hours indicates a good outcome. Otherwise, a lack of background
continuity predicts poor outcome without false positives, except for the first 10 hours
after cardiac arrest. An amplitude ratio between ‘bursts’ and suppressions of 6.12 and
above isinvariably associated with a poor outcome, irrespective of timing with respect
to cardiac arrest. The accuracy of outcome prediction increases significantly by using
combinations of both features. We found no evidence that the effects of sedative med-
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ication led to falsely pessimistic outcome predictions.

3.4.1 Comparison with previous work

We quantify and generalize key findings of studies that used visual assessment of the
EEG for the prediction of outcome after cardiac arrest®™*. A high BSAR value captures
burst-suppression with identical bursts®, GPDs on a suppressed background®, and
“highly malignant” EEG patterns of the continuum in between?*2*, For the remainder
of EEG patterns, the BCl allows for reliable outcome predictions for various degrees of
background continuity, whereas visual assessment seem limited to cases with either
absent (BCI=0) or continuous (BCI=1) background activity .

Although various outcome predictors of postanoxic coma have been proposed, only
EEG-related measures have been shown to be valuable in prediction of good outcome "
24, For the prediction of good outcome at 12 hours, the background continuity index as
single feature performs at least as good as visual EEG analysis in terms of sensitivity
and specificity 3.

Our quantitative EEG features are suitable for the prediction of poor outcome in clini-
cal practice, given their zero false positive rates. Their sensitivities, reaching 45-57% in
combination, are good as compared to other highly-specific predictors, such as bilater-
ally absent N20-responses (25-57%), absent corneal reflexes (22-44%), absent pupillary
light reflexes (19-36%) %%, and an unfavorable EEG pattern identified by visual assess-
ment (22-26%) 3. By using only two intuitively clear EEG features, the accuracy of our
prediction modelis essentially the same as the Cerebral Recovery Index, the most accu-
rate quantitative EEG index for the prediction of outcome after cardiac arrest reported
sofar™.

3.4.2 Background continuity and recovery from anoxic brain injury

In neonates with hypoxic-ischemic encephalopathy, the prognostic value of EEG
background continuity has been well established*"*%, Although some studies have
stressed the importance of restoration of EEG background continuity for recovery from
postanoxic encephalopathy in adults'*??3°, this is the first systematic analysis in a
large prospectively collected cohort. Since EEG activity is mainly a reflection of cortical
synaptic activity®', which is very sensitive to effects of ischemia®?, interruption of
EEG activity immediately after cardiac arrest results from massive cortical synaptic
arrest. The return of EEG background continuity reflects a gradual recovery of synaptic
activity *3. Our results suggest that restoration of synaptic functioning within 24 hours
is a necessary condition for regaining consciousness and a good neurologic outcome.
This is in agreement with studies in in vitro models, showing that absence of synaptic
recovery within 24 hours after an hypoxic insult is strongly associated with irreversible
neuronal damage>*.

3.4.3 Role of the burst-suppression amplitude ratio

The amplitude ratio between bursts and suppressions was a reliable predictor for poor
outcome at each of the investigated time points, with highest sensitivity at 24 hours
after cardiac arrest. Certain burst-suppression patterns in postanoxic encephalopathy
have been recognized as invariably associated with poor outcome®°. Not only does
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the amplitude ratio identify malignant burst patterns, it also captures generalized pe-
riodic discharges on a suppressed background, which are equally associated with poor
outcome®. Since suppressions are easy to detect quantitatively, the amplitude ratio
between ‘bursts’ and suppressions is a straightforward measure, avoiding well known
challenges in detection of bursts®® and epileptiform discharges®¢*". Our results indi-
cate thata BSAR >6.12 always leads to a poor outcome, irrespective of the time relative
to the anoxic event.

Our study indicates that patients with severe postanoxic brain injury may have large
amplitude fluctuations in their EEG-patterns, but this does not explain the underlying
mechanisms. A candidate mechanism for these patterns is a change in the synaptic
excitation-inhibition ratio. A transient period of anoxia can induce long-term potenti-
ation of excitatory neurotransmission 8. We recently incorporated this effect in a com-
putational model, and showed that this resulted in generalized periodic discharges
or burst-suppression patterns with high amplitudes on a suppressed background*.
The increased excitation-inhibition ratio may subsequently contribute to excitotoxic-
ity, massive secondary cell death, and poor outcome *,

3.4.4 Influence of sedative medication

Based on their pharmacological effects, we expected propofol and midazolam to de-
crease continuity and to increase the burst-suppression amplitude ratio, which both
could lead to false prediction of poor outcome. We observed otherwise: increasing
doses of sedative medication were associated with more favorable values of BCI and
BSAR. Most likely, the severity of postanoxic brain injury is a confounding variable in
this respect. Patients without severe brain injury are more likely to have a continuous
EEG, with BSAR close to one, but are also more likely to have arousals and higher seda-
tive requirements. Besides, the variance in the quantitative EEG features explained by
the doses of sedatives was very low. These findings indicate that the influence of the
severity of postanoxic injury on the EEG is much stronger than those for sedative drugs,
in the typical doses administered.

3.4.5 Limitations

An important limitation of prognostication studies in comatose patients after cardiac
arrest is the risk of a self-fulfilling prophecy*°. This is the bias occurring when the treat-
ing physicians are not blinded to the results of the outcome predictor and use it to make
a decision to withdraw life-sustaining treatment. To minimize this risk, decisions on
treatment withdrawal were based on international guidelines including bilaterally ab-
sent SSEP, absent or extensor motor responses, and absent brain stem reflexes '*2°,
and the EEG within the first 72 hours after cardiac arrest was not taken into account.
Furthermore, the analysis of quantitative EEG features in this study was performed of-
fline, and treating physicians did not have these parameters available when making
decisions on withdrawal of treatment.

To some degree, our definition of ‘suppressions’ is arbitrary. Standardized critical care
EEG terminology defines the amplitude cutoff value of 10 uV’, but does not provide a
minimum duration for suppressions. The choice for a minimum suppression duration
is a trade-off between false detection of segments with spontaneous reductions in am-
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plitude and not detecting brief suppressions in between GPDs. Doubling the minimum
suppression duration would decrease sensitivity for the prediction of poor outcome,
since GPDs on a suppressed background with frequency 1-2 Hz would then be classi-
fied as ‘continuous’. A reduction of the minimum suppression duration would increase
the fraction of patterns classified by quantitative analysis as ‘discontinuous’ (BCl <0.9)
that would have been classified as ‘continuous’ by visual analysis. It should be noted
that lowering the minimum suppression duration to 250 ms, as tested during develop-
ment of the algorithm, did not significantly influence the accuracy for the prediction of
poor outcome.

The presented qEEG features critically depend on the rejection of artifacts. Despite the
use of an artifact rejection algorithm, we cannot exclude the possibility that our results
have been influenced by remaining artifacts. The most important risk is a false predic-
tion of poor outcome. The risk of an underestimation of BCI seems negligible, since
the algorithm rejects flat channels efficiently. Overestimation of the BSAR, however, is
still possible, since the artifact rejection algorithm does not exclude all high-amplitude
artifacts. For this reason, all epochs with BSAR >4 were checked visually, after which
another 2.5% were excluded from further analysis. Therefore, we stress that our qEEG
measures should be used as a tool to assist in visual interpretation of the EEG, allowing
for assessment of any remaining artifacts.
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Figure 3.A.1: Association between doses of sedative medication and qEEG features in the first 24 hours (part
2). Quantitative EEG features plotted as function of the dose of sedative drugs in pg/kg/h. Each subplot
includes a linear fit with 95% confidence intervals. Note the apparent vertical lines in each of the subplots,
caused by multiple values extracted in the same patient for constant level of sedation. A: BCI versus fentanyl
dose (B = 6.8 +2.2-107%,R? = 1.9- 1072). B: BSAR versus fentanyl dose (8 = —4.9 + 2.5-107%,R? =
7.4 -1073). C: BCl versus morphine dose (8 = 0.5 + 2.8 - 1073, R? = 1.3 - 10™*). D: BSAR versus morphine
dose (8 = —2.0 +3.2-107%,R? = 1.6 - 1073). E: BCl versus remifentanil dose (8 = 3.6 + 0.9 - 1072,R? =
1.5 - 1071). F: BSAR versus remifentanil dose (8 = —2.7 + 0.9 - 1071,R? = 6.5 - 1072).
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Quantitative EEG in postanoxic status epilepticus

Abstract

Objective

Methods

Results

Significance

Electrographic status epilepticus is observed in 10 to 35% of pa-
tients with postanoxic encephalopathy. It remains unclear which
electrographic seizure patterns indicate possible recovery, and
which are a mere reflection of severe ischemic encephalopathy,
where treatment would be futile. We aimed to identify quantita-
tive EEG features with prognostic significance.

From continuous EEG recordings of 47 patients with generalized
electrographic status epilepticus after cardiac arrest, five-minute
epochs were selected every hour. Epochs were visually assessed
and categorized into seven categories, including epileptiform
discharges. Five quantitative measures were extracted, reflect-
ing background continuity, discharge frequency, discharge peri-
odicity, relative discharge power, and inter-discharge waveform
correlation. The best achieved outcome within six months after
cardiac arrest was categorized as ‘good’ (Cerebral Performance
Category 1 to 2, i.e. no or moderate neurological disability) or
‘poor’ (CPC 3 to 5, i.e. severe disability, coma, or death).

Ten (22%) patients had a good outcome. Status epilepticusin pa-
tients with good outcome started later (median 45 vs. 29 hours
after cardiac arrest, p<0.001), more often ceased for at least 12
hours (90% vs. 16%, p=0.02), and was less often treated with
antiepileptic drugs (30% vs. 73%, p=0.02). Status epilepticus in
patients with a good outcome always evolved from a continuous
background pattern, as opposed to evolution from a discontin-
uous background pattern in 14 patients (38%) with a poor out-
come. Epileptiform patterns of patients with good outcome had
higher background continuity (1.00 vs. 0.83, p<0.001), higher
discharge frequency (1.63 vs. 0.90 Hz, p=0.002), lower relative
discharge power (0.29 vs. 0.40, p=0.01), and lower discharge pe-
riodicity (0.32 vs. 0.45, p=0.04).

We present electrographic characteristics of status epilepticus
after cardiac arrest that can be used to identify patients with pos-
sible recovery. Our results indicate that restoration of continu-
ous background activity before the onset of status epilepticus is
essential for a good outcome.
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4.1 Introduction

Electrographic status epilepticus occurs in 10 to 35% of comatose survivors of cardiac
arrest'"® and has a strong association with poor outcome'*"#, Due to the lack of
widely accepted diagnostic criteria, several electrographic abnormalities may qualify
as status epilepticus in postanoxic encephalopathy. It is unclear whether these vari-
ous patterns reflect various grades of encephalopathy and prognosis, and for which of
these patterns treatment with anticonvulsants may improve patients’ outcome®'°. Al-
though these have not been investigated systematically, certain differences between
electrographic seizure patterns of patients with good and poor outcome have been
observed. For example, generalized periodic discharges (GPDs) on a completely sup-
pressed background are strongly associated with a poor outcome ', whereas patients
with GPDs on a continuous, normal amplitude background may have a chance to sur-
vive '2. Other possible determinants of poor outcome are based on case studies and
include a very regular inter-discharge interval, a constant discharge morphology, high
spatial synchronization, and high relative power in the discharges®'"'37'5, |n few small
case series of survivors, opposite characteristics were observed *'®.

Besides the seizure pattern itself, its temporal evolution may indicate possibility for
recovery. Prolonged seizure duration is associated with a poor outcome in both con-
vulsive and non-convulsive status epilepticus '”. Evolution of status epilepticus from a
burst-suppression background, without preceding resoration of continuity, always re-
sulted in a poor outcome in an observational study in 26 patients with postanoxic en-
cephalopathy, whereas from patients with status epilepticus evolving from a continu-
ous background two survived®. Seizure patterns that eventually lead to poor outcome
appear to have a poor electrographic response to antiepileptic treatment''*. Possi-
ble explanations are twofold. On one hand, electrographic seizures not responding to
therapy tend to continue and may lead to secondary neuronal damage. On the other
hand, not responding to medication may indicate severe encephalopathy instead of a
true epileptic, reversible phenomenon.

Visual analysis of EEG in critical care suffers from poor interobserver agreement, de-
spite efforts to introduce unified criteria '®. Quantitative EEG overcomes this problem,
and helps to save time in assessment of lengthy continuous EEG recordings. Besides,
quantitative EEG allows for statistical analysis, which is an advantage for research pur-
poses.

We aim to identify and quantify EEG characteristics of generalized postanoxic status
epilepticus that help to select patients with or without possible recovery. We focus on
seizure patterns and their temporal evolution, and use quantitative EEG features that
reflect key features used in visual interpretation. We hypothesize that seizure onset
before improvement to a continuous background, the absence of background conti-
nuity during seizures, a low discharge frequency, high periodicity, and high correlation
between consecutive discharges indicate a poor prognosis.
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4.2 Methods
4.2.1 Patients

Data were collected from two teaching hospitals in The Netherlands. Between July
2010 and September 2014, all subsequent comatose patients that were admitted to
the Intensive Care Unit (ICU) after cardiac arrest were included in a prospective co-
hort study on the predictive value of cEEG on outcome®. The Medical Ethics Committee
Twente approved the protocol and waived the need for informed consent for EEG mon-
itoring during the ICU stay and clinical follow-up. Patients were included in the current
analysis if the EEG showed generalized electrographic seizures during the recording
on visual analysis. We defined electrographic seizures as generalized spike-wave dis-
charges at 3 Hz or faster, or clearly evolving discharges of any type at 4 Hz or faster, in
accordance with standardized Critical Care EEG terminology '®. Also, generalized pe-
riodic discharges with a minimum frequency of 0.5 Hz were included. For continuous
seizure activity, the minimum duration to qualify as status epilepticus was 30 minutes.
Intermittent seizures of 5 minutes and longer, with maximum inter-seizure interval of
5 minutes were also included, if the total seizure duration was more than 30 minutes.
Rhythmic delta activity or burst-suppression patterns with epileptiform burstshapes
were not included. Patients were excluded from the analysis if cEEG started later than
24 hours after cardiac arrest or if they had any other concommittant severe brain injury
(for example trauma, stroke).

4.2.2 Outcome

The primary outcome measure was the best achieved Cerebral Performance Category
(CPC) ' score in the first six months after cardiac arrest, assessed by telephone inter-
views at three and six months. This ordinal scale ranges from 1, indicating full recov-
ery, to 5, indicating death. CPC scores were dichotomized into ‘good’ (CPC 1-2, i.e. no
or moderate neurological disability) and ‘poor’ (CPC 3-5, i.e. severe disability, coma, or
death).

Other prospectively collected data were: gender, age, results of clinical neurological
evaluation (Glasgow Coma Scale scores, brain stem reflexes, myoclonus), serum lactate
levels, median nerve somatosensory evoked potentials, all sedative medication, and
medication for treatment of status epilepticus.

4.2.3 EEG recordings

EEG recordings were started as soon as possible within 24 hours after patients’ ad-
mission to the ICU, and continued until patients were awake or until the decision to
withdraw treatment was made, with a maximum of five days. Twenty-one silver/silver
chloride cup electrodes were placed on the scalp according to the international 10-
20 system. Quantitative EEG analysis was performed offline. EEG data were not used
for decisions regarding treatment withdrawal. However, treating physicians were not
blinded to the EEG. Treatment of electrographic seizures was left to the discretion of
the treating physician.
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4.2.4 Selection of EEG epochs

Five minute EEG epochs were selected automatically every hour during the complete
recordings. A computer algorithm, as used in a previous quantitative EEG study?°, was
applied to select only epochs that were free of artifacts. A movement artifact param-
eter was calculated as the relative fraction of high voltage signal (>200 pV), a muscle
artifact parameter as the power ratio between high (25-40Hz) and low (2-25 Hz) fre-
quencies, and a loose electrode artifact parameter as the relative amount of zero sig-
nal (with standard deviation lower than 1 pV for at least 1 second). A global artifact
parameter was calculated from these three measures. Data from 10 minutes before
and 10 minutes after a selected time point were assessed and divided into segments
of 30 seconds. The 10 consecutive segments with the lowest global artifact parameter
were selected as final epoch. If the individual or global artifact parameters exceeded a
predefined value, no epoch was selected for that hour. Before any further qualitative or
quantitative analysis, all epochs were filtered by a zero-phase, sixth order Butterworth
bandpass filter (0.5 30 Hz) and transformed to the longitudinal bipolar montage.

4.2.5 Qualitative categorization of EEG epochs

All epochs with raw EEG data were presented to a reviewer by the computer, in
random order. The reviewer was blinded for the patients’ clinical condition during
the registration, the recording time of the epoch, and the patient’s outcome. Epochs
were visually inspected and placed in one the following categories: isoelectric, low
voltage, burst-suppression, diffusely slowed, normal, or epileptiform. Isoelectric
epochs were defined as epochs without visible EEG activity. Low voltage epochs
were defined as epochs with visible EEG activity, but with all amplitudes below 20
uV. Burst-suppression was defined as the presence of clear increases in amplitude
(bursts), followed by interburst intervals of at least 1s with low-voltage activity
(suppressions). Bursts were required to have EEG amplitudes >20 uV, otherwise the
epoch was categorized as low voltage. Burst-suppression was further subdivided into
‘burst-suppression with identical bursts’ and ‘burst-suppression without identical
bursts’. ‘Burst-suppression with identical bursts’ was defined as burst-suppression
in which shapes of subsequent bursts are identical?'. Diffusely slowed epochs were
defined as epochs with normal amplitude (>20 V) for >90% of the time and dominant
frequency in the delta or theta range (1-8 Hz). An epoch was categorized as normal if
amplitudes were higher than 20 pV and the dominant frequency was 8 Hz or higher,
irrespective of reactivity and anterior-posterior differentiation. Epileptiform epochs
included electrographic seizures and GPDs. Electrographic seizures were defined as
generalized spike-wave discharges or clearly evolving discharges of any type, without
quantifiable inter-discharge interval. GPDs were defined as a bilateral synchronous
repetitions of a waveform with relatively uniform morphology and duration with a
quantifiable inter-discharge interval between consecutive waveforms and recurrence
of the waveform at nearly regular intervals, with minimum frequency 0.5 Hz. We did
not analyze electrographic seizures and GPDs separately, as the distinction between
the two is often arbitrary in postanoxic encephalopathy. The visual analysis resulted in
atime line of the temporal evolution of the EEG for every patient. The first epileptiform
epoch on this time line defined the onset time of status epilepticus. As a measure
for the tendency of epileptic discharges to disappear, we determined whether or
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not epileptiform discharges ceased for at least 12 consecutive hours. We did not
analyze the duration of status epilepticus, as we considered this problematic. First,
epileptiform discharges might reappear after a seizure-free interval. Second, because
of the decision to withdraw treatment, in many cases EEG recordings were terminated
during ongoing status epilepticus. To indicate the reliability of the visual assessment,
arandom set consisting of 15% of all epochs were assessed by a second reviewer using
the same protocol.

4.2.6 Quantitative EEG analysis

Quantitative EEG analysis and statistical analysis were performed with MATLAB
(MATLAB and Statistics Toolbox Release R2013b, The MathWorks, Inc., Natick,
Massachusetts, United States).

Assessment of background continuity

A background continuity parameter was applied to all epochs to assess evolution of
background continuity and to characterize epileptiform EEG patterns. The background
continuity parameter was defined as follows:

Tnorm

¢ Tnorm + Tsupp ' (4‘1)
where Ty, is the amount of time for which the EEG has amplitude 10 pV, and Ty,
the amount of time for which the EEG is suppressed (<10 uV), with a minimum sup-
pression duration of 0.5s. In fact, this continuity parameter is the inverse of the burst-
suppression ratio?2. This calculation was performed for all bipolar derivations individ-
ually and then averaged. The continuity index equals 0 for low-voltage or isoelectric
EEG and 1 for continuous EEG activity. Burst-suppression patterns patterns have values
between 0 and 1. For the assessment of background continuity evolution in relation to
the onset time of status epilepticus, epochs were classified as continuous if the con-
tinuity index exceeded 0.9. This indicates that we accepted a maximum suppression
time of 10% resulting from spontaneous fluctuations.

Quantitative analysis of epileptiform patterns

AllEEG epochs that were marked as epileptiform during visual assessment were further
analyzed with regard to four quantitative EEG measures, all closely related to visual ob-
servations: discharge frequency, discharge periodicity, relative discharge power, and
discharge correlation.. Calculations were performed per epoch and then averaged over
all epileptiform epochs per patient.

All measures started with a detection algorithm for generalized epileptiform dis-
charges. This algorithm is based on a method for detecting spike trains in neonatal
seizures®, and is especially useful for detecting epileptiform discharges with a
quantifiable inter-discharge interval, as is the case for GPDs. It consists of a nonlinear
energy operator to enhance signal with high amplitude and high frequency,defined as

d(n) = |(xp—1 - Xp—2) — (n - X5-3)|, (4.2)
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where ¢p(n) denotes the filtered signal, x,, the current sample of signal x, x;,_; the first
sample before x,,, and so on. On the output of the nonlinear energy operator, we ap-
plied a moving average filter with a window size of 120 ms. Next, the signal was divided
into epochs of 5 seconds, with overlap of 4 seconds. To each epoch, an adaptive thresh-
old was applied that was defined as

T =06"[0c+qs], (4.3)

with o and g3 denoting the standard deviation and 75th percentile of the epoch, respec-
tively. Unlike Deburchgraeve et al., we did not apply an additional ‘spikiness criterion’
to further reduce the number the high-energetic segments. This was left out, because
periodic discharges in postanoxic encephalopathy often have sharp instead of spiky
waveforms '8, and the ‘spikiness criterion’ would exclude these types of discharges. If,
afterapplying the adaptive threshold, the remaining high-energy segments are present
in nine or more bipolar derivations at the same time, they were considered as ‘gener-
alized discharges’. As most epileptiform discharges in postanoxic encephalopathy are
generalized, we accepted lateralized periodic discharges not being detected. The min-
imum required duration of discharges was 60 ms and the minimum interval between
subsequent discharges was 200 ms. The maximum duration of discharges was 0.5s, be-
cause otherwise they would qualify as bursts, by definition '®. A minimum amplitude
for discharges of 20 pV was chosen to avoid electrocardiography (ECG) artifacts from
being detected as epileptic discharges. The four features extracted are listed and ex-
plained in Table 4.1.

4.2.7 Statistical analysis

To test for differences in categorical variables between patients with good and poor
outcome, we applied the Chi-square test or Fisher’s exact test, depending on the dis-
tribution. To test between-group differences for continuous variables, we applied Stu-
dent’s t-tests or Mann-Whitney U tests, where applicable. Agreement between the two
observers in visual categorization of EEG epochs was tested with Cohen’s Kappa. All
statistical testing was two-tailed and P-values <0.05 were considered statistically sig-
nificant.

4.3 Results

4.3.1 Patient characteristics

Of 288 patients that were monitored with cEEG after cardiac arrest, 47 had generalized
electrographic status epilepticus and met the criteria for inclusion in this study. Patient
characteristics are listed in Table 4.2, grouped by outcome. Patients with poor outcome
did not differ from patients with good outcome in terms of age, gender, lactate level,
timing and duration of cEEG recording, resuscitation characteristics, and sedation re-
quirements. None of the patients with good outcome had a GCS-score of 3 or absent
pupillary light reflexes after 72 hours. Myoclonus was observed in a majority (82%) of
patients with poor outcome in the first 72 hours after cardiac arrest, while only one
patients with good outcome had myoclonus. A majority of patients was treated with
antiepileptic drugs. More patients with poor outcome were treated (73 vs. 30%, P=0.02)
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Table 4.1: Definitions of quantitative EEG features, extracted after applying the epileptiform discharge de-

tection algorithm.

Quantitative feature

Definition

Discharge frequency

Relative discharge power

Discharge periodicity

Discharge correlation

1/(median inter-discharge interval). The inter-
discharge interval is the difference in onset time
between two consecutive generalized discharge
segments.

The summed power in generalized discharge seg-
ments, divided by the total signal power. Calculated
for each channel individually and then averaged over
channels. Power was denoted as the square of the
signal amplitude, averaged over time. Value [0-1].

Fraction of all inter-discharge intervals whose dura-
tion is no more than 25% shorter or longer than the
median inter-discharge interval. This feature was
only calculated if the discharge frequency was higher
than 0.2 Hz. Value [0-1].

The average cross-correlation coefficient for each
generalized discharge with its 10 preceding general-
ized discharges. Calculated for each channel individ-
ually and then averaged over channels. Value [0-1].
This feature was only calculated if the discharge fre-
quency was higher than 0.2 Hz.
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and if so, more different anti-epileptic drugs were used, as compared with patients with
a good outcome.

4.3.2 Qualitative assessment of EEG epochs

In total, 3306 epochs were assessed by visual inspection. Of these epochs, 500 were
assessed by a second reviewer. Cohen’s Kappa was 0.74 for the distinction between
epileptiform and non-epileptiform epochs.

4.3.3 Temporal evolution of electrographic status epilepticus

Figures 4.1 and 4.2 show typical examples of the EEG evolution in patients with a poor
and a good outcome, respectively. The patient in Figure 4.1 develops status epilepti-
cus from a burst-suppression pattern, without preceding improvement to a continuous
background. This is reflected by both the qualitative assessment and the quantitative
continuity parameter. Note that background continuity improves with time, but never
reaches values higher than 0.9. Improvement of continuity is only caused by the in-
crease in discharge frequency. Figure 4.2 shows the EEG evolution for a patient with
good outcome. Note that, in contrast to Figure 4.1, the EEG readily improves to a con-
tinuous background, and remains continuous thereafter. Epileptiform discharges ap-
pear after background continuity has been reached. More clearly than for the patient
in Figure 4.1, discharges appear shortly after tapering sedative medication, and disap-
pear quickly after the administration of an anti-epileptic drug (phenytoin). The relative
contribution of the discharges to the total signal power in this patient is low throughout
time.

The upper part of Table 4.3 summarizes characteristics of the temporal evolution
of electrographic status epilepticus for patients with poor and good outcome. All
patients with good outcome improved towards a continuous EEG, defined as a back-
ground continuity parameter higher than 0.9, before the onset of status epilepticus
as compared with 62% of patients with a poor outcome. Only 84% of patients with
poor outcome ever improved to a continuous EEG. The median onset time of status
epilepticus was 29 hours after cardiac arrest for patients with poor outcome, and 45
hours for patients with good outcome (P<0.001). In patients with a good outcome,
status epilepticus never started within 39 hours after cardiac arrest. Epileptiform
discharges we more likely to cease for at least 12 hours in patients with good outcome
(90% vs. 16%, p=0.02). In 70% of patients with poor outcome, status epilepticus was
preceded by burst-suppression with identical bursts as compared with none of the
patients with a good outcome (P<0.001).

4.3.4 Quantitative characterization of epileptiform epochs

Figure 4.3 shows two typical examples of observed EEG patterns, the result of the dis-
charge detection algorithm, and the extracted quantitative EEG features. Figure 4.3Ais
a pattern that was observed in a patient with poor outcome. It shows generalized peri-
odic discharges at regular intervals, with constant discharge morphology, high spatial
synchronization, relative high power in the discharges, and a suppressed background,
reflected by the extracted quantitative EEG features. The pattern in Figure 4.3B was
observed in a patient with good outcome. It consists of periodic discharges that wax
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Table 4.2: Patient characteristics, grouped by outcome.

Poor outcome

Good outcome

(CPC3-5) (CPC 1-2) Prvalue
Number of patients 37 10
Male 23(62%) 7(70%) 0.727
Age 68 (27-82) 68(51-88) 0.848
Witnessed cardiac arrest 25(68%) 7(70%) 1.000
Resuscitation outside hospital 33(89%) 9(90%) 1.000
Initial rhythm VT/VF 19(51%) 9(90%) 0.083
No. of shocks 1(0-16) 2(0-5) 0.434
Cause of non-cardiac origin 9 (24%) 1(10%) 0.617
Lactate level (mmol/L) 2.5(0.6-9.7) 1.5(0.4-4.6) 0.177
Therapeutic hypothermia (33 °C) 36(97%) 9(90%) 0.348
Sedation with propofol 34(92%) 10(100%) 1.000
Maximum dose (mg/kg/h) 2.7(1.5-5.3) 3.6(1.7-4.3) 0.130
Sedation with midazolam 16 (43%) 5(50%) 0.734
Maximum dose (mg/kg/h) 0. 14 (0.03-0.89) 0.14(0.06-0.36) 0.924
Sedation with fentanyl 19(51%) 7(70%) 0.475
Maximum dose (ug/kg/h) 1.7(1.0-2.9) 1.8(1.3-2.6) 0.497
Sedation with remifentanyl 7(19%) 0(0%) 0.318
Maximum dose (ug/kg/h) 6.3(2.3-13)
Sedation with morphine 9(24%) 2(20%) 1.000
Maximum dose (mg/kg/h) 0.27(0.20-0.65) 0.40(0.22-0.58) 0.667
Treatment with AEDs 27 (73%) 3(30%) 0.023
Number of AEDs 1(0-3) 0(0-2) 0.040
Treatment with phenytoin 17 (46%) 1(10%) 0.065
Treatment with levetiracetam 8(22%) 0(0%) 0.147
Treatment with valproic acid 11(30%) 3(30%) 1.000
cEEG start time (hours) 13(3-24) 7(2-17) 0.175
cEEG duration (hours) 66(20-217) 68(59-166) 0.434
GCS > E1M2 at72h 7(19%) 10(100%) <0.001
Present pupillary light reflexes at 72h 33(89%) 10(100%) 0.113
Bilateral absent N20 response 16 (47%) 0(0%) 0.066
Myoclonus observed within 72h 32(87%) 1(10%) <0.001

Numbers given as median (range) unless otherwise indicated. AEDs: Antiepileptic drugs; GCS: Glasgow
Coma Scale score; VF: Ventricular Fibrillation; VT: Ventricular Tachycardia.
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Figure 4.1: Temporal EEG evolution of a patient with poor outcome. A: Three samples of EEG at different
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discharge frequency drops suddenly. This is caused by the fact that, during these hours, the amplitude and
spatial generalization of discharges had fallen below the detection threshold.
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Table 4.3: Evolution of electrographic status epilepticus and quantitative EEG features of epileptiform
epochs, grouped by outcome.

Poor outcome Good outcome P
(CPC 3-5) (CPC1-2)
N=37 N=10
Evolution of status epilepticus
Background continuity >0.9 before SE 23(62%) 10(100%) 0.02
Background continuity never >0.9 6(16%) 0(0%) 0.22
Time to onset of SE (hours) 29(13-56) 45(39-62) <Qo001
Cessation of SE for >12h 6(16%) 9(90%) 0.02
SE preceded by identical bursts 26 (70%) 0(0%) <Q001
qEEG features of epileptiform epochs
Background continuity 0.83(0.43-1.00) 1.00(0.92-1.00) <Q001
Discharge frequency 0.90(0.26-1.75) 1.63(0.82-2.29) 0.002
Relative discharge power 0.40(0.16-0.80) 0.29(0.17-0.42) 0.01
Discharge periodicity 0.45(0.08-0.85) 0.32(0.20-0.57) 0.04
Discharge correlation 0.66(0.30-0.87) 0.59(0.30-0.64) 0.16

Numbers given as median (range) unless otherwise indicated. CPC: Cerebral Performance Category; SE:
status epilepticus; EEG: quantitative electroencephalography.

and wane, with evolving discharge morphology on a continuous, normal voltage back-
ground pattern. The inter-discharge intervals are more variable, and spatial generaliza-
tion is less obvious as compared with the pattern in Figure 4.3A. One can loosely state
that pattern 4.3A s less ‘complex’ and more ‘predictable’ than pattern 4.3B.

In general, the discharge detection algorithm worked well, as illustrated in Figure 4.3.
If we would define epochs as epileptiform if the detected discharge frequency was 0.5
Hz or higher, 78% of 3306 epochs would be classified correctly, as compared with vi-
sual categorization. In the lower part of Table 4.3, comparisons of quantitative EEG
features of epileptiform epochs of patients with poor and good outcome are presented.
Epileptiform epochs of patients with good outcome had higher background continuity
(1.00 vs. 0.83, p<0.001), higher discharge frequency (1.63 vs. 0.90 Hz, p=0.002), lower
relative discharge power (0.29 vs. 0.40, p=0.01), and lower discharge periodicity (0.32
vs. 0.45, p=0.04) . Mean background continuity was never below 0.92 and mean dis-
charge frequency was never below 0.82 Hz in patients with a good outcome. There was
no statistically significant difference between patients with poor and good outcome in
correlation between subsequent discharge waveforms (0.59 vs. 0.66, p=0.16).

4.4 Discussion

In this study, we present quantitative EEG features of generalized status epilepticus in
postanoxic encephalopathy in relation to possible recovery. While other studies relied
on qualitative descriptions, quantitative EEG features overcome problems with inter-
observer agreement and allow for statistical analysis. We introduce five quantitative
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Figure 4.3: Two examples of electrographic seizure patterns, as observed in study subjects. High-energetic
segments selected by the detection algorithm are highlighted. Orange triangles at the bottom indicate when
a generalized discharge is detected. A: Typical example of electrographic seizure pattern as recorded from
a patient with poor outcome. The pattern consists of generalized periodic discharges at regular intervals,
with a constant morphology, high spatial synchronization, relative high power in the discharges, on a sup-
pressed background. Note that all high-energetic segments are part of a generalized discharge. B: Typical
example of electrographic seizure pattern as recorded from a patient with good outcome. It consists of dis-
charges that show evolving discharge morphology on a continuous, normal voltage background, where the
inter-discharge intervals are more variable, and spatial generalization is less obvious as compared with the
pattern in panel A. Note that not all selected high-energy segments are discharges, and discharges with a low
amplitude (<20 pV) are not detected.
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EEG features closely related to aspects of visual assessment, which helps translating
our results to clinical practice.

Unlike patients with a poor outcome, all patients with a good outcome improved to-
wards a continuous EEG background pattern before the onset of status epilepticus.
Outcome was always poor if status epilepticus developed during the first 36 hours af-
ter cardiac arrest, the period with targeted temperature management and the associ-
ated sedative medication. Outcome was also invariably poor if electrographic status
epilepticus was preceded by burst suppression with identical bursts. Seizure patterns
of patients with good outcome showed higher background continuity, higher epileptic
discharge frequency, lower relative discharge power, and lower discharge periodicity
as compared with patients with poor outcome. Outcome was invariably poor when
more than two antiepileptic drugs were needed to suppress seizure activity.

As compared with previous literature, the incidence of electrographic status epilep-
ticus was high in our cohort. Also, relatively many patients had a good outcome. In
previous studies, the diagnosis of status epilepticus was often based on repetitive rou-
tine EEGs, typically applied later than 72 hours after cardiac arrest, and the decision
to perform EEG was often based on the presence of myoclonus®*2. In our study, elec-
trographic seizure patterns leading to poor outcome had a longer duration and were
more often accompanied by myoclonus, as compared with seizure patterns of patients
with good outcome. Therefore, previous case series may have included a subsample of
patients with a high probability of poor outcome. Early, self-limiting status epilepticus
with a good outcome was probably not diagnosed. Another explanation for the rela-
tively large fraction of patients with good outcome is the broad range of EEG patterns
included in our study, as compared to previous work.

None of the 14 patients who developed status epilepticus before improvement to a
continuous pattern survived. Moreover, 16% of patients with a poor outcome neverim-
proved towards a continuous background pattern. These results are in agreement with
previous findings in a smaller case series of postanoxic status epilepticus® and with our
own findings in an unselected population of postanoxic encephalopathy®. Apparently,
early improvement towards a continuous background EEG is a key feature of recovery
from postanoxic encephalopathy.

We chose to characterize electrographic seizure patterns by quantitative EEG features
that closely resemble features assessed by visual analysis. Accordingly, the results can
be used in clinical practice, where visual assessment is the gold standard and real time
quantitative EEG is often not available. However, for clinical decision making, differ-
ences between groups of patients with good and poor outcome should ideally be trans-
lated into predictive values for individual patients. This would require a clear defini-
tion of threshold values, to be confirmed in a separate test set. Seizure patterns of pa-
tients with a poor outcome differed from those with good outcome quantitatively, with
more background suppression, lower discharge frequency, and higher periodicity of
discharges. These findings demonstrate that the damaged neural networks underlying
electrographic seizures have a lower complexity in patients with poor outcome as com-
pared with patients with good outcome. A lower network complexity reflects a greater
extent of ischemic damage, indicating that, especially in patients with a poor outcome,
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‘epileptiform’ patterns are an expression of severe ischemic damage, rather than true
epilepsy, which is potentially reversible by treatment with antiepileptic drugs. In a
computer model, we have demonstrated that generalized periodic discharges may re-
sult from selective damage to excitatory synapses to inhibitory interneurons®, disrupt-
ing the essential balance between excitatory and inhibitory input in this microcircuit*,
We speculate that in some patients this failure of excitatory input to inhibitory interneu-
rons is irreversible; such persistent failure of synaptic transmission has indeed been
suggested by Bolay and others %26,

Patients with electrographic status epilepticus and poor outcome were more often
treated with antiepileptic drugs and, if so, with more different drugs than patients with
a good outcome. Still, seizures did not disappear in the majority of these patients.
Many physicians treat electrographic status epilepticus after cardiac arrest, despite
lack of evidence for a beneficial effect on patients’ outcome. However, only one third
of epilepsy experts treats these patients equally intensive as patients with overt status
epilepticus?’. Paradoxically, for most neurologists the threshold to treat patients with
overt myoclonus is lower than for patients with non-convulsive electroencephalo-
graphic seizures, whereas irreversible damage and a poor outcome are more likely in
patients with myoclonus'°. The effect of intensive antiepileptic treatment is currently
under investigation in a randomized multicenter trial (NCT02056236) %%,

This study has limitations. First, all our findings are based on 5 minute epochs that were
automatically selected every hour during the first 72 hours after cardiac arrest. Recur-
rent seizures lasting less than 60 minutes may therefore have been missed. However,
epileptiform discharges in postanoxic encephalopathy usually do not disappear spon-
taneously within hours and will therefore most likely be detected, even using our lim-
ited temporal sampling. Second, the discharge detection algorithm was unable to clas-
sify 22% of all epochs correcly, as compared to visual analysis. However, our algorithm
performed equally well as previously published seizure detection algorithms 23293,
despite heterogenity in discharge waveforms and background patterns. We consid-
ered the algorithm sufficiently reliable for adequate quantification and comparison
of the studied parameters. Finally, our results may have been influenced by sedative
agents. For example, propofol may induce discontinuities and - with high doses -
burst-suppression patterns. However, in healthy brains, with the dosages that were
used in our patients, the EEG remains continuous, with anteriorization of the alpha
rhythm?3'. Moreover, maximum propofol doses were not significantly different in both
outcome groups.
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Effects of propofol on the EEG after cardiac arrest

Abstract

Objective

Methods

Results

Conclusions

During the first 24h after cardiac arrest, EEG is a sensitive tool for
the prediction of neurological outcome. In this period, patients
usually receive sedative medication, such as propofol. We aim
to quantify the effects of propofol on the postanoxic EEG and to
assess their consequences for the reliability of outcome predic-
tions.

In a prospective cohort study on postanoxic coma, we analyzed
the EEG within the first 72h after cardiac arrest. At six time points,
EEG patterns were classified as favorable (continuous), unfa-
vorable (generalized suppression or synchronous patterns with
>50% suppression), or intermediate. Quantitative EEG analy-
sis was performed every 2h and included measures for ampli-
tude, background continuity, burst-suppression amplitude ratio,
and dominant frequency. Qualitative and quantitative measures
were compared before and after the first propofol interruption.
Additionally, the effect of propofol on each measure was esti-
mated using linear mixed effects models, in which age, sex, time
since cardiac arrest, resuscitation characteristics, and midazo-
lam doses were included as covariates.

We included 496 patients, in whom the first propofol interrup-
tion took place at a median of 41h after cardiac arrest. After in-
terruption of propofol, the specificity of favorable EEG patterns
for good outcome decreased, and the predictive value of unfa-
vorable EEG patterns for poor outcome remained unchanged.
Quantitatively, propofol was associated with decreases in EEG
amplitude, background continuity and dominant frequency, and
an increase of burst-suppression amplitude ratio. Despite these
effects, propofol did neither increase the chance of an unfavor-
able EEG pattern (adjusted odds ratio (aOR) 0.92 per increase of 2
mg/kg/h, 95%-Cl: 0.81-1.11) nor decrease the chance of a favor-
able EEG pattern (aOR 0.98 per increase of 2 mg/kg/h, 95%-Cl:
0.81-1.09).

We show that propofol changes the postanoxic EEG. However,
its effects are too small to affect the reliability of EEG-based out-
come predictions.
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5.1 Introduction

Postanoxic brain injury after cardiac arrest is among the most frequent causes of
coma at the Intensive Care Unit (ICU). In approximately half of all patients, severe
encephalopathy impedes recovery of consciousness. Patients are usually treated with
targeted temperature management (TTM) at 32-36 °C and sedative medication for at
least 24 hours. Although this therapy may improve neurological outcome, it interferes
with most methods for prognostication, including the neurological examination .

Electroencephalography (EEG) is a reliable tool for prediction of outcome within the
first 24 hours after cardiac arrest, despite TTM and sedation®™*. Generalized suppres-
sion and synchronous patterns with >=50% suppression (including generalized periodic
discharges on a suppressed background and burst-suppression with generalized burst-
ing and abrupt burst onsets, such as identical bursts) reliably predict a poor outcome.
EEG patterns with a continuous background, in the absence of rhythmic or periodic
activity, have a strong association with good recovery®. These predictors are equally
reliable in centers using different sedation regimes®.

Sedative medication is well-known to change of the EEG. For example, propofol may in-
duce burst-suppression patterns’, and midazolam may reduce the EEG amplitude®and
can also induce burst-suppression®. However, these changes of the EEG are typically
induced at much higher doses than those used for sedation in the ICU°. Also, med-
ication induced burst suppression has a different appearance than ischemia induced
patterns'’.

Arecent explorative study investigated quantitative EEG (qEEG) changes after sedation
interruptions in relation to outcome 2. Sedation altered EEG amplitude and continuity
but did not importantly affect the relation between EEG parameters and neurological
outcome. The sample size of this study was small, and the type of sedative medication
and timing of the EEG varied widely.

In the current study, we focus on the effects of propofol, a commonly applied sedative
drug on the ICU. We aim to quantify its effects on EEG patterns of comatose patients
after cardiac arrest, and the consequent possible interference with outcome predic-
tions. The analysis consists of two parts. In the first part, we quantify changes of the
EEG shortly after interruption of propofol sedation and assess whether this information
changes the predictive value of the EEG. In the second part, we estimate the effects of
propofol on qualitative and quantitative EEG measures in multivariate models.

5.2 Methods

5.2.1 Study design and participants

This is a retrospective analysis of a prospective cohort study conducted in five cen-
ters in The Netherlands. We used data from three centers for which continuous data
on intravenously administered medication were available (Medisch Spectrum Twente,
St. Antonius Hospital, University Medical Center Groningen). Consecutive, comatose
(Glasgow Coma Scale <8), adult patients, admitted to the ICU after cardiac arrest, were
considered eligible for inclusion. In all three centers, continuous EEG monitoring is
considered standard care for comatose patients after cardiac arrest. Part of the EEG
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data were previously used for studies on outcome prediction after cardiac arrest using
visual® and quantitative analysis®. The Medical Research Ethics Committee Twente
waived the need for informed consent for the EEG monitoring. Informed consent was
obtained from surviving patients at time of follow up.

5.2.2 Standard of care

Patients were treated according to standard protocols for comatose patients after car-
diac arrest. A target temperature of 33 °C or 36 °C was induced as soon as possible after
arrival on the ICU and maintained for 24 hours. Patients were sedated with propofol,
midazolam, or both, and received morphine, fentanyl, or remifentanil for analgesia.
Propofol sedation was usually interrupted after the period of TTM, and restarted in case
of severe arousals, prolonged cooling to suppress fever, myoclonus, or seizures.

5.2.3 Decisions on withdrawal of life-sustaining treatment

Withdrawal of treatment was considered >72 hours after cardiac arrest, during nor-
mothermia and off sedation. Decisions on treatment withdrawal were based on inter-
national guidelines including bilateral absence of somatosensory evoked potentials
(SSEP), absent or extensor motor responses, and absence of brainstem reflexes™®,
Decisions on treatment withdrawal were sporadically taken between 48 and 72 hours
in case of absent SSEP responses. EEG data were not used for decisions regarding treat-
ment withdrawal. However, physicians were not blinded to the EEG in order to allow
for early detection and treatment of electrographic seizure activity.

5.2.4 EEG recordings and analysis

EEG recordings were started as soon as possible after admission to the ICU and, for
practical reasons, only between 8 A.M. and 8 P.M. in each center, and not during week-
end days in one center. Twenty-one cup electrodes were placed on the scalp accord-
ing to the international 10-20 system. EEG recordings were continued until patients
recoved consciousnes or died, with a maximum of five days.

All EEG analyses were performed offline, after the recordings. Visual analysis of EEG
data was performed in a longitudinal bipolar montage, after band pass filtering (0.5 to
35 Hz). Five-minute EEG epochs were assessed at 6, 12, 24, 36,48, and 72 h after cardiac
arrest, as described before®. EEG epochs were presented in random order to review-
ers who were blinded to the timing of the epoch, the clinical condition of the patients,
medication, and outcome. All EEG epochs were assessed by two experienced review-
ers from a pool of six (B.R., M.T-C, M.v.P,, H.K., A.G., or J.H.), independently. If the two
reviewers disagreed, the final classification was determined by consensus. If neces-
sary, a third reviewer was consulted. Reviewers were allowed to choose the option “no
classification possible” if the epoch was considered unreliable due to artifacts.

On visual assessment, EEG patterns were classified as one of the following categories:
generalized suppression (all activity <10 pV), synchronous patterns with >=50% sup-
pression (<10 uV), continuous, or intermediate. ‘Synchronous patterns with >50%
suppression’ included generalized periodic discharges on a suppressed background
and burst-suppression with generalized bursting and abrupt burst onsets. ‘Continuous’
included normal amplitude (>20 pV) patterns with <10 % suppression, without peri-
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odic activity. ‘Intermediate’ patterns were subdivided in low voltage (maximum am-
plitude 10-20 pV), discontinuous (10-49% suppression or attenuation), heterogeneous
burst-suppression (=50% suppression or attenuation, without generalized bursting or
abrupt burst onsets), and epileptiform patterns other than GPDs on a suppressed back-
ground.

Quantitative analysis of the EEG was performed every two hours between 2 and 72
hours after cardiac arrest. Five-minute, artifact-free epochs were extracted automat-
ically by a computer algorithm at the desired time + 0.5 h. The algorithm selected the
five consecutive minutes closest to the reference time with artifact-parameters below
a desired threshold, as described before®. No epoch was created if no artifact-free seg-
ment was found. For each EEG epoch, four qEEG features were extracted, after applica-
tion of a 6-th order Butterworth band pass filter with range 0.5 to 30 Hz: power (POW),
defined as the root mean squared amplitude, background continuity index (BCl), de-
fined as the fraction of EEG not spent in suppression (amplitude <10 pV for >0.5 s),
burst-suppression amplitude ratio (BSAR), defined as the mean amplitude ratio be-
tween non-suppressed and suppressed segments®, and alpha-delta ratio (ADR), de-
fined as the power ratio between the alpha (8-12 Hz) and delta band (1-4 Hz). The BSAR
was only calculated for BCl values between 0.05 and 0.95. Power spectral density was
calculated using Welch’s averaged periodogram with a 50% overlapping Hamming win-
dow of 10s.

For the quantification of EEG changes at time of propofol interruption, two additional
EEG epochs were extracted at 1h & 0.5 h before and after the first propofol interruption.

5.2.5 Additionally collected data

For each patient, information on timing and dosage of continuously administered med-
ication in the first five days after cardiac arrest was extracted semi-automatically from
the patient data management system (Metavision). Additionally collected data include
age, sex, and resuscitation details.

5.2.6 Outcome

The primary outcome measure was neurological functional recovery at six months, ex-
pressed as the score on the five-point Glasgow-Pittsburgh Cerebral Performance Cate-
gory (CPC) (Jennett and Bond, 1975) dichotomized as good (CPC 1 or 2) or poor (CPC
3,4, or5). Outcome was assessed during a standardized telephone interview by one of
two investigators (BR or MT-C) or a trained research nurse. CPC scores were based on
a Dutch translation of the EuroQol-6D questionnaire. In one center, CPC scores were
assessed using the Short Form 36 (SF-36) questionnaire.'®

5.2.7 Statistical analysis

In order to compare baseline characteristics of patients with good and poor outcomes,
categorical variables were analyzed using Pearson’s y2-test, and continuous variables
using the Mann-Whitney test.

To compare the predictive values of the EEG during propofol sedation and afterits inter-
ruption, we calculated test sensitivity and specificity (including 95% confidence inter-



72 Effects of propofol on the EEG after cardiac arrest

vals) at 12h after cardiac arrest, at the time of last assessment before the first propofol
interruption, and the first assessment without propofol.

To compare qEEG features before and after propofol interruptions on a group level, we
used Mann-Whitney tests. Aditionally, we investigated changes at the individual level.
Since qEEG measures may to some extent fluctuate randomly over time, we tested each
change for statistical significance. We defined a substantial increase as an increase
greater than the 95th percentile value of changes between pairs of consecutive mea-
surements not involved in a sedation transition. To compensate for ceiling and floor
effects for the BCI, which can only take values between 0 to 1, we divided each change
in the BCI by the maximum possible change. Similarly, to account for floor effects of
the BSAR (with minimum value 1) we expressed decreases as the maximum possible
decrease.

For analysis of the relation between propofol dose and the chance of a favorable
(continuous) or unfavorable (suppression or synchronous pattern with >50% sup-
presssion) EEG pattern, we used mixed-effects logistic regression. In the regression
models, propofol dose at time of extraction of the EEG epoch plus the following
covariates were included as fixed terms: time after cardiac arrest, age, sex, location of
cardiac arrest (in-hospital or out-of hospital), initial cardiac rhythm (ventricular fibril-
lation (VF) or other), cause of cardiac arrest (cardiac or noncardiac), time after cardiac
arrest, midazolam dose at time of extraction of the EEG epoch, and an interaction
term for midazolam and propofol doses. We included constant random effect terms
for “patient” and “center”.

For quantification of the effect of propofol on qEEG measures, we used generalized lin-
ear mixed-effects regression with the same set of covariates as used in the logistic re-
gression analysis. In this analysis, we assumed a normal distribution of BCl and BSAR
values, and gamma distributions for POW and ADR values. We used a logit link function
to relate predictors to the BCl, and a log link function to relate predictors to POW, BSAR,
and ADR. For each model, we checked that residuals were normally distributed.

P-values <0.05 were considered statistically significant. All tests were performed using
Matlab Statistics Toolbox software (MATLAB and Statistics Toolbox Release R2017b, The
MathWorks, Inc., Natick, Massachusetts, United States).

5.3 Results

Between May 2010 and November 2017, EEG recordings were started in 506 patients.
Ten had no artifact-free EEG at any of the investigated time points, leaving 496 patients
for the analysis. Twenty patients without available outcome data were only used for
part of the analysis.

5.3.1 Clinical characteristics

Clinical characteristics are shown in Table 5.1, grouped by outcome. Poor outcome
occurred in 269 patients (57%). Most differences were as expected: patients with poor
outcome were older, more often had a non-cardiac cause of arrest, and less often had
ventricular fibrillation (VF) as initial rhythm. Of note, patients with a good outcome
required higher doses of propofol, fentanyl, and remifentanil, for sedation.
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Table 5.1: Patient characteristics, grouped by outcome.
Poor outcome Good outcome p-value
(CPC 3-5) (CPC 1-2)
Number 269 (57%) 207 (43%)
Age 67(55-74) 59 (50-69) <0.001
Female 74(28%) 49 (24%) 0.34
Out-of-hospital cardiac arrest 235 (87%) 192(93%) 0.05
Noncardiac cause of arrest 60 (26%) 12 (6%) <0.001
VF as initial cardiac rhythm 135(55%) 177 (88%) <0.001
Hypothermia (33 °C) 169 (63%) 138(67%) 0.37
EEG start time (h after cardiac arrest) 10(5-18) 9(5-16) 0.177
EEG stop time (h after cardiac arrest) 56(41-96) 52(43-76) 0.686
Treatment with propofol 262 (98%) 204 (99%) 0.29
Max. dose in first 24h (mg/kg/h) .0(2.3-3.7) 5(2.7-4.1) <0.001
Treatment with midazolam 53(20%) 25(12%) 0.03
Max. dose in first 24h (ug/kg/h) 63 (46-95) 68 (47-87) 0.657
Treatment with fentanyl 160 (60%) 123 (60%) 1.00
Max. dose in first 24h (ug/kg/h) 4(1.1-2.1) 7(1.3-2.4) 0.03
Treatment with remifentanil 33(12%) 20(10%) 0.37
Max. dose in first 24h (ug/kg/h) .6(2.5-5.6) .6(3.4-11.4) 0.01
Treatment with morphine 54(20%) 51(25%) 0.23
Max. dose in first 24h (ug/kg/h) 24(17-29) 25(21-29) 0.289
SSEP performed 177(66%) 34(16%) <0.001
N20 bilaterally absent 74(28%) 0(0%) <0.001
Propofol interruption >1h within 72h 170(63%) 166 (80%) <0.001
Time to interruption (h) 40(30-49) 41(33-49) 0.09
Restart after interruption 110 (41%) 81(39%) 0.70

Data are shown as number (percentage) or median (interquartile range). SSEP: somatosensory evoked
potential. P-value indicates differences between patients with poor and good outcome. VF: ventricular

fibrillation.
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Patients with good outcome more often had an interruption of propofol sedation >1h
within the first 72 h than those with a poor outcome. In those with an interruption,
the time to interruption and fraction in which propofol was restarted was not different
between the outcome groups. For the quantification of EEG changes after propofol
interruption, we excluded 20 patients with poor outcome (7%) and 26 patients with
a good outcome (13%) due to artifacts.

All patients with generalized suppression or synchronous patterns with >50% suppres-
sion at 12h had a poor outcome (CPC 3-5). In the remainder of the results, we will label
these patterns as ‘unfavorable’. Of those with a continuous pattern at 12h, 92% had a
good outcome (CPC 1-2). In the remainder of the results, we will label these patterns
as ‘favorable’.

5.3.2 Visual changes of the EEG after interruption of propofol

Among patients with EEG started within 12h after cardiac arrest, the EEG after interrup-
tion of propofol did not identify any new patients with poor outcome. Sensitivity for
poor outcome was 0.18 (95%-Cl: 0.12-0.26) after propofol interruption, as compared to
0.41 (95%-Cl: 0.32-0.49) at 12 h, at equal reliability.

Propofol interruptions impaired the reliability of predictions of good outcome. The
number of patients in whom at least one favorable EEG was observed increased after
interruption of propofol, both in the good (96% vs. 91%) and poor outcome (26% to
19%) group. The resulting increase of sensitivity for good outcome was not statistically
significant (0.81, 95%-Cl: 0.73-0.87 vs. 0.78, 0.70-0.84), but the loss of specificity was
(0.63, 95%-Cl: 0.54-0.70 vs. 0.76, 0.70-0.83). As compared to the EEG at 12h after car-
diac arrest,sensitivity for good outcome was higher after propofol interruptions (0.81,
95%-Cl: 0.73-0.87 vs. 0.42, 95%-Cl: 0.34-0.51), but specificity was much lower (0.63,
95%-Cl: 0.54-0.70 vs. 0.92, 95%-Cl: 0.86-0.96).

5.3.3 Quantitative changes of the EEG after propofol interruptions
Substantial changes in amplitude and background continuity after propofol interrup-
tion were associated with a good outcome (Figure 5.1). The median power of the EEG
increased in patients with good outcome (POW: 10.7 vs. 9.0 uV, p < 0.001) but not in
patients with poor outcome (8.5 vs. 5.6 pV, p=0.07). Of note, patients with a good out-
come more often had a substantial decrease of power, too (10% vs. 3%, p=0.02). Both
asubstantialincrease (OR: 2.46, 95%-Cl: 1.36-4.44) and a substantial decrease in power
(OR 6.15, 95%-Cl: 1.70-22.2) after propofol interruption were associated with good re-
covery.

Background continuity was higher after propofol interruptions, both in patients with
good outcome (BCl: 1.00 vs. 0.98, p < 0.001) and in those with poor outcome (median
BCl: 0.93 vs. 0.75, p=0.04). Again, the fraction of patients with a substantial increase
was higher in the good outcome group (50% vs. 33%, p=0.01).

The median alpha-delta ratio did not change after propofol interruption in patients
with good outcome (ADR: 0.12 vs. 0.08, p=0.09) or poor outcome (0.09 vs. 0.09, p=0.59).
There was no difference in the fraction of patients with a substantial increase in ADR
between the outcome groups (16% vs. 10%, p=0.14). Likewise, the amplitude ratio
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Figure 5.1: Quantitative EEG changes after interruption of propofol sedation. Each row shows changes for
one of the qEEG features. The first two columns compare the distribution of qEEG values, grouped by out-
come, at 1 + 0.5 h before the first propofol interruption (‘propofol’), and 1 + 0.5 h after the first propofol
interruption (‘no propofol’). Horizontal lines indicate medians, boxes interquartile ranges, and error bars
range from the 5th to 95th percentile values. The last column shows the fraction of patients with a substan-
tial increase (>95th percentile of reference values) or decrease (<5th percentile of reference values). The
fraction of patients without substantial change is shown in grey. POW: power, BCI: background continuity
index, ADR: alpha-delta ratio, BSAR: burst-suppression amplitude ratio.
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Figure 5.2: Distribution of propofol doses, given the EEG pattern at 12h after cardiac arrest. EEG categories
are sorted by the median propofol doses, in descending order. Green boxes indicate favorable categories,
red boxes unfavorable categories, and grey boxes intermediate categories. In each boxplot, horizontal lines
indicate medians, the box the interquartile range, and the error bars the 5th and 95th percentile values. In
the comparison of propofol doses between categories, * indicates p <0.05, and ** indicates p <0.01 for the
difference, as determined by the Mann-Whitney test. BS: burst-suppression.

between bursts and suppressions (BSAR) did neither change in patients with good out-
come (median BSAR: 2.77 vs. 2.81, p=0.15) nor in patients with poor outcome (2.65 vs.
2.78, p=0.56) . The fraction of patients with a substantial increase or decrease was be-
low 10% in both outcome groups.

5.3.4 Relation between propofol dose and EEG category on visual assessment
In general, propofol dosages at 12h after cardiac arrest were lower for patients with un-
favorable EEG patterns as compared with patients with other patterns (Figure 5.2). The
highest median doses were observed during discontinuous patterns, heterogeneous
burst-suppression, and continuous patterns (2.85, 2.74, 2.67 mg/kg/h, respectively).
The median propofol dose during these patterns was significantly higher than during
synchronous burst-suppression (2.07 mg/kg/h, p=0.02, p=0.02, p=0.007, respectively)
and generalized suppression (1.94 mg/kg/h, p=0.01, p=0.01, p=0.01, respectively).

In the mixed-effects logistic regression analysis, propofol did neither decrease the
chance of a favorable EEG pattern (adjusted odds ratio (aOR): 0.98 per increase of 2
mg/kg/h, 95%-Cl: 0.81-1.09) nor increase the chance of an unfavorable EEG pattern
(@aOR: 0. 95 per increase of 2 mg/kg/h, 95%-Cl: 0.81-1.11). Midazolam was also not
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Figure 5.3: Effects of individual predictors in mixed-effects logistic regression on chance of favorable or unfa-
vorable EEG pattern. Squares indicate beta coefficients of the predictors, horizontal lines the corresponding
95% confidence intervals. CA: cardiac arrest, VF: ventricular fibrillation, OHCA: out of hospital cardiac arrest.
Propofol x midazolam indicates to the interaction effect between propofol and midazolam; the effect size
refers to an increase in propofol dose with 2 mg/kg/h plus an increase in midazolam dose with 30 pg/kg/h.

associated with the chance of a favorable or unfavorable EEG pattern. However, a
combination of propofol and midazolam decreased the chance of a favorable EEG
pattern (aOR (aOR: 7.7 - 103, 95%-Cl: 1.8 - 10* -0.33) (Figure 5.3).

5.3.5 Relation between propofol dose and quantitative EEG measures

Higher propofol doses were associated with statistically significant changes of any of
the qEEG measures (Figure 5.4). For the median propofol dose at 12h after cardiac ar-
rest (2.66 mg/kg/h), the root mean squared power (POW) decreased with 23% (95%-
Cl: 12-33%), the background continuity index (BCI) decreased with 16% (95%-Cl: 9-
32%), the alpha delta ratio (ARD) decreased with 29% (95%-Cl: 16-39%), and the burst-
suppression amplitude ratio (BSAR) increased with 13% (95%-Cl: 4-31%). Note that
these values, as estimated by linear mixed-effects regression, agree well with the or-
der of magnitude of the actually observed changes in qEEG measures after the inter-
ruption of propofol (Figure 5.1). Results were qualitatively the same in both outcome
groups, indicating lack of any association between propofolinduced EEG changes and
outcome.
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Figure 5.4: Change of quantitative EEG measures for increasing propofol doses, as estimated by linear mixed-
effects regression. Blue solid lines represent the predicted change, purple areas the corresponding 95% con-
fidence intervals. POW: power, BCl: background continuity index, BSAR: burst-suppression amplitude ratio,
ADR: alpha-delta ratio

5.4 Discussion

We investigated the effects of propofol sedation on EEG patterns of comatose patients
after cardiac arrest. We show that propofol does neither decrease the chance of visually
adjudicated favorable EEG patterns, nor increase the chance of unfavorable patterns,
despite small quantitative effects on amplitude, background continuity, dominant fre-
quency, and burst-suppression amplitude ratio. The EEG after sedation propofol in-
terruptions, which took place at a median of 41h after cardiac arrest, did not add to
prediction of poor outcome. Quantitatively, increases changes of the EEG after seda-
tion interruption, including an increase in amplitude and background continuity after
propofol interruption, were more pronounced in patients with a good outcome.

Several studies have shown that EEG-based predictors of poor and good outcome of
comatose patients after cardiac arrest are robust, despite various treatment regimens
with sedative medication®*®'7. However, since interpretation of the EEG critically
depends on amplitude and background continuity, treatment with propofol or other
sedative medication is often assumed to hamper the value of the EEG for outcome pre-
diction. We now present direct evidence that propofol sedation does not affect the
reliability of the EEG for prediction of poor outcome and may enhance predictions of
good outcome. We could not demonstrate an association of midazolam sedation with
achangein EEG-based outcome prediction, but numbers of patients treated with mida-
zolam were small and confidence intervals were wide. When propofol and midazolam
were given in combination, we observed a reduction of the change of a favorable EEG
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pattern, however without increasing the chance of an unfavorable EEG pattern.

The observed changes in the qEEG after propofol interruption confirm recent find-
ings 2, using a much larger sample with less heterogeneity in sedation regimes, better
defined timing of EEG assessment, and a clear outcome measure. Our regression
analysis allows for direction predictions of the effects of increasing propofol doses on
qualitative and quantitative measures of EEG.

On a group level, propofol doses were lower in patients with unfavorable EEG patterns,
as compared with other patients. Most likely, this follows from the fact that patients
with severe brain injury have lower sedation requirements. Also, hemodynamic insta-
bility in severely affected patients may limit the maximum possible dose of propofol.
To account for this effect, we included other predictors of the severity of brain injury
as covariates when estimating the effects of propofol on the EEG. The agreement be-
tween predicted and observed effects in qEEG measures after interruption of propofol
suggest that our analysis is accurate.

In the range from 0 to 6 mg/kg/h propofol, the estimated decrease of background con-
tinuity was never more than 40%. This suggests that propofol, in the typical doses
used, will on its own not induce burst-suppression patterns. However, a combination
of propofol and midazolam was associated with a reduction of the chance of a contin-
uous EEG pattern. This is most likely the result of their additional effects on the EEG,
but may partly be explained by the fact that epileptiform activity was the reason to use
this combination in part of the patients.

This study has limitations. We cannot exclude that a self-fulfilling prophecy has biased
our results related to the outcome of patients'®. To minimize this risk, decisions on
treatment withdrawal were based on international guidelines including bilaterally ab-
sent SSEP, absent or extensor motor responses, and absent brain stem reflexes'*'3.
EEG patterns observed in the first 72h after cardiac arrest were not taken into account.
In the regression analyses, where we related propofol doses to visual and quantitative
EEG characteristics, we used medication doses during the recording of the epoch. On-
going effects of medication administered before that time may have blurred our results
to some extent. The fact that propofol interruptions for more than 1 hour were less of-
ten possible in patients with poor outcome may have biased our results on EEG changes
after the interruption of propofol.
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A biophysical model for postanoxic brain injury

Abstract

Objective

Methods

Results

Conclusions

Significance

In postanoxic coma, EEG patterns indicate the severity of en-
cephalopathy and typically evolve in time. We aim to improve
the understanding of pathophysiological mechanisms underly-
ing these EEG abnormalities.

We used a mean field model comprising excitatory and inhibitory
neurons, local synaptic connections, and input from thalamic
afferents. Anoxic damage is modeled as aggravated short-term
synaptic depression, with gradual recovery over many hours. Ad-
ditionally, excitatory neurotransmission is potentiated, scaling
with the severity of anoxic encephalopathy. Simulations were
compared with continuous EEG recordings of 155 comatose pa-
tients after cardiac arrest.

The simulations agree well with six common categories of EEG
rhythms in postanoxic encephalopathy, including typical transi-
tions in time. Plausible results were only obtained if excitatory
synapses were more severely affected by short-term synaptic de-
pression than inhibitory synapses.

In postanoxic encephalopathy, the evolution of EEG patterns pre-
sumably results from gradual improvement of complete synap-
tic failure, where excitatory synapses are more severely affected
than inhibitory synapses. The range of EEG patterns depends
on the excitation-inhibition imbalance, probably resulting from
long-term potentiation of excitatory neurotransmission.

Our study is the first to relate microscopic synaptic dynamics in
anoxic brain injury to both typical EEG observations and their
evolution in time.
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6.1 Introduction

Of all comatose survivors of cardiac arrest, 46-48% are alive and independent in ac-
tivities of daily living after 6 months™2. Continuous electroencephalography (cEEG) in
the first 24 hours after resuscitation allows reliable identification of 50% of patients
with either a good or poor outcome . Not only the EEG abnormalities as such, but also
their timing and evolution are crucial indicators of the severity of the ischemic injury
and prognosis®. In the first days after an anoxic event, the EEG usually evolves in fixed
sequences®®, and some EEG patterns are highly specific for postanoxic encephalopa-
thy”. Some of the transitions observed indicate good neurological recovery, whereas
other have a strong association with a poor outcome. The common evolutional path-
way for patients with a good outcome is from no measurable cortical activity (“isoelec-
tric” EEG), via intermittent cortical activity (“burst-suppression EEG”) to continuous ac-
tivity °. For patients with poor outcome, either a delayed evolution’, or highly specific
EEG patterns are observed. Examples of the latter are “burst-suppression with identi-
cal bursts”” and generalized periodic discharges (GPDs) on an isoelectric background®.
While these various EEG patterns and transitions can be related to patients’ outcome,
the pathophysiologiccal mechanisms underlying these EEG abnormalities remain un-
clear.

EEG activity is mainly a reflection of cortical synaptic activity®. Therefore, EEG patterns
observed in postanoxic encephalopathy reflect changes at the synaptic level, especially
because synaptic failure is an early event observed in case of cerebral hypoxia'®. A
better understanding of synaptic mechanisms underlying the EEG in postanoxic en-
cephalopathy will contribute to knowledge on the pathophysiology, and possibly open
opportunities for treatment.

Neural mean field models can be used to relate microscopic properties of neurons
to macroscopic network behavior, reflected by EEG rhythms™"'2. In such models,
individual cell properties and their interactions are replaced by continuous functions
that depend on some form of spatial averaging. Neural mean field models have been
successfully used, for example, to simulate effects of anesthetics on the EEG '3, epilep-
tic seizures ™, intermittent spike-wave dynamics'®, and high-frequency oscillations '®.
With respect to postanoxic encephalopathy, a neural mean field model revealed a
possible mechanisms underlying GPDs'". However, other pathological EEG patterns,
like burst suppression with identical bursts”, and pattern transitions as observed in
postanoxic encephalopathy remain unexplained.

A relevant mechanism of synaptic failure in postanoxic encephalopathy is short-term
synaptic depression, also called activity-dependent synaptic depression '®: synapses
need time to recover after signal transmission, for example to restore ion and neuro-
transmitter gradients. High neural firing rates limit the maximally achievable postsy-
naptic currents. This mechanism plays a role in physiological situations, and is prob-
ably aggravated in postanoxic encephalopathy. Specifically, this may be the result of
presynaptic mechnisms, such as a dysfunction of plasma membrane Ca?* extrusion
systems comprised of Ca?* pumps and Na*/Ca?* exchangers'® and a disturbed un-
docking of synaptic vesicles from the reserve pool attributable to impaired phospho-
rylation?°. We assume that these effects are potentially reversible on a time scale of 24
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to 72 hours, in line with the typical recovery time of the EEG in postanoxic encephalopa-
thy 37,

A second mechanism, taking place in severe postanoxic encephalopathy, is potenti-
ation of excitatory neurotransmission. This mechanism has been substantiated by
experimental observations in hippocampal slices exposed to anoxia?"??, and is com-
patible with the apparent network hyperexcitability in patients with severe postanoxic
encephalopathy, reflected by a frequent observation of epileptiform discharges®232%,
The most likely cause is anoxic long-term potentiation (LTP) of excitatory cortical
synapses following anoxic depolarization2°72". This effect is caused by an increase of
extracellular glutamate concentrations, resulting from reversed uptake of glutamate
in neurons and glia cells?®. In combination with anoxic depolarization, this induces a
long-term potentiaton of N-methyl-D-aspartate (NMDA)-receptor gated currents?’.

In this study, we aim to identify candidate synaptic mechanisms underlying typical EEG
patterns and transitions in postanoxic encephalopathy by means of a neural mean field
model. We hypothesize that, if synaptic recovery occurs in postanoxic encephalopa-
thy, this is driven by a gradual improvement of short-term synaptic depression on a
time scale of 24 to 72 hours, and reflected by improvement of the EEG. Furthermore,
we hypothesize that increasing severity of hypoxia leads to a stronger potentiation of
excitatory synaptic transmission. We incorporated both these key mechanismsinto our
computational model. The simulated EEG patterns will be related to clinical EEG data
of patients with postanoxic encephalopathy after cardiac arrest.

6.2 Methods

6.2.1 Clinical data collection

Continuous EEG recordings were collected between June 2010 and December 2015 in
a large teaching hospital in The Netherlands (Medisch Spectrum Twente, Enschede).
All patients who were admitted comatose after a cardiac arrest were included, if it was
possible to start EEG recordings within 12 hours after resuscitation. Two-thirds of the
selected patients were also included in previous studies on outcome prediction after
cardiac arrest'>*, Twenty-one silver/silver chloride cup electrodes were placed on the
scalp according to the international 10-20 system. EEG recordings were continued un-
til patients were awake or until the decision to withdraw treatment was made, with a
maximum of five days. Additionally collected clinical data include age, gender, resus-
citation details, and maximum levels of sedative medication. EEG data were not used
for decisions regarding treatment withdrawal. However, treating physicians were not
blinded to the EEG and treatment of electrographic seizures was left to the discretion of
the treating physician. The primary outcome measure was the Cerebral Performance
Category (CPC) at six months after cardiac arrest, assessed by a telephone interview.
These scores were dichotomized into “good” (CPC 1-2, i.e. no or moderate neurolog-
ical disability) and “poor” (CPC 3-5, i.e. severe disability, coma, or death). The Medi-
cal Ethics Committee Twente approved the protocol and waived the need for informed
consent for EEG monitoring during the ICU stay and clinical follow-up.
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6.2.2 Statistical analysis

In order to compare patients with good and poor outcomes, continuous variables were
compared using independent samples t-tests and binary variables using y?-tests. P-
values <0.05 were considered statistically significant.

6.2.3 Basic computational model

We used an adapted, spatially homogeneous version of the “bursting Liley model” 132
39 for our simulations. This model was used previously to simulate burst-suppression
patterns?°. Figure 6.1A gives an overview of the model. It consists of one population
of excitatory (pyramidal) neurons and one population of inhibitory (inter-)neurons. Ex-
citatory neurons have synaptic projections to inhibitory neurons and to themselves.
Similarly, inhibitory neurons have projections to excitatory neurons and to themselves.
The spike rates of the neural populations depend on the mean membrane potential. In
a hyperpolarized state, neurons will stop firing, and above a certain threshold poten-
tial firing rates will saturate to a maximum frequency (Figure 6.1B). All connections be-
tween neurons are synaptic connections. Postsynaptic membrane potentials are given
by the convolution of the incoming firing rate with the “synaptic response function”, as
shown in Figures 6.1C and 6.1D. The peak amplitudes of the synaptic response func-
tions are referred to as T, and I for excitatory and inhibitory synapses, respectively.

The bursting Liley model includes short-term synaptic depression. This implies that
the postsynaptic peak amplitudes I, and I; decrease as a function of presynaptic fir-
ing rates and recover with time constants 7,°¢ and 1} °¢, respectively. Without noisy
input from thalamic fibers, the average membrane potentials remain at some equilib-
rium value. For presynaptic firing rates above this equilibrium value postsynaptic peak
amplitudes will decrease, and for presynaptic firing rates below the equilibrium value

postsynaptic peak amplitudes will increase (see Appendix A for model details).

6.2.4 Adaptations to the Bursting Liley model

To model the evolution of the EEG, we assumed the short-term synaptic recovery time
constants 7,°¢ and 7} °“ to vary slowly, on a time scale of hours. We hypothesize that,
briefly after the anoxic event, these constants are very high (= 100 times baseline value)
and then slowly decay to their baseline values. This behaviour reflects the slow recov-
ery of presynaptic metabolic processes in the postanoxic period. To model the effect
of anoxic long-term potentiation of excitatory synapses, we increased the maximum
amplitude of EPSPs ([,). The effect is shown in Figure 6.1D. Candidate mechanisms
include an increased expression of NMDA receptors or long-lasting elevations of mod-
ulators that potentiate NMDA-receptor opening, induced by the brief anoxic period?’.
An alternative scenario, which we will not consider here, would be to increase the EPSP
decay time, resulting in similar overall behaviour. In the following, we will indicate the
fractionalincrease in [, as the “LTP-factor”, with a higher LTP factor indicating more se-
vere hypoxic damage. Note, that in the original bursting Liley model I, is reduced and
may recover with time constant t;¢¢ to its baseline value, while in our adaptation of the
Liley model I, may increase above its baseline value, reflecting excitatory potentiation.
See Appendix A for details on the model equations.
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Figure 6.1: Overview of computational model, including activation function and synaptic responses. A:
Sketch of the spatially homogeneous Bursting Liley model. It comprises one excitatory population (E) and
one inhibitory neural population (l). Excitatory synapses are indicated with red disks, inhibitory synapses
with blue disks. The green lines indicate input from thalamic fibers. The symbols indicate the various inputs
to the excitatory and inhibitor population, respectively. Details on these parameters can be found in Table
6.A.1. B: The “activation function” for both the excitatory (E) and inhibitory (I) population, showing the rela-
tionship between mean membrane potential and population spiking rates. C: Synaptic response functions
for excitatory (red) and inhibitory (blue) synapses. Curves represent the induced postsynaptic potential for
a unit of presynaptic input. The continuous lines indicate the baseline response, the dashed lines the re-
sponses after application of a high dose of propofol. Note that we used a higher dose here (0.25 units) as
compared to the simulations (0.15), in order to illustrate the effect. The peak values of the postsynaptic po-
tential are referred to as ', or T;, respectively. D: Same synaptic response functions as in C, but with the
dashed line indicating the excitatory response in case of long-term potentiation (LTP).
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6.2.5 Effects of anesthetic drugs

Most patients admitted to the Intensive Care Unit after a cardiac arrest are treated with
targeted temperature management and sedation?. In Medisch Spectrum Twente, pa-
tients are usually sedated with propofol. The bursting Liley model includes the effect of
isoflurane, another general sedative agent. Figure 6.1C shows how sedation modifies
the synaptic response function. Sedation increases the duration of inhibitory postsy-
naptic currents (IPSPs) and reduces the peak amplitude of excitatory postsynaptic cur-
rents (EPSPs). Although the model is quantitatively based on the effects of isoflurane,
we assume propofol to have the same qualitative effects, since the GABA, receptor is
the most important target site of both drugs*'.

6.2.6 Numerical simulations

Differential equations were solved using the Euler-Maruyama method with a time step
of 0.1 ms. Forall simulations, we used the parameter values listed in Table 6.A.1, unless
stated otherwise. The basic set of parameters was chosen to generate a physiological
alpha-rhythm %, In all simulations, EEG signals of 75 seconds were generated. The
first 15 seconds of each simulation were ignored to exclude transient effects. The mem-
brane potential V, (t) of the excitatory population was used to represent the EEG signal,
as was done for example in?°, The simulations thus resulted in a single time series, re-
flecting a single channel representation of the EEG. We considered this to be sufficient,
since EEG abnormalities in postanoxic encephalopathy are typicially spatially homoge-
neous.

Three parameters were varied in the simulations. Both the excitatory (t5¢¢) and in-
hibitory (t7¢) synaptic recovery time constants were varied between their baseline
value (500 ms) and 10”ms. The chosen baseline value agrees with the physiological
range of 250 ms to 1000 ms '8, Because excitatory synapses probably recover slower
than inhibitory synapses, we only considered simulations with 756¢ > 77 as physio-
logically plausible 32, The LTP-factor was varied between 0 and 5. The order of magni-
tude for the LTP-factor was chosen based on experimental work in hippocampal slices
after anoxia, where the maximum EPSP slope increased already twofold after 5 minutes
of anoxia?2. Simulations were performed both without the effect of propofol and with
a moderate dose of propofol (0.15 units), using Matlab (MATLAB and Statistics Toolbox
Release R2015b, The MathWorks, Inc., Natick, Massachusetts, United States).

6.2.7 Categorization of clinical and simulated EEG data

EEG analysis was performed offline. Before any analysis, clinical EEG data were trans-
formed to the longitudinal bipolar montage. Five minute artifact-free epochs were
selected automatically every hour, as described previously in®3. Epochs were filtered
using a sixth order zero-phase Butterworth bandpass filter with cutoff frequencies
of 0.5 and 25 Hz. Categorization was solely based on quantitative analysis. Epochs
were categorized into one of six categories: normal, low-voltage, discontinuous,
burst-suppression, irregular discharges, and periodic discharges. Categorization was
based on four features: continuity, burst-suppression contrast ratio, frequency of
epileptiform discharges, and regularity epileptiform of discharges. Continuity was
defined as the fraction of signals free of “suppressions”®. Suppressions were defined
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as segments with duration of at least 0.5 s with all amplitudes below 10 pV. The
burst-suppression contrast ratio was calculated if continuity was 10-90% and was
defined as the power ratio between “bursts” and “suppressions”. Quantitative values
were derived per channel, after which the median value was calculated. Discharges
were detected using the algorithm described in® Only generalized discharges,
occurring in more than 9 channels simultaneously, were taken into account. If the
detected discharge frequency exceeded 0.5 Hz, an irregularity index was calculated,
defined as the standard deviation of the inter-discharge intervals divided by the mean
inter-discharge interval. Epochs were classified as normal if continuity was higher than
90% and the discharge frequency was below 0.5 Hz. Epochs with continuity below
10% were classified as low-voltage. Epochs with 10-90% continuity were classified
as burst-suppression if the burst-suppression contrast ratio was 3.5 or higher, and
as discontinuous if the burst-suppression contrast ratio was lower than 3.5. In case
of epileptiform discharges with frequency of 0.5 Hz or higher, epochs were either
classified as irregular discharges or as periodic discharges, depending on the irregu-
larity parameter. Figure 6.2, in the results section, shows detailed criteria, including
representative examples of clinical data and simulated EEG for each of the categories.

In order to facilitate a direct comparison with clinical EEG data, simulated EEG was fil-
tered and categorized using the same algorithm. Simulated signals were treated as if
they were single channel representations of EEG. Therefore, all detected suppressions
and discharges in the simulated data were treated as if they were generalized.

6.3 Results

6.3.1 Patients

A total of 155 patients were included. Seventy-one had a good neurological outcome
(CPC 1-2), 84 had a poor neurological outcome (CPC 3-5) after 6 months. Table 1 shows
baseline characteristics of the included patients. As expected, patients with a good
neurological outcome were younger (61 vs. 66 years, p=0.025), less often had a noncar-
diac cause of the arrest (6% vs. 26%, p<0.001), and more often ventricular fibrillation
(VF) asinitial cardiac rhythm (93% vs. 60%, p<0.001). Patients with good outcomes had
higher sedative requirements with propofol (3.24 vs 2.71 mg/kg/h, p=0.004), fentanyl
(1.94 vs. 1.53 pug/kg/h, p=0.002), and remifentanil (7.35 vs. 4.29 pg/kg/h, p=0.033). Bi-
laterally absent N20 responses on a median nerve SSEP were found in 38% of patients
with a poor outcome, and in none of the patients with a good outcome. There was
no statistically significant difference between patients with good and poor outcomes
with respect to gender, location of cardiac arrest, treatment with hypothermia, and
EEG start or end times.

6.3.2 Evolution of clinical EEG data

Figure 6.3 schematically summarizes the EEG evolution of all patients. A few represen-
tative cases are shown in Figure 6.4. We have grouped patients according to similarities
in their evolutional patterns. In 117 cases (75%) the initial EEG was low-voltage. The
largest subset (Figure 6.3A) includes 87 patients. These cases fit into a sequence from
low-voltage, via discontinuous to normal EEG. Note that 63 (72%) of these cases had a
good outcome, and that the chance of a good outcome was higher if there was an early
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Figure 6.2: Overview of category definitions, including representative examples of clinical and simulated
EEG data. The first column shows 10-second, one channel representations of clinical EEG data. Below each
sample, the case number, hours since cardiac arrest, and bipolar derivation are shown. For each example,
the best possible bipolar derivation was chosen based on visual inspection. The second column shows repre-
sentative simulated EEG patterns. The parameters used are shown below each simulation. The third column
provides category definitions. Colors shown correspond to the colors used in Figures 6.3-6.6. Note that we
allowed for discharges of frequency <0.5 Hz to occur in normal, low-voltage, or discontinuous patterns.
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Table 6.1: Baseline characteristics of the patients included.

Poor outcome

Good outcome

(CPC3-5) (CPC 1-2) Prvalue

Number of patients 71(46%) 84 (54%)
Age 61(29-88) 66(21-86) 0.025
Female 21(30%) 26(31%) 0.850
OHCA 64(90%) 67(80%) 0.080
Noncardiac cause 4(6%) 19(26%) <0.001
VF as initial cardiac rhythm 63(93%) 46 (60%) <0.001
Treated with hypothermia (33 °C) 71(100%) 83(99%) 0.360
Patients treated with propofol 70(99%) 82(98%) 0.669
Max. propofol rate (mg/kg/h) 3. 24 (0.24-7.54) 2.71(0.89-7.00) 0.004
Patients treated with midazolam 17(24%) 18(21%) 0.710
Max. midazolam rate (pug/kg/h) 65(27-125) 69(29-143) 0.739
Patients treated with fentanyl 57(80%) 63(75%) 0.430
Max. fentanyl rate (ug/kg/h) 1. 94 (0.67-3.33) 1.53(0.63-4.71) 0.002
Patients treated with remifentanil 13(18%) 18(21%) 0.630
Max. remifentanil rate (ug/kg/h) 7. 35 (2.50-14.7) 4.29(1.11-13.3) 0.033
Median nerve SSEP 26 (37%) 63 (75%) <0.001
Bilaterally absent N20 response 0(0%) 24(38%) <0.001
EEG start time (hours) 6(2-11) 6(3-11) 0.795
EEG end time (hours) 68(27-142) 66(5-223) 0.661

Numbers are displayed as mean (range), unless otherwise indicated. P-values were calculated with
independent samples t-test for continuous variables and with y?-test for binary variables. EEG start and
end times are relative to the time of resuscitation. OHCA: out of hospital cardiac arrest.
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transition from low-voltage to a discontinuous and normal EEG. Cases in Figures 6.3B
and 6.3C evolve from low-voltage to discontinuous EEG and, at some point to epilep-
tiform discharges. Figure 6.3B includes patients with only irregular discharges, Figure
6.3C also includes patients with periodic discharges. Eight cases (40%) in Figure 6.3B
had a good outcome, while none of the patients in Figure 6.3C survived. For cases in
Figures 6.3D and 6.3E the common transition is from low-voltage to burst-suppression
EEG. Casesin Figure 6.3D do, at some pointin time, improve beyond burst-suppression,
and cases in Figure 6.3E do not evolve to other patterns. None of the cases in Figures
6.3D and 6.3E survived. Figure 6.3F includes cases that showed only a low-voltage EEG.
None of these 11 patients had a good outcome. Note that, for all groups together, 33
of 34 patients with a ‘normal’ EEG within 30 hours after cardiac arrest had a good out-
come. Case 143, who died as a result of respiratory problems, is the only exception.
Further note that all 14 patients with no other EEG pattern than low-voltage in the first
35 hours had a poor outcome.

6.3.3 Simulations

Within the allowed range of parameters, the model generates all of the six categories
of EEG patterns listed in Figure 6.2. The category of EEG pattern depends strongly on
the synaptic recovery time constants, LTP-factor, and propofol dose. Figure 6.5A shows
the spectrum of possible EEG patterns for various LTP-factors, with and without admin-
istration of propofol. The parameter planes are composed of the recovery time con-
stants for excitatory synapses (t3°¢) and inhibitory synapses (z] ‘), for a fixed value
of the LTP-factor. When time progresses and energy supply is restored, 73,°¢ and 7] °“c
will eventually recover towards their baseline values in the lower left corner. Beceause
we assume that excitatory synapses are metabolically more severely affected than in-
hibitory synapses, only the non-shaded areas (7€ > 7}°¢) are considered physiolog-
ically plausible. Besides, parameter values in the shaded areas (7,°¢ < 7}°¢) did not
lead to plausible patterns and transitions.

The introduction of LTP changes the range of possible EEG patterns. With LTP=0, the
EEG will be normal when the synaptic recovery time constants 7;,°“ and 7] *“ are close to
their baseline values. For larger values of the synaptic recovery time constants, discon-
tinuous or low-voltage patterns are possible, as well. For increasing LTP-factor, subse-
quently, irregular discharges, periodic discharges, burst-suppression, and low-voltage
EEG move into the spectrum of possible EEG patterns. This indicates that for higher
LTP-values it becomes more likely for the EEG to be in one of these pathological states.
If propofol is added, effects of the increased LTP-factor are partially or completely re-
versed. This means, for example, that in case of periodic discharges, adding propofol
results in a normal or discontinuous EEG. However, if the LTP-factor does not change
during treatment, these pathological patterns will reappear after propofol treatment
has ended.

Figure 6.5B shows representative examples of the simulated EEG patterns. Note the
difference between patterns 2a and 2b, both classified as low-voltage. In example 2a,
from the lower right area of the parameter space, there is still some visible activity.
A closer inspection of the unfiltered signals indicates that this pattern results from hy-
perpolarization, i.e. the mean excitatory membrane potential 1, (t) is below its equilib-
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Figure 6.3: Evolution of clinical EEG data (part 1). Each row represents one case, and is preceded by the
case number. Cases with good outcomes are shown in green, cases with poor outcomes in red. Data points
are shown per hour, and are based on quantitative analysis of a 5-minute artifact-free epoch. Only data of
the first 72 hours after cardiac arrest is shown here. Hatched areas indicate that EEG was recorded during
propofol administration. Cases have been grouped by common characteristics in the evolution of their EEG.
Within groups, cases have been sorted by the timing of the first non-low-voltage EEG pattern. Cases numbers
preceded by “*’ died as a result of a second cardiac arrest, respiratory problems, or hemodynamic instability.
In all other cases who died (CPC=5), life-supporting treatment was withdrawn, at least partially based on the
(suspected) poor neurological prognosis. A: cases with EEG sequence from low-voltage, via discontinuous to

normal.
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Figure 6.3: Evolution of clinical EEG data (part 2). Each row represents one case, and is preceded by the
case number. Cases with good outcomes are shown in green, cases with poor outcomes in red. Data points
are shown per hour, and are based on quantitative analysis of a 5-minute artifact-free epoch. Only data of
the first 72 hours after cardiac arrest is shown here. Hatched areas indicate that EEG was recorded during
propofol administration. Cases have been grouped by common characteristics in the evolution of their EEG.
Within groups, cases have been sorted by the timing of the first non-low-voltage EEG pattern. Cases numbers
preceded by “*’ died as a result of a second cardiac arrest, respiratory problems, or hemodynamic instability.
In all other cases who died (CPC=5), life-supporting treatment was withdrawn, at least partially based on
the (suspected) poor neurological prognosis. B: cases evolving from low-voltage, via discontinuous EEG to
irregular discharges. C: cases evolving from low-voltage, via discontinuous EEG to periodic discharges. D:
cases evolving from low-voltage, via burst-suppression, to other patterns. E: cases with sequence low-voltage
- burst-suppression - low-voltage. F: cases in whom no other pattern than low-voltage EEG was detected.
Note that midazolam was used as sedative medication instead of propofol in case 26 from hour 6 to 72, and
in case 101 from hour 5 to 22.
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Figure 6.4: Representative examples of the evolution of clinical EEG-data. The first example (case 75, Figure
6.3A) readily improves from a discontinuous to a continuous, diffusely slowed pattern and thereafter remains
continuous throughout the recording. The second example (case 132, Figure 6.3B), evolves from low-voltage
to a continuous pattern and then shows a transient period with irregular discharges, a few hours after treat-
ment with propofol was stopped. The third example (case 94, Figure 6.3D) is initially isoelectric and evolves
via burst-suppression with identical bursts to generalized period discharges. The last example (case 18, Fig-
ure 6.3E) evolves from isoelectric to burst-suppression and eventually to a low-voltage EEG.
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Figure 6.5: Overview of the simulations for different scenarios, with LTP ranging from LTP=0 to LTP=5, and
with and without propofol. A: Overview of possible EEG patterns in various regions of the parameter space.
The consecutive columns represent an increasing grade of anoxic injury, reflected by increasing LTP-values
from left to right. The upper row represents the situation without propofol, the lower row the situation with
a moderate dose (0.15 units) of propofol. Only the non-shaded area, where excitatory neurotransmission
is more severely affected than inhibitory neurotransmission, is considered physiologically plausible. The
numbers in the subplots refer to the examples in panel B. The black circle in the bottom left corner is put
around the baseline value of the synaptic recovery time constants. B: Representative examples of simulated
EEG patterns.
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rium value. In example 2b, generated in the upper left area of the parameter space, EEG
activity is almost completely suppressed. Here, low-voltage EEG results from depolar-
ization, i.e. the mean excitatory membrane potential I, (t) is (far) above its equilibrium
value. Further note that “discontinuous” patterns in the simulations have no suppres-
sions, like the clinical example in Figure 6.2, but are rather an amplitude intermediate
between low-voltage and normal EEG patterns.

6.3.4 Temporal evolution of simulated EEG patterns

In the following, we will relate the possible evolution of simulated EEG to the evolu-
tional pathways of clinical data as shown in Figure 6.3. We assume that briefly after
the anoxic event, short-term synaptic recovery time constants 7;°¢ and 7 °“ are signif-
icantly increased. When synapses recover from the anoxic injury, these time constants
will slowly return to their baseline values, indicated by the black circles in Figure 6.5A.
The EEG will therefore always evolve in this direction, if we ignore effects of permanent
failure of synapses or neural cell death.

Figure 6.6 shows four possible evolutional trajectories of the EEG, corresponding to the
subsets of clinical EEG data in Figure 6.3. The observations in clinical EEG data suggest
thatin most cases the initial EEG pattern is low-voltage. Therefore, all chosen pathways
start in a low-voltage area. Pathway A leads to the sequence low-voltage - discontinu-
ous - normal. This pathway is most likely to occur without LTP (LTP=0). Pathway B is
similar to pathway A, and eventually the EEG displays irregular discharges. This path-
way requires a slightly higher LTP value (LTP=0.25). For a moderate LTP-value (0.8), evo-
lution to periodic discharges is possible (Pathway C). Pathways D and E both include
the transition from low-voltage to burst-suppression EEG. This transition is only possi-
ble for high LTP-values (LTP > 2). Note that burst-suppression can only occur in case of
high values of the synaptic recovery time constants t;°“c and 7} °“. This indicates that
both aggravated short-term synaptic depression and potentiation of excitatory neuro-
transmission are required for burst-suppression patterns. See Appendix B for a mathe-
matical description (in terms of bifurcations) of the transitions between the simulated
EEG patterns.

6.3.5 Comparison between clinical data and simulations

If we assume that both the LTP-factor in simulations and CPC-scores in patients are
measures for the severity of hypoxic injury, there are striking similarities between the
simulations and the clinical EEG data. Patients had the highest (75%) chance for a good
neurological outcome if their EEG evolved in the sequence low-voltage - discontinu-
ous - normal (Figure 6.3A). In the model simulations, this type of evolution was only
possible for low or absent LTP. Patients who evolved to irregular discharges from a dis-
continuous or normal EEG (Figure 6.3B) had a moderate chance of a good outcome
(40%). In the model simulations, this evolutional pathway was most likely to occur for
intermediate LTP values. None of the patients with periodic discharges (Figure 6.3C),
or patients who evolved from low-voltage to burst-suppression patterns (Figures 6.3D
and 6.3E) had a good outcome. In the simulations, these patterns were only possible
for high or very high LTP-factors.

Figure 6.3 suggests that not only the sequence of EEG patterns determines the outcome,
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Figure 6.6: Overview of the simulations for different scenarios, with LTP ranging from LTP=0 to LTP=5, and
with and without propofol. A: Overview of possible EEG patterns in various regions of the parameter space.
The consecutive columns represent an increasing grade of anoxic injury, reflected by increasing LTP-values
from left to right. The upper row represents the situation without propofol, the lower row the situation with
a moderate dose (0.15 units) of propofol. Only the non-shaded area, where excitatory neurotransmission
is more severely affected than inhibitory neurotransmission, is considered physiologically plausible. The
numbers in the subplots refer to the examples in panel B. The black circle in the bottom left corner is put
around the baseline value of the synaptic recovery time constants. B: Representative examples of simulated
EEG patterns.
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but also the speed by which the EEG evolves through the transitions. From Figure 6.3,
for example, follows that patients more likely had a poor outcome if they spent more
time in low-voltage EEG. In terms of the model, there are two possible explanations.
The first possibility is that the initial synaptic time constants in these patients are far
away from their baseline values (73%¢ > 74%¢, 0 or 77 ¢ > 77°¢,0), indicating that the
synaptic metabolism initially is severely affected. The second possibility is that the rate
of synaptic recovery in these patients (i.e. the speed of decay of 7},°¢ towards 77,°¢, 0) is
slower.

Finally, it was not possible to categorize patients from Figure 6.3F into one of the evo-
lutional pathways of the model. Their low-voltage patterns can either be the result of
hyperpolarization, (indicating mild hypoxic injury), depolarization (indicating severe
anoxic injury), or irreversible synaptic failure (also indicating severe anoxic injury). Re-
garding the fact that all these patients had a poor neurological outcome, depolarization
and irreversible synaptic failure are most likely.

6.4 Discussion

In this study, we used a mean field computational model to explain pathological EEG
patterns for various grades of severity of postanoxic encephalopathy. The model in-
corporates mechanisms that modify the dynamics of synapses. It successfully repro-
duces commonly observed EEG patterns such as the physiological alpha rhythm, burst-
suppression patterns, irregular and periodic discharges, and low-voltage EEG. In addi-
tion, the model correctly predicts some of the common evolutionary pathways of the
EEG. In situations with mild hypoxic injury, reflected by a low LTP-factor, it correctly
predicts the transition from low-voltage EEG, via discontinuous patterns, to normal EEG
patterns. For severe injury, reflected by a high LTP-factor, it predicts the transition from
low-voltage patterns to burst-suppression patterns and periodic discharges, without
improvement to normal EEG patterns. This indicates that anoxic long-term potentia-
tion of excitatory neurotransmission and a transient aggravation of short-term synaptic
depression are plausible pathophysiological mechanisms of postanoxic encephalopa-
thy. Furthermore, our findings support the notion that excitatory synapses are more
severely affected by anoxic injury than inhibitory synapses.

Although some of the observed patterns, like periodic discharges and burst-
suppression, have been simulated successfully before'’°) the dynamics of EEG
evolution in postanoxic encephalopathy, including typical transitions between various
EEG patterns, were never addressed.

6.4.1 Role of short-term synaptic depression

Previous research indicates that aggravated short-term synaptic depression is most
likely the result of presynaptic mechanisms, such as a dysfunction of plasma mem-
brane Ca2+-extrusion systems'® and a disturbed undocking of synaptic vesicles
attributable to impaired phosphorylation®°. Although a depletion of ATP could
account for these effects, this is not likely. Simultaneous measurements of EEG and
ATP levels in rat brains indicate that ATP level recovery is much faster than functional
recovery as measured with EEG3*35, However, some of the amino acid levels asso-
ciated with the citric acid cycle may remain abnormal for a prolonged period®* and
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secondary mitochondrial failure may occur®. Another potential mechanism is the
failure of neural protein synthesis. In animal experiments, it has been shown that
protein synthesis recovers on a time scale of 24 hours after the anoxic event®’, which
is essentially the same time scale on which the EEG recovers.

Because the net effect of short-term synaptic depression is a decrease of postsynaptic
currents (PSPs), other mechanisms that decrease PSPs, such as a decrease in the num-
ber of postsynaptic neurotransmitter receptors, may also lead to some of the effects
observed. Low-voltage patterns, for example, can be explained by such a mechanism.
However, short-term synaptic depression has the advantage that it also facilitates pe-
riodic patterns, by means of its feedback-loop 2°-*%:*°, Our findings indicate that exci-
tatory synapses are more strongly affected by effects of activity-dependent synaptic
depression than inhibitory synapses. Simulations with equal recovery times for exci-
tatory and inhibitory synapses, or with longer recovery times for inhibitory synapses,
did not produce any plausible results.

The model observation that increasing severity of ischemic damage results in a slower
restoration of background continuity is in line with previous findings. In studies on the
prognostic value of continuous EEG in postanoxic encephalopathy it was found that
continuous EEG activity within 12 hours after cardiac arrest indicates a good outcome,
whereas outcome is always poor is there if still no measurable EEG activity after 24
hours'. Note that these findings on timing of EEG patterns in relation to outcome differ
slighly from our results, as we used a stricter, quantitative definition for continuity of
the EEG.

6.4.2 Potentiation of excitatory neurotransmission

Our results indicate that anoxic long-term potentiation of excitatory synapses s a plau-
sible mechanism underlying certain pathological EEG patterns observed in postanoxic
encephalopathy. It is compatible with the apparent network hyperexcitability in pa-
tients with severe postanoxic encephalopathy, reflected by a frequent observation of
epileptiform discharges?***. Since anoxic long-term potentiation is independent of
Ca?*- dependent presynaptic neurotransmitter release, there is no paradox between
synaptic depression and a rise in extracellular glutamate levels*>*'. For low LTP-values
it appears that recovery is still possible. For example, in Figure 6.3B, some patients
with irregular discharges improved to a normal EEG and had a good outcome. How-
ever, our clinical EEG data suggest that some evolutionary pathways always lead to a
poor outcome. For example, in our dataset none of the patients who developed burst-
suppression patterns or periodic discharges survived. This suggests that there may be
an LTP threshold value that always leads to a poor outcome, if exceeded. This can be
explained by the fact that LTP is a potential cause of secondary neural cell death, for
example as a result of excessive postsynaptic calcium influx?’.

On the time scales considered in this work, we assumed the LTP of excitatory neuro-
transmission to be permanent and static. If LTP does not cause excitotoxicity leading
to secondary neural death, it is likely that its effect will be reversible. A possible mech-
anism is synaptic scaling*2. In this form of homeostatic plasticity, excitatory synapses
increase or decrease their strength in order to maintain neural firing rates. In order to
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achieve physiological postsynaptic firing rates, synaptic scaling mechanisms will nor-
malize synaptic strength on a time scale of days. This may explain the fact that, eventu-
ally, after days, many EEG patterns observed in postanoxic encephalopathy evolve to
continuous patterns, even in patients with a poor outcome *°. However, such EEGs are
typically characterized by a lower voltage and slower rhythms, presumably resulting
from a significant loss of number of synapses of neurons.

6.4.3 Effect of propofol

The model simulations show that with the application of propofol, for low and inter-
mediate LTP values, irregular and periodic discharges can be suppressed. By enhance-
ment of inhibitory synaptic neurotransmission and inhibition of excitatory neurotrans-
mission, propofol directly antagonizes the effect of long-term potentiation. This find-
ing agees with observations in the clinical EEG data: none of the patients with good
outcome, who are supposed to have little or moderate anoxic LTP, showed epileptiform
discharges during propofol treatment On the other hand, propofol application was not
sufficient to suppress epileptiform discharges in all number of patients with poor out-
come, who presumably have a strong anoxic LTP. The model predicts that the applica-
tion of propofol only temporarily suppresses periodic discharges, unless the LTP-factor
decreases during treatment. It is unlikely that synaptic scaling mechanisms will ac-
count for this effect, as propofol treatment normalizes postsynaptic firing rates.

6.4.4 Generalization of findings

Some of the EEG abnormalities simulated with our model are not unique for postanoxic
encephalopathy. For example, GPDs can also be observed in other conditions, most
commonly metabolic encephalopathies, CNS infections, and acute stroke *3. Since the
time course of synaptic failure and LTP of excitatory neurotransmission are specific for
postanoxic encephalopathy, our model findings cannot be generalized to these condi-
tions. However, all conditions associated with GPDs readily affect synaptic neurotrans-
mission, since it is one of the earliest events in case of energy depletion or metabolic
derangements'°. Therefore, it seems likely that GPDs in all these conditions result
from (selective) synaptic failure, leading to an imbalance between excitatatory and in-
hibitory neurotransmission.

6.4.5 Limitations

By construction, a computational model like ours is a simplification of the neural net-
work dynamics underlying the EEG. The main limitation of our model is that spatial as-
pects are notincorporated. In fact, we only simulated a single EEG channel. We find this
reasonable since cerebral perfusion is diffusely affected after cardiac arrest, and EEG
patterns in postanoxic coma are typically spatially homogeneous. However, particular
phenomena, such as bilateral synchronization of burst suppression patterns, are not
explained. Further, the lack of spatial heterogeneities may explain that the model gen-
erates a single pathological burst type, only, similar to epileptiform oridentical bursts”.
Using the spatio-temporal Liley model one can simulate bursts with physiological burst
content, as induced by anesthetic drugs, too >°.

Ourmodelisalso limited by some of the assumptions. Forexample, we did notincorpo-
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rate the effects of primary or secondary cell death, and neither did we take into account
the effects of a disturbed ion balance on the cellular excitability. We assume this rea-
sonable because EEG rhythms mainly represent synaptic currents®. It would, in princi-
ple, be possible to account for disturbed ion balance by adjusting the neural activation
curve (S-curve) of the model, as was done for example by Zandt et al.**. The shape of
the neural activation curve used in our model suggests that for high membrane poten-
tials, the population firing rate saturates to its maximum value. However, above a cer-
tain membrane potential, a depolarization block can have significant influence on the
dynamics*®. We assumed for simplicity that anoxic LTP takes place immediately after
cardiac arrest. This is not true, as LTP generally arises in hours. In animal experiments,
the maximum increase in excitatory neurotransmission took place 5 to 10 hours after
the ischemic event?"?2, Finally, we assumed that all synapses are affected by hypoxia,
and that all excitatory synapses or inhibitory synapses are affected in the same way, in-
cluding intracortical, cortico-cortical, and thalamocortical synapses. However, experi-
mental evidence shows that the vulnerability depends on the type of cell or synapse*’.
However, despite these limitations, our model faithfully simulates the main character-
istic EEG patterns observed in patients with a postanoxic encephalopathy, and their
temporal changes.

6.4.6 Conclusions

We simulated frequently observed evolving EEG patterns in postanoxic encephalopa-
thy using a neural mean field model. The simulationsindicate that aggravation of short-
term synaptic depression and potentiation of excitatory neurotransmission play a key
role in the pathophysiology of postanoxic encephalopathy and recovery, as well as in
the generation of EEG abnormalities. Impairment of synaptic functioning is more pro-
nounced in excitatory than in inhibitory synapses. The model predicts that generalized
periodic discharges result from a potentiation of excitatory neurotransmission and are
essentially resistant to treatment.
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6.A Model equations and parameters

The spatially homogeneous Bursting Liley Model ?° consists of eight coupled differential
equations:

TV, (t) = VISt —V,(¢) + F kO —Ve'"(es)t| Lo (1), (6.A.1)

|Veq Vrestl ee(t) + IV

Ve —Vi(t) A
W L () + m L;; (0),

iee (t) = _(ye + ?e)iee (t) - Veye ee (t) + Veen/ye Fe (t)(NeeSe (Ve (t)) + pee(t))'

Vi (t) = Vet = V(o) + (6.A.2)

(6.A.3)
iei(t) = _(Ye + 7e)iei(t) - ye?elei(t) + ]7eeYE/ygFe(t)(Ne€Se(Ve(t)) + pei(t)):
(6.A.4)
lie(®) = =i + 1)lie (6) = YiFilie (6) + 72"V T (ONSS (G (D)), (6.A.5)
Ill(t) =—+ yl)lll(t) Yivilii (8) + Vteh/yl [; (t)N S;(V.(1)), (6.A.6)
FTeSt T ( ) dep
I (t) = T ggec Pe Se(Ve () Te(t), (6.A.7)
Frest T ( ) ep
() = T — PP S (VO (D). (6.A.8)

4

Table 6.A.1 gives a physiological interpretation of the parameters and their numerical
values. The functions Sy (V) and the parameters v, 7, [5%¢, and pey (with k = e, i) are
not listed in the table but will be discussed below. Equations 6.A.1 and 6.A.2 determine
the dynamics of the mean membrane potentials of the excitatory (V) and inhibitory
(V;) neural populations, respectively. These potentials depend on the synaptic currents
L (t) withn,m = e, i, described by equations 6.A.3 to 6.A.6. Note that in absence of
synaptic currents, the mean membrane potentials decay to their resting values 1J¢5¢
and Vst respectively. The following activation functions relate mean membrane po-
tentials to population firing rates:

max

S,(V,) = ¢ ) 6.A.9

6( e) 1+ e_\/E(Ve_#e)/o'e ( )
Q[nax

S;(V) = = (6.A.10)

1+ e V2Wi-p)/ai”

The system of equations is driven by white noise input, incorporated via p,.. We define
DPee = Pee + Doe, Where pg, is the mean excitatory external input and p;, white noise
with standard deviation sd(p..). The external excitatory input to inhibitory synapses
(pei) is constant: pg; = ;.

For our simulations, we chose a set of baseline parameter values that result in a phys-
iological alpha rhythm. These values were used before in3® and'” and are shown in
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Table 6.A.1: Model parameters, their symbols, and default values (see *°)

Parameter Symbol Default values
Mean soma membrane potential V.,V n.a.

Mean resting membrane potential yrest, yrest -70 mV, -70 mV
Mean equilibrium potential associated with V29, el 45mV, -90 mV
excitation or inhibition

Total number of connections that a cell of Neﬁe, Nfi 3000, 3000
type e, i receives from excitatory cells via in-

tracortical fibers

Total number of connections that a cell of NE, NE 500, 500
type e, i receives from inhibitory cells

Excitatory, inhibitory postsynaptic potential e, rne 0.71mV, 0.71 mV
peak amplitude

Excitatory, inhibitory postsynaptic potential v, ¥ 300s7%, 65571
rate constant

Passive membrane time constant Te T; 0.094s, 0.042s
Excitatory, inhibitory population thresholds Ueyr Wi -50 mV, -50 mV
Excitatory, inhibitory population mean maxi- Spax - gmax 500s71, 500s7*
mal firing rates

Mean excitatory input to excitatory, inhibitory Dees Pei 3460s71, 507057t
cells

Standard deviation of excitatory input to exci- sd(pee) 100057t
tatory cells

Inhibitory input to excitatory, inhibitory cells Die> Dii 0s7% 0s7t
Standard deviation for firing threshold in G,, O; 5mV, 5mV
excitatory, inhibitory populations

Recovery time constant for activity depen- T,6¢, 17°%¢ 0.5s, 0.55
dent synaptic depression

Depletion constant for activity dependent pder, pler 0.003, 0.003

synaptic depression
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Table 6.A.1. We used the mean membrane potential of the excitatory population V,(t)
as ‘EEG signal’, as was done in for example?®,

Synaptic time constants (y;, and y;)

Without anesthetics, the rise and decay times of the postsynaptic potentials are dic-
tated by the baseline synaptic time constant y?. The bursting Liley model assumes
that anesthetics only affect the decay rate of the inhibitory postsynaptic potential. To
alter the decay rate without changing the rise rate, the time constants y, and y; are
introduced, as was done for the first time in '*:

0
Yk €x(€) .
o1 Te=e* Oy, (6.A.11)

Ve =
where €, (c) is a monotonically increasing function of the anesthetics concentration c.
With this parametrization, anesthetics increases the PSP decay time, without affecting
its rise time. In the limit ¢ = 0, indicating no treatment with anesthetics, €;(c) = 0
andy, = 7 = ¥§-
In our model, we aimed to model the effects of propofol. Although €, (c) is quanti-
tatively based on the effects of isoflurane®®, we assumed propofol to have the same
qualitative effects, since the GABA, receptor is the most important target site of both
drugs®'.

Resting value of the maximum postsynaptic potential (I},5)

Assuming that the system of equations starts at equilibrium at t = 0 with V,(t = 0) =
V2 and Ty (t = 0) = I'Y thenit follows from equations (6.A.7) and (6.A.8) that the resting
value of the maximum postsynaptic potential is?°:

Irest = TO(1 + Tﬂ“p,‘fepSk (V) H (), (6.A.12)

with 0 < Hi(c) < 1 a Hill function depending on the concentration ¢ of anesthetic
agent:

0.707222
He(€) = §og722 5272 (6.A.13)
0.79%6 4 0.56¢2¢
Hi(c) = (6.A.14)

0.7926 + 26

This function is quantitatively based on the effects of isoflurane '*. Note that EPSP am-
plitudes are more reduced by anesthetics than IPSP amplitudes.

For our simulations, we made a few adaptations to the equations above. First, we as-
sumed the Hill equations 6.A.13 and 6.A.14 of isoflurane to hold qualitatively for propo-
fol. Then, we multiplied postsynaptic potentials with G, (LTP) > 1, a function of the
long term potentiation factor LTP:

G,(1)=1+LTP, (6.A.15)
G(D = 1. (6.A.16)
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So, only excitatory synapses are affected by anoxic long term potentiation. Finally, for
computational efficiency, we made the approximation I (1 + 75¢¢p2°? S (V) =~ I.
This approximation did not qualitatively influence the simulation results. The final ex-
pression for the resting value of the maximum postsynaptic potential in our model was
therefore

rrest = r2H, (c)Gy (LTP) (6.A.17)

6.B Mathematical description of simulated EEG transitions
The transitions between simulated EEG patterns can also be decribed mathematically.
Let us consider the numbered areas in Figure 6.5A. If we start in region 2a, i.e. the hy-
perpolarized state, we find a stable steady state. Adding (sensory) noise yields small
fluctuations. Moving towards region 3 the fluctuations become larger in amplitude.
Next when moving into region 1, the steady state exhibits a supercritical Hopf bifurca-
tion such that stable oscillations occur in the absence of inputs. With noise the fluc-
tuations increase in amplitude. This illustrates that the demarcations of these regions
are slightly arbitrary. The transition from region 1 to 5 reveals a drastic change in ex-
citability. In region 5, the fluctuations resemble those of region 1, but here they may
evoke an occasional spike by the noise. Moving from region 5 to 6, the small oscilla-
tion is no longer stable through a saddle-node bifurcation. From region 6 to region 2b
we find again a supercritical Hopf bifurcation which results in depolarization block. In
between, we find burst-suppression patterns in regions 4a/b. The specific bursting pat-
tern is of subHopf/fold cycle-type. See also*®.
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110 Treatment of postanoxic status epilepticus (TELSTAR trial)
Abstract
Background Electroencephalographic (EEG) status epilepticus is described in
10-35% of patients with postanoxic encephalopathy after suc-
cessful cardiopulmonary resuscitation and is associated with
case fatality rates of 90-100%. It is unclear whether these EEG
patterns represent a condition to be treated with anticonvulsants
to improve outcome, or an expression of severe ischemic dam-
age, in which treatment is futile.
Methods / TELSTARis a multicenter clinical trial with randomized treatment
Design allocation, open label treatment, and blinded endpoint evalua-

tion (PROBE design). We aim to enroll 172 adult patients with
postanoxic encephalopathy and electroencephalographic status
epilepticus after successful cardiopulmonary resuscitation, ad-
mitted to the intensive care unit, in whom continuous EEG moni-
toringis started within 24 hours after admission. Patients are ran-
domly assigned to either medical treatment to suppress all elec-
trographic seizure activity, or no treatment of electroencephalo-
graphic status epilepticus. Antiepileptic treatment is based on
guidelines for treatment of overt status epilepticus and is started
within three hours after the diagnosis. If status epilepticus re-
turns during tapering of sedative medication after suppression
of all epileptiform activity for 2 x 24 hours, it will be considered
refractory. The primary outcome measure is neurological out-
come defined as the Cerebral Performance Category (CPC) score
atthree months, dichotomized into “good” (CPC 1-2=no or mod-
erate neurological disability) and “poor” (CPC 3-5 = severe dis-
ability, coma, or death). Secondary outcome measures include
mortality and, for patients surviving up to 12 months, cognitive
functioning, health related quality of life, and depression.
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7.1 Background

After successful cardiopulmonary resuscitation, 64-74% of patients remain uncon-
scious at hospital arrival as a result of diffuse postanoxic encephalopathy 2. In these
patients, a spectrum of electroencephalographic (EEG) changes can be observed,
reflecting varying extents of ischemic brain injury®. Electroencephalographic status
epilepticus is described in 10-35%°3® and is strongly associated with poor outcome:
case fatality was 90-100% in prospective case series, despite treatment with anti-
convulsants*®7'°, Without EEG monitoring, approximately one in five cases remains
undiscovered due to the absence of clinical signs*'"'2,

The diagnostic criteria for electroencephalographic status epilepticus in comatose pa-
tients with postanoxic encephalopathy are controversial'®'*. The American Clinical
Neurophysiology Society defines unequivocal seizures as generalized spike-wave dis-
charges at 3 Hz or faster or clearly evolving discharges of any type at 4 Hz or faster,
either focal or generalized '°. However, some experts also consider other rhythmic or
periodic patterns, such as generalized or lateralized periodic discharges or rhythmic
delta activity as seizure activity *©.

It is unclear whether electroencephalographic seizure patterns in patients with
postanoxic encephalopathy represent a condition which can be treated with anticon-
vulsants to improve patients’ outcome, or have to be regarded as an expression of
severe ischemic damage, in which treatment with anticonvulsants would be futile '®'",
Case series suggest that in patients with electroencephalographic status epilepticus,
preserved brainstem reactions and EEG background reactivity are associated with a
favorable outcome”. It is unclear whether treatment with anticonvulsants reduces
the risk of a poor outcome in these patients and if so, how intensive this treatment
should be. In the only prospective, non-randomized intervention study, a stepwise
treatment up to pentobarbital induced burst suppression resulted in a good outcome
of 6% of patients with clinically overt or electroencephalographic status epilepticus 8.
This proportion is approximately the same as reported in observational studies,
irrespective of treatment *571°,

Despite the lack of evidence, most neurologists treat status epilepticus in comatose
patients after cardiopulmonary resuscitation with anticonvulsants. Increased detec-
tion of electroencephalographic status epilepticus by continuous EEG monitoring
has led to increased prescription of these drugs'®?°. However, treatment is mostly
moderately intensive. In the Netherlands, only one third of the physicians treat these
patients equally intensive as those with clinically overt status epilepticus?'. Both
intensive antiepileptic treatment and no treatment of electroencephalographic status
epilepticus are considered standard modalities, where some experts believe that
treatment is useless and others that it is unethical to withhold it.

Apart from the intensity, the timing of treatment probably is an important determi-
nant of treatment effect. Mechanisms such as excessive glutamate release are known
to worsen brain damage in ongoing status epilepticus within twenty to forty minutes,
even without clinical signs and despite good oxygenation?2. Also, prolonged duration
of status epilepticus reduces the effect of treatment, e.g. due to receptor trafficking 2.
In approximately a quarter of patients, the electroencephalographic status epilepticus
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starts within 24 hours after cardiopulmonary resuscitation>%'2, In previous studies,

EEG monitoring started at a median of two to three days after cardiopulmonary re-
suscitation, indicating that diagnosis and subsequent treatment of electroencephalo-
graphic status epilepticus started relatively late®”.

We conclude that evidence for a beneficial effect of medical treatment of electroen-
cephalographic status epilepticus in patients with postanoxic encephalopathy after
cardiopulmonary resuscitation is insufficient. To be effective, treatment should be
sufficiently intensive and initiated as early as possible after the onset of status epilep-
ticus. Therefore, we aim to study the effect of intensive and early medical treatment
of electroencephalographic status epilepticus on functional outcome of comatose
patients after cardiopulmonary resuscitation in a randomized controlled clinical trial.

7.1.1 Hypothesis

Medical treatment of electroencephalographic status epilepticus improves outcome of
patients with postanoxic encephalopathy after successful cardiopulmonary resuscita-
tion.

7.2 Methods / Design

7.2.1 Design and population

TELSTAR is a multicenter clinical trial with two parallel groups, randomized treatment
allocation, open label treatment and blinded endpoint evaluation (PROBE design). The
trial has been registered in the United States National Institutes of Health Clinical Tri-
als registry (clinicaltrials.gov, identifier NCT02056236) on February 4, 2014. The study
population consists of comatose adult patients after cardiopulmonary resuscitation,
admitted to the intensive care unit (ICU), with electroencephalographic status epilep-
ticus on continuous EEG. Detailed eligibility criteria are listed in Table 7.1.

Definitions of electroencephalographic status epilepticus will be according to stan-
dardized critical care EEG terminology '°. They may consist of generalized spike-wave
discharges at 3 Hz or faster, clearly evolving discharges of any type at 4 Hz or faster
(either generalized or focal), or periodic discharges (generalized or lateralized) at any
frequency. For continuous seizure activity, the minimum duration requirement is 30
minutes. Intermittent seizures of 5 minutes and longer, recurring at least twice, with
seizure-free intervals shorter than 60 minutes will also be included. EEG assessment
for inclusion will ultimately be left to the discretion of the treating neurologist or
clinical neurophysiologist.

7.2.2 Deferred consent

No consent will be obtained prior to randomization, as this procedure unnecessarily
delays treatment and the possible prevention of additional brain injury. We consider it
reasonable to start treatment without written informed consent, since we compare two
standard treatment modalities. The treating physician will inform a patient’s legal rep-
resentative as soon as possible after randomization, and ask for consent for the use of
anonymized clinical data and for the first telephone follow-up after 3 months. Surviv-
ing patients will be asked informed consent for participation and additional follow-up
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Table 7.1: Eligibility criteria.

Inclusion criteria

Exclusion criteria

Comatose patients after cardiac arrest with
suspected postanoxic encephalopathy

Age 18 years or older

Continuous EEG with at least eight elec-
trodes started within 24 hours after car-
diopulmonary resuscitation

Electroencephalographic status epilepticus
on continuous EEG

Informed consent given by a legal represen-

A known history of another medical con-
dition with limited life expectancy (<6
months)

Any progressive brain illness, such as a brain
tumor or neurodegenerative disease

Pre-admission Glasgow Outcome Scale
score of 3 or lower

Reason other than neurological condition to
withdraw treatment

Follow-up impossible due to logistic rea-

tative sons, for example not living in the Nether-

lands

*|If status epilepticus is present at initiation of continuous EEG, the starting time of continuous EEG is
considered as detection time. EEG = Electroencephalography.

on long term outcome. Separate informed consent will be asked for neuropsychologi-
cal examination at twelve months, if applicable. The study will be conducted according
to the principles of the Declaration of Helsinki (7th revision, Fortaleza, 2013) and in ac-
cordance with the Dutch Medical Research Involving Human Subjects Act (WMO) and
local guidelines.

7.2.3 Treatment allocation

All participating subjects receive standard best medical management according to
current guidelines, including therapeutic hypothermia or controlled normothermia
with sedation for 24 hours. In addition, they will be randomly assigned to either
medical treatment or no treatment of electroencephalographic status epilepticus. In
both groups, decisions regarding limitation or withdrawal of treatment will be done
in accordance with the Dutch guideline for postanoxic coma management?*. Reasons
for withdrawal of treatment will be documented.

Subjects will be randomized using ALEA (Clinical Trial Center Maastricht, The Nether-
lands), which is an online, central randomization service. To preventimbalance of allo-
cated treatments, blocked randomization will be used, with a 1:1 allocation, stratified
by center, and random block size ranging from 4 to 10 subjects.

Intervention group: treatment of electroencephalographic status epilepticus

Since no treatment with anticonvulsants has been proven superior to other, the choice
of medication is ultimately left to the discretion of the treating neurologist, based on
local protocols. However, to prevent large differences with respect to the intensity of
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treatment, recommendations are made as displayed in Figure 7.1. In summary, treat-
ment consists of a stepwise approach, from intermittent administration of antiepileptic
drugs up to treatment with barbiturates, in accordance with international guidelines
for treatment of overt status epilepticus?*2¢. Each subsequent step is taken as soon
as possible when previous steps fail to suppress epileptiform activity. The treatment
objective is to suppress all epileptiform activity on the EEG during at least 24 hours.
Induction of burst suppression is not obligate. If the status epilepticus returns after ta-
pering sedative medication, the treatment procedure will be repeated during another
24 hours. If status epilepticus returns after 2 x 24 hours, it is considered refractory. We
accept that treatment with barbiturates may lead to prolonged hospitalization of sev-
eral days, due to their influence on prognostic tests.

Control group: no treatment of electroencephalographic status epilepticus

In this group, patients will be treated conform standard guidelines for treatment of co-
matose patients after cardiopulmonary resuscitation, without EEG based treatment of
status epilepticus. Treatment to suppress clinically manifest myoclonic jerks is left to
the discretion of the treating physician, also in patients surviving beyond ICU discharge.

7.2.4 Outcome assessment

The primary outcome measure is neurological outcome, defined as the Cerebral Per-
formance Category (CPC) score at 3 months, dichotomized into “good” (CPC 1-2 = no
or moderate neurological disability) and “poor” (CPC 3-5 = severe disability, coma, or
death).

Secondary outcome measures include mortality, CPC scores at six and twelve months,
length of stay on the ICU, duration of mechanical ventilation, and seizure recurrence
rate within twelve months. In case of survival, additional outcome measures include
quality of life after a year as measured by the Medical Outcomes Study 36-item short-
form health survey (SF-36)27, depression after a year as measured by the Montgomery
and Asberg Depression Rating Scale (MADRS) 2%, and cognitive functioning after a year
as measured by detailed neuropsychological examination. Secondary outcome mea-
sures will not be collected to test between-group differences, since the estimated num-
ber of survivors is small. These measures will be collected to thoroughly assess out-
come and quality of life of survivors.

Additionally, a limited amount of data on the use of resources will be collected for anal-
ysis of cost-effectiveness, including place of residence at one year and admission in
hospitals, rehabilitations centers, and nursing homes within the first year.

7.2.5 Study procedures and data collection

For data collection and management, the OpenClinica open source software (Open-
Clinica LLC and collaborators, Waltham, MA, USA) will be used. At randomization, pa-
tients receive a study number by which all data is coded. The trial coordinator and
principal investigator safeguard the key to this code.

Figure 7.2 shows the study flow chart. In participating hospitals, continuous EEG moni-
toring is part of regular patient care and is initiated as soon as possible after admission
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/ Step 1: antiepileptic drug + benzodiazepine \

Phenytoin: loading dose 15-20 mg/kg iv, maintenance doses 150 mg iv twice per day *

Plus one of the following benzodiazepines (bolus + continuous infusion):

I Lorazepam

1. Midazolam

Benzodiazepine dosing regimes should be based on national and local protocols for status epilepticus treatment.

* Use serum levels for phenytoin dose adjustment. If phenytoin is contraindicated, use either valproic acid or
\ levetiracetam as drug of first choice. The drug of second choice can then be applied in step 2. See step 2 for j

recommended doses.

K Step 2: anesthetic agent + second antiepileptic drug \

Propofol: maintenance dose maximum 8 mg/kg/hr iv ™

Plus one of the following antiepileptic drugs:
I Levetiracetam: loading dose 1500 mg iv, maintenance dose 1000 mg iv twice per day
1. Valproic acid: loading dose 10-20 mg/kg iv, maintenance dose 7.5 mg/kg iv twice per day ™

** This is a higher propofol dose than typically advised (i.e. 5 mg/kg/h), as the duration of treatment is limited. Serum
creatine kinase levels and a developing metabolic acidosis should be monitored.
*** |f a combination of phenytoin and valproic acid is used, serum levels have to be monitored, because both levels CD

decrease due to interaction effects.

A 4

Step 3: second anesthetic agent

Thiopental: first six hours 12.5 mg/kg/hr iv, next six hours 5 mg/kg/hr iv. Thereafter, administration rate should be guided
by EEG pattern.

Figure 7.1: Stepwise treatment approach for electroencephalographic status epilepticus. Each consecutive
treatment step is taken when previous steps have failed to suppress electroencephalographic seizure ac-
tivity. After 24 hours of treatment, sedative agents (thiopental, propofol, and continuously administrated
benzodiazepines) will be tapered and intermittently administrated antiepileptic drugs (phenytoin, valproic
acid, and levetiracetam) will be continued. If the status epilepticus returns, the treatment procedure will be
repeated during another 24 hours. If status epilepticus returns after 2 x 24 hours, it is considered refractory.
EEG = Electroencephalography.
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[ Enrolment (n = 172) ]
\ 4

[ Randomization 1:1 ]
Intervention group Control group
Treatment of No treatment of
electrographic electrographic
status epilepticus status epilepticus

A 4 y
( A

Follow up (3 months)

Primary outcome: CPC at 3 months
Secondary outcome: mortality

Follow up (6 months)

Secondary outcomes: CPC at 6 months, mortality

A A 4

(" )
Follow up (12 months)

Secondary outcomes: CPC at 12 months, mortality. In
case of survival: depression (MADRS), quality of life
(SF-36), cognitive functioning (neuropsychological exam)

Figure 7.2: Study flow chart. CPC = Cerebral Performance Category; MADRS: Montgomery and Asberg De-
pression Rating Scale; SF-36: Medical Outcomes Study 36-item short-form health survey.

to the intensive care unit. In order to detect seizure activity early, continuous EEG reg-
istrations are checked three hourly by a neurologist, clinical neurophysiologist, or clin-
ical neurophysiology technician. For practical reasons, these checks will not take place
regularly between midnight and 8 am. When patients meet the eligibility criteria and
informed consent is obtained, they will be randomly allocated to one of the treatment
arms. Itis not possible to see the treatment allocation before the patient is randomized
and registered in the study database. Neitherisit possible to withdraw the patient from
the database after treatment assignment. After randomization, treating physicians and
patients (or their legal representatives) will be aware of the treatment assignment.

Baseline data will be obtained at randomization and include patient characteristics
(age, sex, medical history, use of anticonvulsants), pre-hospital factors (cause and loca-
tion of cardiac arrest, initial cardiac rhythm, time to return of spontaneous circulation),
clinical parameters (Glasgow Coma Scale score, brain stem reflexes), electroencephalo-
graphic features (seizure pattern, background reactivity), target temperature, and the
Acute Physiology and Chronic Health Evaluation (APACHE) score. During admission on
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the ICU, daily neurological examinations will be performed as part of regular care. Se-
lected medication for treatment of the status epilepticus will be recorded. At ICU dis-
charge or in case of mortality, the duration of ventilation and duration of admission
will be assessed.

Follow-up will be done by means of a telephone interview by a trained investigator or
research nurse, who is blinded for the allocated treatment. At three, six, and twelve
months, CPC scores will be assessed. Place of residence, duration of admission in hos-
pitals, rehabilitations centers, or nursing homes, seizure recurrence rates, use of an-
ticonvulsants, and serious adverse events will be recorded. At twelve months, after
obtaining separate informed consent, quality of life, depression, and cognitive func-
tioning will be assessed in the local hospital.

Subjects can leave the study at any time for any reason if they wish to do so without
any consequences. Also, the investigator can decide to withdraw a subject from the
study for urgent medical reasons. Subjects will be replaced after withdrawal for any
reason. Every attempt will be made to complete the primary follow-up in patients who
are withdrawn from treatment.

7.2.6 Statistical considerations

The primary analysis will be a single comparison between the treatment groups with
regard to the primary outcome measure at three months, according to the intention-
to-treat principle. To assess the effect of treatment with anticonvulsants, the absolute
risk reduction of poor outcome will be calculated, including the corresponding 95%
confidence interval. Baseline characteristics, raw distributions of the CPC score, and
scores of secondary outcome measures will first be presented in a descriptive way. For
secondary outcome measures, between-group differences will be analyzed by means
of independent samples t-tests, Mann-Whitney tests, or Fisher exact tests, where ap-
propriate. If necessary, multivariate regression analysis will be used to adjust for im-
balances in main prognostic variables between the intervention and control groups.

Power calculations are hampered by the absence of data from randomized trials. With
a presumed reduction of poor outcome from 99% to 92%, alpha of 5%, power of 80%,
and one tailed testing, 84 patients per treatment group are needed to detect superior-
ity of treatment with anticonvulsants. An interim analysis according to O’Brien Fleming
will be performed after a total of 86 enrollments. If the difference between the treat-
ment groups at that time is significant at p<0.00557, the trial will be stopped because
of “proof beyond reasonable doubt” that treatment with anticonvulsants is superior
above treatment without anticonvulsants. To compensate for this interim analysis, two
additional patients per group will be included. This indicates an intended sample size
of 172 subjects.

With an estimated incidence of electroencephalographic status epilepticus of 20% in
comatose patients with postanoxic encephalopathy 3, 860 patients will have to be mon-
itored with continuous EEG. With five Dutch hospitals participating at submission of
this manuscript, we estimate an enrollment period of four and a half years.



118 Treatment of postanoxic status epilepticus (TELSTAR trial)

7.2.7 Safety assessments

Medical treatment of electroencephalographic status epilepticus may lower the high
risk of death. The risk of an increase of morbidity or mortality is considered negligi-
ble. Otherwise, treatment may lead to prolonged hospitalization of several days of co-
matose patients that otherwise would have died. We assume this reasonable, since
both antiepileptic treatment and no treatment are current standard modalities in these
patients.

Adverse events will not be recorded, except those that meet the criteria for ‘Serious
Adverse Event’. A serious adverse event is defined as any adverse event that results in
death, a life-threatening condition, inpatient hospitalization, or prolongation of exist-
ing hospitalization, or persistent or significant disability. The reporting of SAEs will be
limited to events that occur during the intensive treatment period (the period in which
patients are exposed to the treatment under study) and all deaths within the follow-up
period of one year.

The trial is monitored by an independent Data Safety Monitoring Board (DSMB). The
DSMB is chaired by a neurologist and further includes an intensivist and a biostatisti-
cian. This committee will review data for safety after every 43 enrolled patients from
the study have had their primary outcome measurement. Because of the expected high
proportion of patients with a poor outcome in the study population, and the conse-
quent overlap between safety endpoints and the primary endpoint, the evaluation of
safety by the DSMB at that time will be qualitative. Summary of key efficacy endpoints
(primary outcomes, mortality) will be provided for a planned interim analysis after 86
enrollments.

7.2.8 Ethical approval
TELSTAR has received ethical approval from the Medical Research Ethics Committee
Twente (Dutch: METC Twente) in December 2013 (reference: NL46296.044.13).

7.2.9 Publication of trial results

The trial results will be published by the members of the Executive Committee, on be-
half of the TELSTAR study team. With 36 or more enrollments, local principle investi-
gators of participating centers will be included in de primary author list. Before sub-
mission of any manuscript, all local principal investigators will have the opportunity to
comment on the manuscript.

7.3 Discussion

We present a study protocol for a multicenter, randomized controlled trial to in-
vestigate treatment of electroencephalographic status epilepticus in patients with
postanoxic encephalopathy after cardiopulmonary resuscitation. Both sides of the
spectrum, e.g. antiepileptic treatment to burst suppression and no treatment at all of
electroencephalographic status epilepticus are current standard modalities in these
patients '®?", The benefits of antiepileptic treatment have never been investigated in
a randomized controlled trial.

The focus of debate is often whether EEG patterns represent epileptic activity, that can



7.3. Discussion 119

be treated with anticonvulsants to improve outcome, or not'®'*, In the only prospec-
tive case series of intensive antiepileptic treatment in these patients, EEG patterns of
enrolled subjects were insufficiently reported '®. In the current trial, we include a broad
range of possibly epileptiform EEG patterns. However, with a clear definition of the dis-
tinct eligible seizure patterns, based on standardized EEG terminology '°, we aim to in-
crease insight in the effects of treatment in relation to specific patterns. Although EEG
analysis prior to patient enrollment will be performed locally by the treating neurolo-
gist or clinical neurophysiologist, all EEGs will also be analyzed off-line by dedicated
clinical neurophysiologists, to optimize categorization of patterns.

If beneficial at all, the optimal duration of treatment of status epilepticus in postanoxic
encephalopathy is unclear. Previous studies suggest that in more than half of cases
the duration of seizure activity is less than 24 hours, and in more than three quarters
of cases less than 48 hours®'2. We consider ongoing status epilepticus after suppres-
sion of all epileptiform activity for 2 x 24 hours as refractory and argue that patients
with ongoing seizure activity beyond this period are unlikely to benefit from prolonged
antiepileptic treatment.

In previous, non-randomized studies concerning treatment of status epilepticus after
cardiopulmonary resuscitation, diagnosis was either based on clinical signs2°3', or
EEG seizure activity*®?, or a combination of clinical and EEG findings™'®. However,
myoclonic jerks are often suppressed by sedative medication. Furthermore, myoclo-
nia are often unrelated to EEG findings. For most neurologists, the threshold to treat
patients with overt myoclonia is lower than for patients with non-convulsive electroen-
cephalographic seizures. However, irreversible damage is probably even more likely in
patients with myoclonia, since the risk of poor outcome is larger” and neuronal necro-
sis is more common'’. In the current study, the diagnosis of status epilepticus is EEG
based, irrespective of clinical signs.

Our study protocol intends to minimize time from onset of electroencephalographic
status epilepticus to start of treatment, as ongoing seizure activity may lead to addi-
tional damage **> and decreased effect of medication®. EEG monitoring will be started
within 24 hours. Epileptic activity that is initially suppressed by the anticonvulsive ef-
fects of hypothermia and sedative medication will therefore be detected early. The
maximum time of 3 hours since the diagnosis to obtain informed consent and com-
mence treatment is chosen pragmatically.

Although the trial protocol contains clear recommendations, including the intensity of
antiepileptic treatment in the intervention group, the diagnosis of electrographic sta-
tus epilepticus and the choice of specific anticonvulsive medication are ultimately left
to the discretion of the treating physician. Since we consider the pragmatic character
of this difficult trial very important, we accept potentially detrimental effects of vari-
ations due to freedom of treatment. These include restricted extrapolation resulting
from differences between local protocols and effect dilution resulting from treatment
of overt myoclonia with anticonvulsants in the control group.

Blinding of treating physicians for treatment allocation is virtually impossible, as the
administration of anticonvulsants is guided by bedside EEG measurements. However,
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outcome assessment of surviving patients is performed blinded for the treatment allo-
cation.

Concluding, this study will be the first to evaluate the additional value of medical treat-
ment of electroencephalographic status epilepticus for patients after successful car-
diopulmonary resuscitation. Furthermore, it will provide clinical and electrographic
characteristics for identifying patients that might benefit from this treatment.
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7.B Trial status

Patient enrollment

Recruitment to TELSTAR started in May 2014, with five participating hospitals. The
number of centers has grown to eleven by now. Currently, 113 patients have been in-
cluded, with the last inclusion expected by the end of 2019. Figure 7.B.1 provides more
details on the study progress.
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Figure 7.B.1: Overview of trial enrollment progress. This figure was last updated on August 14, 2018.

Interim analyses

Theindependent Data Safety Monitoring Board (DSMB) reviews data after every 43 sub-
jects (25% of total) have had their primary outcome measurement. Up to now, two
reviews have taken place:

+ August 2016 (43 patients): analysis of safety
« November 2017 (86 patients): analysis of safety and efficacy

The DSMB advised both times to continue the trial as planned. Their last review will
take place when the primary outcome of the 129th subject is known, and focuses on
safety aspects.
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The research in this dissertation has established the value of continuous EEG for out-
come prediction of comatose patients after cardiac arrest. This includes visual and
quantitative methods in large prospective cohort studies, and quantification of the ef-
fects of sedative medication. The value for decisions on treatment with antiepileptic
drugs is tested with the ongoing multicenter TELSTAR trial. Additionally, with a bio-
physical model, we identified candidate mechanisms that underlie specific pathologi-
cal EEG patterns and their evolution, opening avenues for targeted treatments.

8.1 Early EEG for outcome prediction after cardiac arrest
Immediately after cardiac arrest, most patients have isoelectric or discontinuous EEG
traces’ due to a massive synaptic arrest®. Research conducted before the introduction
of TTM showed that a good outcome is possible if some cortical activity returns within
10 minutes to 8 hours?, and only when continuous activity returns within 24 hours after
cardiac arrest’.

The introduction of TTM has blurred these findings, but still the first 24 hours are the
most valuable for discrimination between patients with or without chance of recov-
ery*®. Therefore, timing of the EEG in relation to cardiac arrest is essential in inter-
pretation’. EEG categories based on criteria for amplitude and background continuity
have proven to be the most powerful predictors of outcome. The introduction of stan-
dardized terminology for EEG patternsin intensive care patients has been animportant
step to improve reproducibility of research findings®. In this dissertation, we integrated
all these aspects in a large prospective cohort study.

8.1.1 Prediction of poor outcome

In chapter 2, we show that generalized suppression (all activity <10 pV) or synchronous
patterns with >50% suppression predict a poor outcome without false positives at 12h
after cardiac arrest or later. The latter group included generalized periodic discharges
onasuppressed (<10 pV) background and burst-suppression patterns with generalized
bursting, abrupt burst onsets, and at least 50% suppression. At 12h after cardiac arrest,
the summed sensitivity of these patterns was 47%, at 100% specificity.

As compared to other determinants of poor outcome after cardiac arrest, the sensitiv-
ity of an unfavorable EEG pattern is good. It is comparable to that for bilaterally absent
SSEP responses after rewarming (36-48%), and better than the combination of absent
pupillary light responses and absent corneal reflexes (7-26%) °. SSEP and EEG are com-
plementary, since they identify different patients with poor outcome*'°. An advantage
of EEG over other methods is its preserved reliability during hypothermia and sedation,
which allows for earlier prognostication.

The poor prognosis of persisting suppression confirms previous observations that a
failure of timely restoration of cortical activity impedes recovery. The previously re-
ported low-voltage criterion (all activity <20 uV) at 24h or later was not 100% specific
for the prediction of poor outcome, since two patients with a low voltage patterns at
36h eventually recovered *°. The prognostic value of generalized suppression cannot
be generalized to time points earlier than 6h after cardiac arrest, since in the first min-
utes to hours after cardiac arrest, most patients will have a suppressed EEG. This does
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not exclude chance of recovery®'",

The group of ‘synchronous patterns with =50% suppression’ can be considered as gen-
eralization of the previously reported group of ‘burst-suppression patterns with iden-
tical bursts’'2, By broadening the definition, we substantially increased the sensitiv-
ity for the prediction of poor outcome as compared to earlier work, without loss of
specificity. Previous studies disagreed on the prognostic value of burst-suppression
patterns**®. We show that this probably results from inconsistent definitions and the
fact that only a subgroup of burst-suppression, with highly synchronized burst types,
is a reliable predictor of poor outcome.

8.1.2 Prediction of good outcome

Early information on chance of recovery can be reassuring for relatives and could help
treating physicians when making decisions on intensive treatment of accompanying
medical problems. Still, most prognostication studies in postanoxic coma put empha-
sis on predictions of poor outcome. EEG is one of the few, if not the only, highly specific
method that can be used to predict good outcome during sedation and hypothermia
after cardiac arrest*'2,

In chapter 2, we confirm that restoration of a continuous, normal amplitude back-
ground, without periodic activity, within 12h after cardiac arrest is a specific predictor
of good outcome. Sensitivity was 50%, at 91% specificity. Of those 9% that did not
have a good outcome, most died at the ICU as a result of failure of other organs than
the brain, often a second cardiac arrest. In chapter 5, we showed that propofol in the
typical doses used reduces background continuity with 10-20%, indicating that small
discontinuities do not exclude chance of recovery. This justifies our choice to consider
nearly continuous EEG patterns (<10% suppression) as favorable and supports the
notion that propofol does not impede predictive values for poor outcome prediction.

8.1.3 Additional value of reactivity testing

In this dissertation, we only analyzed spontaneous EEG patterns and did no additional
reactivity testing. Although a single group claims high specificity of absent EEG back-
ground reactivity for prediction of poor outcome '3, others find high numbers of false
positives>'*'%, Interobserver agreement for reactivity testing is low '. Most likely, this
results from a lack of standardization of stimulus types, timing, and quantitative mea-
surement of responses . Future work should assess the added value of standardized
reactivity testing for prognostication in postanoxic coma.

8.1.4 Continuous versus intermittent EEG recordings

An important question is whether continuous monitoring after cardiac arrest is of
added value as compared to a routine 20-minute EEG recording. In chapter 2, we
show that repeated evaluation of the EEG within the first 24 hours after cardiac arrest
increased the number of patients with reliable outcome predictions, as compared
to a single evaluation. The added value of evaluation beyond 24h was limited. Our
findings contradict a previous study which claimed that one routine EEG recording
during hypothermia, plus one at normothermia and off-sedation, had equal value
for outcome prediction as continuous EEG recordings'®. The authors of that study



128 8. General discussion

seemed to neglect the fact that most evolutional changes of the postanoxic EEG take
place within the first 24 hours after cardiac arrest.

We show in chapter 2 that significantly more patients with good or poor outcomes can
be identified if continuous EEG recordings are started within 6-12 hours after cardiac
arrest, as compared to later starting times. If centers do not have the facilities to do
continuous EEG monitoring after cardiac arrest, the optimal timing of a single routine
recording for prognostication would be between 12 and 24h after cardiac arrest.

8.2 Value of quantitative EEG analysis after cardiac arrest

Despite extensive training and the use of standardized of terminology, EEG interpreta-
tion remains subjective to some extent, leading to interrater variability. Additionally,
reviewing long-term EEG-recordings on the ICU is time-consuming, and in most cases it
will not be possible to have every single page of the recording reviewed by a technician
or physician. Quantitative EEG may help to overcome these issues and can be applied
by non-experts. Furthermore, quantitative EEG analyses may improve outcome predic-
tions by increasing the amount of relevant information that can be extracted. Various
quantitative EEG features have been proposed for assistance in outcome predictions
after cardiac arrest, as single features or combined into an index ™.

Quantitative EEG methods can be subdivided into two types. In one of them, quantita-
tive EEG detects information that is hard or impossible to detect by a human observer.
This includes measures of entropy and information quantity, amongst others®. Such
methods have the advantage of adding new information to what the electroencephalo-
grapher can see. On the other hand, such measures cannot easily be traced back to
characteristics observed during visual analysis, which may limit clinical acceptance. A
second approach is to use quantitative EEG as a ‘surrogate encephalographer’. By do-
ing so, quantitative features capture key characteristics that an experienced human re-
viewer would use during visual assessment. Examples include measures foramplitude,
frequency content and background continuity. Such methods are intuitively clear and
can capture features that appear visually clear, but hard to quantify by a human ob-
server. These can be extrapolated to the clinic, where visual assessment remains the
gold standard, relatively easy.

In this dissertation, we used the ‘surrogate encephalographer’ approach. In chapter 3,
we reduced a number of discriminative features from visual analysis into only two novel
quantitative EEG features: the background continuity index and the burst-suppression
amplitude ratio. From this combination, we obtained sensitivities and specificities for
the prediction of poor and good outcome equal to those of visual assessment of EEG. To
the best of our knowledge, no other single qEEG feature reported better prediction of
outcome than these measures. Within its confidence intervals, predictive values were
the same as forthe revised Cerebral Recovery Index, a combined index using nine quan-
titative EEG features that has the highest reported values for the outcome prediction of
postanoxic coma, so far?°. Apparently, background continuity and the degree of am-
plitude fluctuation comprise an important part of the predictive information included
in the postanoxic EEG.
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8.3 Sedation, hypothermia, and reliability of EEG analysis
The studies in this dissertation confirm that the postanoxic EEG includes most discrimi-
native information within the first 24 hours after cardiac arrest. With current treatment
standards, this coincides with the period of targeted temperature management and se-
dation. Our work indicates that the effect of propofol on the EEG is small, as compared
to the effects of postanoxic brain injury.

Propofol can induce discontinuities in the EEG and, at higher doses, even electrocere-
bral silence?. Midazolam reduces the EEG amplitude® and may as well induce burst-
suppression patterns in critically ill patients?’. Since amplitude and background con-
tinuity of the EEG are included in all key outcome predictors of comatose patients after
cardiac arrest, there is a relevant risk of influence by sedative medication. We show
in chapter 5 that propofol reduces the amplitude and continuity of postanoxic EEG,
indeed, but with absolute effects sizes that are much smaller than those of hypoxia.
These results make it very unlikely that propofol, in the doses applied, induces the typ-
ically observed pathological burst-suppression of flat EEG patterns.

There are a few situations in which one should be cautious when assessing the EEG un-
der sedation. For propofol doses above 6 mg/kg/h, or when high dosesa combination
of midazolam and propofol are used in combination is used, we cannot exclude that
sedation increases the chance of falsely pessimistic predictions of outcome.

Studies on the effect of hypothermia on the EEG show that, for temperatures between
32 and 36 °C, background continuity remains preserved and only small frequency shifts
are induced?'2, This issue will probably become less important in the future, since
more and more centers apply normothermia after the recent TTM trial 2324,

8.4 Self-fulfilling prophecy

An important limitation of most, if not all, studies on prognostication of neurological
outcome after cardiac arrest is the risk of a self-fulfilling prophecy. This is the bias that
occurs when physicians use the outcome measure under study in decisions on with-
drawal of life-sustaining treatment?®. To avoid such a bias, we conducted analysis of
EEG-related measures offline, after treatment of each patient was finished. Decisions
on treatment discontinuation were based on international guidelines that use neuro-
logical examination and absent SSEP responses, and the EEG within the first 72 hours
was not taken into account®2°. However, to allow for detection and treatment of elec-
trographic seizure activity, treating physicians were not blinded to EEG recordings. In
the ideal study situation, one should define a minimum treatment duration for all pa-
tients, but this seems undesirable in the setting of regular patient care in the Nether-
lands.

8.5 Mechanisms that drive postanoxic EEG patterns

Although there is ample literature about microscopic mechanisms of hypoxic-ischemic
brain injury, the dynamics that drive postanoxic EEG patterns are poorly understood.
Research on the value of the EEG after cardiac arrest is dominated by phenomenolog-
ical work, in which EEG patterns are related to a chance of recovery. Understanding
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the link between EEG pattern and underlying process could help to improve targeted
treatment strategies, where therapy could be guided and monitored by EEG patterns.
Computational modeling and simulation can help to bridge this gap of knowledge.

In this dissertation, we investigated the effect of hypoxia in a computational mean
field model of the cerebral cortex, comprising inhibitory and excitatory neuronal
populations, their synaptic interactions and thalamic input. We found that an in-
creased synaptic excitation-inhibition ratio, caused by anoxic long term potentiation,
explained common patterns observed. A gradual recovery of synaptic metabolism,
resulting in an improved recovery rate of synapses, explained typical transitions as
observed in patients.

Possible future improvements of the model include the addition of spatial hetero-
geneities and cortico-thalamic interactions?®'. This will likely improve the understand-
ing of spatially heterogeneous patterns and the propagation of EEG waves through
the cortex. It may also provide explanations why spatially synchronized patterns
have such a strong correlation with poor outcome, whereas spatially heterogeneous
patterns usually indicate a more favorable outcome.

One of the ultimate goals of clinically motivated computational models is to find po-
tentially effective treatment targets. We observed in our model that propofol seda-
tion could reverse pathological EEG patterns, at least temporarily. However, to pre-
vent massive secondary neural cell death, the increased synaptic excitation-inhibition
must be reversed permanently. A potential compensatory mechanism would be home-
ostatic synaptic scaling®2. Since this process takes place on time scales of days, this
would require prolonged treatment with drugs that antagonize glutamatergic action,
such as propofol.

8.6 Treatment of electrographic status epilepticus
Electrographic activity with epileptiform morphology is commonly observed in
patients after cardiac arrest®*73°, Most often it consists of generalized periodic
discharges. Electrographic seizures, with typical waxing and waning of epileptiform
discharges, are uncommon?®. In comatose patients after cardiac arrest, epilepti-
form activity differs from that in most patients with epilepsy, who have relatively
abrupt seizure onset and often a temporal and spatial evolution of the discharges. In
postanoxic encephalopathy, patterns with epileptiform morphology typically appear
gradually, over a time course of hours to days, in which the onset time is to some
extent arbitrary. Additionally, brain functioning is severely impaired before the onset
of this activity, and in most cases consciousness does not return, despite treatment.
In some cases, epileptiform patterns in postanoxic coma are accompanied by clinical
phenomena, such as myoclonus.

Whether treatment with anti-epileptic drugs or sedation improves outcome of patients
with electrographic seizure-like activity in postanoxic coma remains an open question.
Animal research indicates that prolonged seizure activity induces brain injury, no mat-
ter whether this activity is convulsive or non-convulsive®’. This advocates the use of
antiepileptic treatment, in order to prevent secondary neuronal injury. Our computa-
tional model, as discussed in chapter 6, suggests that treatment should counterbalance
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the increase in NMDA-receptor gated currents. Additionally, the model indicates that
burst-suppression and GPDs should be treated equally, since they result from a com-
mon mechanism. A quantitative EEG study, as described in chapter 4, suggests that
restoration of continuous background activity before the onset of status epilepticus is
essential for a chance of recovery.

In chapter 7, we present an ongoing, multicenter, randomized controlled trial on ag-
gressive treatment of electrographic status epilepticus in comatose patients after car-
diac arrest. Although the expected chance of survival in this group of patients is low,
we hope to identify subgroups of EEG patterns in which treatment is beneficial. The
trial started in 2014. Inclusion is expected to be complete in the second half of 2019.

8.7 Future perspectives

This dissertation provides high quality evidence for early EEG, recorded within the first
24 hours after cardiac arrest, to be a reliable predictor of outcome of comatose patients
after cardiac arrest. Our results advocate the introduction of early EEG in guidelines
on outcome prediction and may influence decisions on withdrawal of life-sustaining
treatment.

The use of computer assistance in EEG analysis will become more important in the
near future. Its predictive accuracy in postanoxic coma could be further improved by
capturing information about the evolution of EEG patterns, by integrating information
from consecutive time points. Additionally, the combined value of quantitative and vi-
sual analysis should be investigated. An upcoming branch of machine learning is deep
learning®®, in which the computer learns from experience, without the need of a human
computer operator to specify any knowledge. Our recent work shows promising results
on the application of this technique on EEG data of comatose patients after cardiac ar-
rest>°. We expect that future developments will allow reliable predictions of outcome
with EEG in up to 90% of these patients.

The TELSTAR trial (www.telstartrial.nl) on treatment of status epilepticus after cardiac
arrest is ongoing . Any outcome of this trial will change international guidelines, since
both aggressive treatment and no medical treatment are currently considered stan-
dard modalities. If treatment is shown to be futile, the trial will prevent unnecessary
prolongation of intensive care treatment and shorten periods of uncertainty for rela-
tives of future patients. If treatment is effective, it will be included in guidelines to pro-
mote functional recovery of comatose patients after cardiac arrest.

Most studies on neuroprotective drugs after cardiac arrest have focused on inhibition of
neuronal activity, and none of them has been proven to improve outcome*°, An alter-
native treatment approach would be to use mild pharmacological stimulation, which
was shown to improve recovery of cultured neurons exposed to hypoxia*'. Mild neu-
ronal stimulation with ghrelin will be tested in a multicenter randomized trial that is ex-
pected to start in September 2019. Further improvements of our understanding of the
pathophysiology of brain damage after cardiac arrest and the consequent EEG rhythms
may be derived from computational models. At best, these insights will contribute to
future EEG-guided targeted treatments.
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8.8 Conclusions

Early EEG recordings in comatose survivors of cardiac arrest allow for reliable predic-
tion of good and poor outcome. Normal amplitude, continuous background patterns
without periodic activity are specific for good outcome at 6 and 12h after cardiac arrest.
Generalized suppression and synchronous patterns with more than 50% suppression
at 12h or later are reliable predictors of poor outcome. The added prognostic value of
continuous EEG monitoring beyond 24h after cardiac arrest is limited.

Simple quantitative measures of background continuity and the amplitude ratio be-
tween bursts and suppressions allow for outcome predictions that are equally reliable
as visual analysis. A lack of background continuity at 24h after cardiac arrest and a
bursts-suppression amplitude ratio > 6.2 predict poor outcome with 100% specificity.
In patients with electrographic status epilepticus, lack of background continuity pre-
cludes recovery.

Propofol sedation decreases the amplitude and background continuity of the
postanoxic EEG, but these effects are too small to influence the reliability of predic-
tions of outcome.

Pathophysiological mechanisms at the synaptic level explain the most commonly ob-
served EEG patterns after cardiac arrest and their evolution.

Whether treatment of electrographic status epilepticus improves the outcome of co-
matose patients after cardiac arrestis currently underinvestigation in the ongoing mul-
ticenter TELSTAR trial.
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Summary

After a successful resuscitation from cardiac arrest, most patients remain comatose as
a result of postanoxic encephalopathy. More than half of them will never regain con-
sciousness, and treatment options to improve outcome are limited. The aim of the
research described in this dissertation is to validate and improve the value of continu-
ous electroencephalography (EEG) for outcome prediction and treatment of postanoxic
brain injury.

In chapter 2, we confirm that early EEG is a sensitive and reliable tool for the pre-
diction of outcome. In a five-center prospective cohort study including 850 patients,
we showed that the predictive value of EEG reaches its peak within the first 24h after
cardiac arrest. At 12h after cardiac arrest, favorable EEG patterns (continuous or
nearly continuous background, amplitude >20 pV, no periodic activity) predicted
good outcome (Cerebral Performance Category (CPC 1 or 2) with sensitivity of 0.50
(95% confidence interval (Cl): 0.46-0.55) and specificity of 0.91 (95%-Cl: 0.88-0.93).
For later time points, sensitivity for good outcome increased even further, but at the
cost of specificity. Unfavorable EEG patterns (generalized suppression (all activity
<10 V) or synchronous patterns with at least 50% suppression) invariably predicted
poor outcome between 12h and 5 days after cardiac arrest. At 12h, sensitivity for poor
outcome was 0.47 (95%-Cl: 0.42-0.51), and specificity was 1.00 (95%-Cl: 0.99-1.00). At
later time points, sensitivity for poor outcome decreased gradually. Predictions of
outcome were equally reliable in centers with different treatment regimes.

In chapters 3 and 4, we introduce straightforward quantitative EEG features, based on
key aspects of visual assessment, with value for the outcome prediction of postanoxic
coma. In chapter 3, we focus on characteristics of the EEG background pattern. The
background continuity index (BCl) was defined as the fraction of time not spend in
suppressions (all activity <10 uV for >0.5 s), and the burst-suppression amplitude ra-
tio (BSAR) as the mean amplitude ratio between non-suppressed and suppressed EEG
segments. At 24h after cardiac arrest, a combination of BCl and BSAR predicted good
outcome with sensitivity of 0.57 (95%-Cl: 0.48-0.67) and specificity of 0.90 (95%-Cl: 0.86-
0.95). ABCI <0.014 or a BSAR >6.12 predicted a poor outcome without false positives
at 10h after cardiac arrest or later. At 12h, a combination of BCI and BSAR predicted
poor outcome with sensitivity of 0.50 (95%-Cl: 0.42-0.57) and specificity of 1.00 (95%-
Cl: 0.99-1.00). In chapter 4, we concentrate on patients with epileptiform EEG patterns.
We showed that a good outcome is only possible if the epileptiform activity evolves
from a continuous background pattern. Additionally, a good outcome was associated
with a higher discharge frequency, lower relative discharge amplitude, and a lower dis-
charge periodicity.

In chapter 5, we quantify the effects of propofol on the postanoxic EEG and assess its
influence on the reliability of outcome predictions. After the interruption of propofol,
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ata median of 41h after cardiac arrest, the specificity of favorable EEG patterns for good
outcome decreased, and the predictive value of unfavorable EEG patterns for poor out-
come remained unchanged. Quantitatively, propofol was associated with decreases of
the EEG amplitude, BCI and alpha-delta ratio, and an increase of the BSAR. Despite
these effects, in a multivariate model, propofol did neither increase the chance of an
unfavorable EEG pattern (adjusted odds ratio (aOR) 0.92 per increase of 2 mg/kg/h,
95%-Cl: 0.81-1.11) nor decrease the chance of a favorable EEG pattern (aOR 0.98, 95%-
Cl: 0.81-1.09) on visual assessment.

Mechanisms underlying EEG patterns specific for postanoxic encephalopathy are
largely unknown. In chapter 6, we present a biophysical model in which we incorpo-
rate two candidate mechanisms at the synaptic level. In this mean field model, anoxic
damage was modeled as aggravated short-term synaptic depression, with gradual
recovery over many hours. Additionally, excitatory neurotransmission was potenti-
ated, scaling with the severity of postanoxic encephalopathy. The model simulations
corresponded well with six common categories of EEG rhythms in postanoxic brain
injury, including typical transitions in time. Plausible results were only obtained if ex-
citatory synapses were more severely affected than inhibitory synapses by short-term
synaptic depression. The application of propofol in the model normalized the EEG
abnormalities. However, permanent reversal was only possible with an additional
mechanism for long-lasting normalization of the synaptic excitation-inhibition ratio.

Finally, in chapter 7, we present the study protocol of the ongoing, multicenter, ran-
domized controlled TELSTAR trial. In this study, 172 patients with electrographic sta-
tus epilepticus after cardiac arrest are randomly assigned to either aggressive medical
treatment or no medical treatment. Any outcome of this trial will change international
guidelines, since both treatment strategies are currently considered standard modali-
ties. The trial started in 2014, and inclusion is expected to be complete in the second
half of 2019.



Samenvatting

Na een geslaagde reanimatie blijven het merendeel van de patiénten comateus ten ge-
volge van postanoxische encefalopathie. Bij meer dan de helft herstelt het bewustzijn
nooit en behandelopties om de uitkomst te verbeteren zijn beperkt. Het onderzoek in
dit proefschrift heeft als doel om de waarde van continue elektro-encefalografie (EEG)
bij de prognosebepaling en behandeling van postanoxisch coma te valideren en te ver-
beteren.

In hoofdstuk 2 bevestigen we dat het EEG een sensitief en betrouwbaar hulpmiddel is
bij de uitkomstvoorspelling van comateuze patiénten na een hartstilstand. In een pro-
spectief cohort van 850 patiénten, verzameld in vijf centra, tonen we aan dat de prog-
nostische waarde het hoogst is binnen de eerste 24 uur na de hartstilstand. Op 12 uur
na de hartstilstand voorspelde een gunstig EEG-patroon (continue of bijna continue
achtergrondactiviteit met amplitudes >20 pV en afwezige periodieke activiteit) een
goede uitkomst (Cerebral Performance Category 1-2) met sensitiviteit van 0.50 (95%
betrouwbaarheidsinterval (Bl): 0.46-0.55) en een specificiteit van 0.91 (95%-BI: 0.88-
0.93). Op latere tijdstippen nam de sensitiviteit toe, maar ten koste van de specificiteit.
Een ongunstig EEG-patroon (gegeneraliseerde suppressie (alle activiteit <10 pV) of syn-
chrone patronen met ten minste 50% suppressie) voorspelde betrouwbaar een slechte
uitkomst (Cerebral Performance Category 3-5), op ieder tijdstip tussen 12 uur en 5 da-
gen na de hartstilstand. Op 12 uur was de sensitiviteit voor voorspelling van slechte
uitkomst 0.47 (95%-BI: 0.42-0.51), bij een specificiteit van 1.00 (95%-BI: 0.99-1.00). Op
latere tijdstippen daalde de sensitiviteit voor slechte uitkomst geleidelijk. De betrouw-
baarheid van uitkomstvoorspellingen was gelijk voor alle centra, ondanks verschillen
in behandeling.

In hoofdstukken 3 en 4 introduceren we eenvoudige kwantitatieve EEG-maten, geba-
seerd op aspecten die worden gebruikt bij visuele beoordeling van het EEG voor de
uitkomstvoorspelling van postanoxisch coma. In hoofdstuk 3 ligt de nadruk op ken-
merken van het grondpatroon. We definieerden de background continuity index (BCI)
als fractie van het signaal dat niet werd geclassificeerd als ‘suppressie’ (alle activiteit
<10 pV gedurende >0.5 s), en de burst-suppression amplitude ratio (BSAR) als de ge-
middelde amplitudeverhouding tussen ‘bursts’ en suppressies. Op 24 uur na de hart-
stilstand voorspelde een combinatie van BCl en BSAR een goede uitkomst met een sen-
sitiviteit van 0.57 (95%-BI: 0.48-0.67), bij een specificiteit van 0.90 (95%-BI: 0.86-0.95).
Een BCl <0.014 of een BSAR >6.12, vastgesteld op 10 uur na de hartstilstand of later,
voorspelde betrouwbaar een slechte uitkomst. Op 12 uur voorspelde een combina-
tie van BCl en BSAR een slechte uitkomst met een sensitiviteit van 0.50 (95%-BlI: 0.42-
0.57), bij een specificiteit van 1.00 (95%-BI: 0.99-1.00). In hoofdstuk 4 richten we ons
op de subgroep van patiénten met epileptiforme EEG-patronen. We toonden aan dat
een goede uitkomst slechts mogelijk was indien de epileptiforme activiteit ontstond
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na herstel van continuiteit van het grondpatroon. Een goede uitkomst was verder ge-
associeerd met een hogere ontladingsfrequentie, een lage relatieve amplitude en een
minder sterke periodiciteit van ontladingen.

In hoofdstuk 5 kwantificeren we de effecten van propofol op het postanoxische EEG en
analyseren we of deze de betrouwbaarheid van uitkomstvoorspellingen beinvlioeden.
Na het staken van propofol, op een mediaan van 41 uur na de hartstilstand, nam de
specificiteit van een gunstig EEG-patroon voor goede uitkomst af, terwijl de waarde
van een ongunstig EEG-patroon voor de voorspelling van een slechte uitkomst gelijk
bleef. Bij kwantitatieve EEG-analyse was propofol geassocieerd met een afname van
amplitude, BCl, en alfa-delta-ratio, en een toename van de BSAR. Met een multivariabel
model werd vastgesteld dat, ondanks de effecten van propofol op kwantitatief EEG,
propofol de kans op een ongunstig EEG-patroon bij visuele beoordeling niet verhoogt
(geadjusteerde odds ratio (aOR) 0.92 per toename van 2 mg/kg/uur, 95%-Bl: 0.81-1.11)
en de kans op een gunstig EEG-patroon niet verlaagt (aOR 0.98, 95%-BI: 0.81-1.09).

De mechanismen die verantwoordelijk zijn voor de specifieke EEG-patronen waargeno-
men bij postanoxische encefalopathie zijn grotendeels onbekend. In hoofdstuk 6 pre-
senteren we een biofysisch model waarin twee mogelijke mechanismen op het niveau
van de synaps zijn opgenomen. In dit zogenaamde mean field model hebben we anoxi-
sche schade gemodelleerd als een versterkte korte-termijndepressie van synaptische
activiteit, met een geleidelijk herstel over vele uren. Daarnaast werd exciterende neu-
rotransmissie versterkt, in een mate die schaalde met de ernst van de postanoxische
encefalopathie. De gesimuleerde EEG-patronen kwamen goed overeen met zes veel-
voorkomende patronen bij postanoxisch coma, inclusief de kenmerkende overgangen
tussen patronen die optreden wanneer tijd verstrijkt. Plausibele resultaten werden al-
leen verkregen indien de korte-termijndepressie van synaptische activiteit sterker was
aangedaan bij exciterende synapsen dan bijinhiberende synapsen. De toevoeging van
propofolin het model kon de gesimuleerde pathologische EEG-patronen laten verdwij-
nen. Echter, om deze patronen voorgoed te laten verdwijnen was het nodig om een me-
chanisme toe te voegen voor normalisatie van de synaptische excitatie-inhibitieratio
op de lange termijn.

In hoofdstuk 7 presenteren we het studieprotocol van TELSTAR, een multicentrische
gerandomiseerde klinische trial naar de behandeling van elektrografische status epi-
lepticus na reanimatie. In dit lopende onderzoek beogen we 172 patiénten te include-
ren, die worden gerandomiseerd voor ofwel agressieve behandeling ofwel geen medi-
camenteuze behandeling van status epilepticus. ledere uitkomst van dit onderzoek zal
leiden tot aanpassing van internationale richtlijnen, omdat beide behandelstrategieén
momenteel worden beschouwd als standaardbehandeling. TELSTAR is gestartin 2014,
en de inclusie zal naar verwachting in de tweede helft van 2019 worden afgerond.
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Each year, around 8000 people in the Netherlands are successfully
resuscitated from cardiac arrest. Most of them remain comatose as a
result of postanoxic brain injury, and are subsequently admitted to the
intensive care unit. About half of these patients never regain
consciousness, and treatment options to improve their outcome are
limited. An important challenge is to identify those with and without
chance of recovery. Recent work indicates that electroencephalography
(EEG) within the first 24 hours after cardiac arrest allows for reliable
predictions of outcome, even when patients are treated with
hypothermia and sedative medication. The research described in this
dissertation aims to validate the use of early continuous EEG for the
prediction of outcome, using visual and quantitative methods. A
computational model is presented that relates characteristic EEG
abnormalities to mechanisms of postanoxic brain injury at the
microscopic level. Finally, the dissertation includes the study protocol of
the ongoing randomized TELSTAR trial, aimed atimproving the outcome
of patients in postanoxic coma with seizure-like EEG activity.
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