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SUMMARY

We studied slow (<2.5 Hz) nonevolving generalized periodic epileptiform discharges (GPEDs) in the electroen-
cephalogram (EEG) of comatose patients after cardiac arrest (CA) in search of evidence that could assist early diag-
nosis of possible hypoxic nonconvulsive status epilepticus (NCSE) and its differentiation from terminal brain anoxia
(BA), which can present with a similar EEG pattern. We investigated the topography of the GPEDs in the first post-
CA EEGs of 13 patients, using voltage-mapping, and compared findings between two patients with NCSE and GPEDs
> 2.5 Hz (group 1), and || with GPEDs < 2 Hz, of whom six had possible NCSE (group 2) and five had terminal BA
(group 3). Voltage mapping showed frontal maximum for the negative phase of the GPEDs in all patients of groups |
and 2, but not in any of the patients of group 3, who invariably showed maximization of the negative phase poster-
iorly. Morphology, amplitude, and duration of the GPEDs varied across the groups, without distinctive features for
possible NCSE. These findings provide evidence that, in hypoxic coma after CA with slow GPEDs, anterior topogra-
phy of the maximum GPED negativity on voltage mapping may be a distinctive biomarker for possible NCSE

contributing to the coma.
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In postanoxic coma after cardiac arrest (CA), the elec-
troencephalogram (EEG) is indispensable for the evaluation
of the severity of the brain injury and the early diagnosis of
nonconvulsive status epilepticus (NCSE). Hypoxic NCSE
that may significantly contribute to the coma, but also sev-
ere and irreversible, near-terminal brain anoxia (BA), are
commonly associated with nonevolving generalized
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periodic epileptiform discharges (GPEDs), defined as bilat-
eral, synchronous, and symmetric spikes or spike—wave
complexes with relative uniform morphology and duration,
a quantifiable interdischarge interval between consecutive
waveforms, and recurrence of the waveform at nearly regu-
lar intervals.! Recognition of NCSE primarily relies on
GPED frequency, assessed by visual inspection. Whereas a
diagnosis of NCSE can be made with frequencies > 2.5 Hz,
an additional criterion is required for slower frequencies,
namely both EEG and clinical improvement after intra-
venous (IV) administration of a rapidly acting antiepileptic
drug (AED). EEG improvement alone only suggests possi-
ble NCSE.? By implication, slow GPEDs that fail to meet
the criteria of possible NCSE are considered an epiphe-
nomenon of BA. Although the postanoxic occurrence of
GPEDs carries poor prognosis,” and some authors believe
that aggressive treatment may not be warranted in such
patients,* AED treatment has been associated with grade 3
cerebral performance outcome grade in some patients with
possible NCSE.’

In clinical practice, slow (<2.5 Hz) GPEDs present a par-
ticularly difficult diagnostic challenge. Some patients with
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EEG but not clinical improvement after IV AED may be
diagnosed with possible NCSE for reasons that may include
heavy pharmacological suppression, coexisting sepsis or
metabolic derangements, a degree of secondary (potentially
reversible) cerebral edema, comorbidities like dementia, or
simply insufficient noxious stimulation. Some of these fac-
tors may also account for the abnormal EEG background
sometimes seen after a partial EEG response. Moreover, a
diagnosis of possible NCSE may be missed when the dose
of IV AED is insufficient to block GPEDs, or when GPEDs
are not responsive to benzodiazepines but only to temporary
propofol withdrawal, which may not be routinely
attempted.® Very low (i.e., <2 Hz) frequencies may some-
times discourage vigorous diagnostic maneuvers.

Efforts to bypass such constraints have focused on the
GPED morphology, but discrimination between “epileptic”
(associated with NCSE) and “nonepileptic” (associated with
BA) GPEDs appears impossible at the individual patient
level.®” We used event-related computational methods to
study “slow” GPED microstructure, aiming to detect possi-
ble characteristic features that could assist early differentia-
tion between possible NCSE presumably contributing to
coma and BA.

METHODS

Patient groups

We investigated GPEDs in three groups of comatose
post-CA patients (Table 1). Group 1 includes two patients,
diagnosed with NCSE on the basis of >2.5 Hz GPEDs in the
first postinsult video-EEG (2/2), EEG (1/1) and clear clini-
cal response (1/1) to IV AED, and final resolution of the
NCSE with normalization or near-normalization of the bio-
logical EEG rhythms and clinical improvement. All patients
in groups 2 and 3 had <2.5-Hz GPEDs on their first EEG. In
group 2 (six patients), the diagnosis of possible NCSE con-
tributing to coma was based on clear EEG (but not clinical)
responses to acute IV AED/temporary propofol withdrawal
(five of five; see also Fig. S1), or aggressive escalation of IV
AED (1/1). In the five patients of group 3, GPEDs were
deemed to reflect terminal BA, because none showed any
EEG or clinical improvement to IV AED/propofol maneu-
ver. There was no difference in terms of comorbidities or
AED treatment between the patients of groups 2 and 3; all
received IV levetiracetam, phenytoin, or valproate acid in
comparable doses. All patients underwent 24-h therapeutic
hypothermia or active normothermia (multicenter Target
Temperature Management trial,® ethics approval registered
at ClinicalTrials.gov NCT01020916).

EEG recordings

Computational analysis was performed on the first
postinsult EEGs, performed in the intensive care unit of St.
Thomas’ Hospital, London, United Kingdom (EEG method-
ology is provided in the Supplementary Material).

Event selection and analysis

All patients had GPEDs that were nonevolving in fre-
quency, morphology, or location.'> GPED frequencies
were nearly regular in all EEGs, with maximum fluctuations
not exceeding 0.8 Hz (Table 1).

For each patient, all artifact-free GPED events were visu-
ally annotated at the peak of the first maximal in amplitude
negative phase using precise time markers. A minimum per-
iod of 5 seconds between marked events was left without
annotations to avoid overlap in the event-related averaging
analysis. The morphology of the GPED waves was esti-
mated via time averaging in the electrodes where the
GPEDs were more prominent according to the calculated
voltage maps.

Event-related data were further processed by a custom-
made MATLAB-based (MathWorks, Natick, MA, U.S.A.)
software suite developed at the Neurophysiology Unit,
School of Medicine, University of Patras, Greece. Scalp
voltage mapping of the annotated events was performed by
the use of multiquadric interpolation based on Green’s func-
tion method” after baseline correction of all channels. Addi-
tionally, the annotated events were time-averaged and
superpositioned within a time window of —0.50 to 0.50 s,
centered at time = 0.00.

RESuULTS

A total of 508, 678, and 589 GPED events were obtained
for groups 1, 2, and 3 respectively.

Voltage scalp maps

The topography of the negative phase of the GPEDs dif-
fered between the patients with NCSE (group 1) and those
with BA (group 3). In all patients of group 1, the maximum
peak of the negative GPED phase was localized over the
prefrontal and superior frontal areas (Fig. 1, left panel),
whereas in all patients with BA it was localized over the
parietal and occipital areas (Fig. 1, right panel). All patients
of group 2 (with possible NCSE) showed voltage map
topographies similar to those with NCSE (Fig. 1, middle
panel).

GPED morphology

Morphology, amplitude, and duration of the GPED com-
plexes varied inconsistently among patients within each
group and across the three groups without characteristic fea-
tures that could differentiate between NCSE and BA
(Table 1, Fig. S2).

Di1SCUSSION

Nonevolving GPEDs are highly associated with NCSE,'°
but they may also be “nonepileptic” as in metabolic and
other encephalopathies. In postanoxic coma after CA, slow
nonevolving GPEDs may still signal possible NCSE
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Group 3

Group 2

Group 1

Voltage maps of the maximum negative phase of the averaged gen-
eralized periodic epileptiform discharges (GPEDs). For the possi-

ble nonconvulsive status epilepticus—related groups | and 2, the
whereas for the patients with anoxic damage (group 3), it is maxi-

mal over the posterior areas.

negative phase of the GPEDs is maximal over the frontal areas,
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Figure 1.

contributing to coma, or be “nonepileptic,” reflecting termi-

nal anoxic damage.

We herein provide neurophysiological evidence, accord-
ing to which an anterior localization of the maximum GPED

negativity is a possible distinctive biomarker for NCSE-

related GPEDs, differentiating them from “nonepileptic”

GPEDs of comparable morphology but posterior location of
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the major negative phase. The reason for such anterior
emphasis for the “epileptic” GPEDs in postanoxic coma is
unknown; perhaps one could draw a parallel with the also
frontally dominant EEG discharges in generalized epilep-
sies and their relation to arousal mechanisms,'! allowing a
tentative hypothesis of still intact anterior corticothalamic
circuits that are responsible for arousal mechanisms.

We emphasize that anterior topography of maximal nega-
tivity of slow postanoxic GPEDs may only indicate the pos-
sibility of NCSE, but not the degree to which the latter may
contribute to the coma. Moreover, its usefulness at the indi-
vidual patient level, as shown in this report, has to be con-
firmed in a larger number of carefully studied patients.
Notwithstanding these limitations, this preliminary evi-
dence suggests that studying the EEG microstructure by
voltage mapping and possibly other computational methods
may reveal important biomarkers to assist the classical clini-
cal and EEG diagnosis of NCSE.

ACKNOWLEDGMENTS

D.F.S. is funded by the Medical Research Council (program grant MR/
K013998/1) and the European Commission under the Seventh Framework
Program (agreement number ARMOR 287720). M.P.R. is funded by the
Medical Research Council (program grant MR/K013998/1), Engineering
and Physical Sciences Research Council (Centre for Predictive Modelling
in Healthcare EP/N014391/1), and National Institute for Health Research
Biomedical Research Centre for Mental Health at the South London and
Maudsley National Health Service Foundation Trust. The authors would
like to thank Angeliki Vakrinou for her kind help with the analysis and
Andrew M. Koupparis, developer of the Flying Circus EEG analysis suite.

DISCLOSURE

The authors declare no conflicts of interest. We confirm that we have
read the Journal’s position on issues involved in ethical publication and
affirm that this report is consistent with those guidelines.

REFERENCES

1. Hirsch LJ, LaRoche SM, Gaspard N, et al. American clinical neuro-
physiology society’s standardized critical care EEG terminology: 2012
version. J Clin Neurophysiol 2013;30:1-27.

2. Beniczky S, Hirsch LJ, Kaplan PW, et al. Unified EEG terminology
and criteria for nonconvulsive status epilepticus. Epilepsia 2013;
54:28-29.

3. Rossetti AO, Oddo M, Logroscino G, et al. Prognostication after car-
diac arrest and hypothermia: a prospective study. Ann Neurol 2010;
67:301-307.

4. San-Juan OD, Chiappa KH, Costello DJ, et al. Periodic epileptiform
discharges in hypoxic encephalopathy: BiPLEDs and GPEDs as a poor
prognosis for survival. Seizure 2009;18:365-368.

5. Booth CM, Boone RH, Tomlinson G, et al. Is this patient dead, vegeta-
tive, or severely neurologically impaired? Assessing outcome for
comatose survivors of cardiac arrest. JAMA 2004;291:870-879.

6. Koutroumanidis M, Sakellariou D. Low frequency nonevolving gener-
alized periodic epileptiform discharges and the borderland of hypoxic
nonconvulsive status epilepticus in comatose patients after cardiac
arrest. Epilepsy Behav 2015;49:255-262.

7. Husain AM, Mebust KA, Radtke RA. Generalized periodic epilepti-
form discharges: etiologies, relationship to status epilepticus, and prog-
nosis. J Clin Neurophysiol 1999;16:51-58.

8. Westhall E, Rossetti AO, van Rootselaar A-FF, et al. Standardized
EEG interpretation accurately predicts prognosis after cardiac arrest.
Neurology 2016;86:1482-1490.

9. Sandwell D. Biharmonic spline interpolation of GEOS-3 and SEA-
STAT altimeter data. Geophys Res Lett 1987;14:139-142.

10. Foreman B, Claassen J, Abou Khaled K, et al. Generalized periodic
discharges in the critically ill: a case-control study of 200 patients.
Neurology 2012;79:1951-1960.

11. Niedermeyer E. Awakening epilepsy (‘Aufwach-Epilepsie’) revisited.
Epilepsy Res Suppl 1991;2:37-42.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Patient 8 (group 2). (A) A 2-Hz generalized
periodic epileptiform discharge (GPEDs) pattern on seda-
tion with propofol. (B) Temporary discontinuation of propo-
fol resulted in the brief frontal seizure discharges
interspersing the GPEDs pattern.

Figure S2. Generalized periodic epileptiform discharge
(GPEDs) morphology. Time-average and superposition plots
for the prominent GPEDs wave of each patient are shown.

Appendix S1. EEG recording and setup.
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