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Abstract
Background: We assessed the prognostic accuracy of the standardized electroencephalography (EEG) patterns

"

("highly malignant,“malignant,"and "benign”) according to the EEG timing (early vs. late) and investigated the EEG
features to enhance the predictive power for poor neurologic outcome at 1 month after cardiac arrest.

Methods: This prospective, multicenter, observational, cohort study using data from Korean Hypothermia Network
prospective registry included adult patients with out-of-hospital cardiac arrest (OHCA) treated with targeted tempera-
ture management (TTM) and underwent standard EEG within 7 days after cardiac arrest from 14 university-affiliated
teaching hospitals in South Korea between October 2015 and December 2018. Early EEG was defined as EEG per-
formed within 72 h after cardiac arrest. The primary outcome was poor neurological outcome (Cerebral Performance
Category score 3-5) at 1 month.

Results: Among 489 comatose OHCA survivors with a median EEG time of 46.6 h, the “highly malignant” pattern
(40.7%) was most prevalent, followed by the “benign” (33.9%) and “malignant” (25.4%) patterns. All patients with the
highly malignant EEG pattern had poor neurologic outcomes, with 100% specificity in both groups but 59.3% and
56.1% sensitivity in the early and late EEG groups, respectively. However, for patients with “malignant” patterns, 84.8%
sensitivity, 77.0% specificity, and 89.5% positive predictive value for poor neurologic outcome were observed. Only
3.5% (9/256) of patients with background EEG frequency of predominant delta waves or undetermined had good
neurologic survival. The combination of “highly malignant” or “malignant” EEG pattern with background frequency

of delta waves or undetermined increased specificity and positive predictive value, respectively, to up to 98.0% and
98.7%.
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increase the prognostic value of OHCA survivors.

temperature management

Conclusions: The "highly malignant” patterns predicted poor neurologic outcome with a high specificity regardless
of EEG measurement time. The assessment of predominant background frequency in addition to EEG patterns can

Trial registration KORHN-PRO, NCT02827422. Registered 11 September 2016—Retrospectively registered.
Keywords: Out-of-hospital cardiac arrest, Electroencephalography, Prognosis, Neurologic outcome, Targeted
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Background
Accurate neurological prognostication is critically impor-
tant in cardiac arrest survivors with ischemic/reperfusion
brain injury. Late awakening of comatose out-of-hospital
cardiac arrest (OHCA) patients should be distinguished
from irreversible brain damage. A multimodal approach
involving delayed timing (after>72 h) of prognostica-
tion has been recommended to minimize the possibility
of inappropriate withdrawal of life-sustaining therapy
(WLST) for patients who may otherwise achieve mean-
ingful neurological recovery [1, 2].
Electroencephalography (EEG) is the most widely used
tool in clinical practice to evaluate cortical brain activ-
ity and diagnose seizure [3]. Its use as a neuroprognos-
tic tool is promising, but the inter-rater variability and
definitions used to describe specific findings and patterns
particularly in post-cardiac arrest patients are limited
[4-8]. The American Clinical Neurophysiology Society
(ACNS) proposed a standardized terminology for criti-
cal care EEG [9]. Current ERC guidelines suggest using
highly malignant EEG defined as suppressed background
with or without periodic discharges and burst-suppres-
sion for indicators of a poor prognosis [2]. Westhall et al.
proposed three standardized EEG pattern categories
(“highly malignant,” “malignant,” and “benign”) for the
assessment of neurological outcome [10]. Recently, a sub-
study of the Targeted Temperature Management (TTM)
trial first validated the “highly malignant” EEG pattern
and reported that it accurately predicts poor neurologi-
cal outcome with high specificity (98-100%) in EEGs
recorded at a median time of 77 h (range 53-102) after
cardiac arrest [11]. This was confirmed with the findings
of a very recent study of 62 patients that the presence
of a “highly malignant” EEG pattern was predictive of a
poor neurological outcome, with 100% specificity and
42% sensitivity [12]. However, the new American Heart
Association guidelines did not include these three EEG
patterns, indicating that their prognostic performance
needs to be validated in a large cohort. Moreover, the
prognostic accuracy of the “malignant” pattern has been
questionable, and the prognostic value of these standard-
ized EEG pattern categories based on the timing of EEG
has not been determined yet.

This study aimed to assess the prognostic performance
of the three standardized EEG pattern categories accord-
ing to the EEG timing (early vs. late) using a multicenter,
prospective registry of out-of-hospital cardiac arrest
(OHCA) patients treated with TTM. We also determined
the EEG features that can improve the predictive power
for poor neurologic outcomes at 1 month after cardiac
arrest.

Methods
Study design and patients
This multicenter, prospective, observational registry-
based study was performed using the Korean Hypother-
mia Network prospective registry (KORHN-PRO) data
between October 2015 and December 2018. Among the
20 hospitals that participated in the KORHN-PRO, we
extracted data from 14 tertiary care university-affiliated
teaching hospitals, which could provide high-quality
standardized intermittent EEG data during the post-
resuscitation period. The institutional review board of all
participating hospitals reviewed and approved the study
protocol, including the institutional review board of
Asan Medical Center (No. 2019-1204) and the investiga-
tors obtained written informed consent from all patients’
legal surrogates. The KORHN-PRO registry was regis-
tered under clinicaltrials.gov as protocol NCT02827422.
We included all adult comatose patients (aged >
18 years) with successfully resuscitated non-traumatic
OHCA who were treated with TTM between October
2015 and December 2018 and who underwent standard
intermittent EEG within 7 days after return of spontane-
ous circulation (ROSC). The registry excluded OHCA
patients with terminal illness, i.e., a life expectancy
of <6 months, as documented in the medical records,
under hospice care, with a pre-documented “Do Not
Resuscitate” card, with intracranial bleeding or acute
stroke, and with pre-arrest cerebral performance cat-
egory (CPC) score 3 or 4. We excluded patients without
EEG data within 7 days after ROSC or with poor-quality
EEG data. Throughout the study period, an initial stand-
ard EEG examination was recommended to be performed
as soon as possible for OHCA survivors for the detection
of seizure activity in the early stages of TTM. However,
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the EEG timing was based on the practical availability of
each hospital.

This study categorized early and late EEG examination
according to the timeline for neurological recovery pro-
vided the 2011 consensus statement from the American
Heart Association on outcome measures for resuscita-
tion research: the post-resuscitation phase (<72 h after
ROSCQ), the early hospitalization phase (72 h—7 days after
ROSC) [13]. Early EEG was defined as EEG performed
within 72 h after ROSC, whereas late EEG was defined as
EEG performed between 72 h and 7 days. For those who
underwent EEG examination two or more times, we used
the first EEG examination for analysis. All patients were
observed for 1 month after cardiac arrest by neurologic
assessments according to their CPC score, and the inde-
pendent data input commission followed up the patients
to 6 months after cardiac arrest.

Patient management

All patients received post-resuscitation care according
to the then-current advanced cardiac life support guide-
lines [14]. Cooling devices, such as Blanketrol II (Cincin-
nati Subzero Products, Cincinnati, OH, USA), Arctic Sun
Energy Transfer Pad (Medivance Corp., Louisville, CO,
USA), or an endovascular cooling device (Thermoguard;
ZOLL Medical Corporation, Chelmsford, MA, USA),
were used to maintain the target temperature (32—36 °C)
for 24 h for the patients. The patients were rewarmed at
a rate of 0.25—0.5 °C/hour after 24 h and were monitored
to maintain normothermia (37 °C) for 72 h after ROSC.
Sedatives and analgesics including propofol, remifenta-
nil, morphine, midazolam, and fentanyl were used, and a
neuromuscular blocking agent was administered to con-
trol shivering or respiratory dyssynchrony between the
ventilator and the patient. Valproate or levetiracetam was
administered when the seizure activity was detected on
EEG examination. All patients received standard inten-
sive care according to institutional protocols. WLST was
legally prohibited in South Korea until February 2018,
and all patients in this study received treatment at the
institution until death or recovery.

EEG examination and pattern classification

Standard EEG examination was performed with a
21-electrode setup according to the international 10-20
electrode system (Fpl-2, F7-8, T7-8, P7-8, F3-4, C3-4,
P3-4, O1-2, Fz, Cz, Pz), with a sampling rate of 200 Hz
and a high-pass filter of 0.1-Hz for 15-30 min. For this
study, a board-certified epileptologist (M.K.), who was
blinded to all clinical information, reviewed the origi-
nal EEG recording. The EEG patterns were categorized
into one of the three groups: “highly malignant,” “malig-
nant,” and “benign” patterns (see Additional file 1) [8,
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10]. Highly malignant patterns include suppressed back-
ground (amplitude<10 pV) without discharges or with
continuous periodic discharges and burst-suppression
background with or without discharges [8, 10]. Malignant
pattern was defined as EEG with any malignant feature
including malignant periodic or rhythmic patterns (abun-
dant periodic discharges; abundant rhythmic polyspike-/
spike-/sharp-and-wave; unequivocal electrographic sei-
zure); malignant background (discontinuous background;
low-voltage background, defined as amplitude 1020 uV;
reversed anterior—posterior gradient); and unreactive
EEG (absence of background reactivity or only stimulus-
induced discharges) [8, 10]. However, we excluded unre-
active EEG from the “malignant” pattern owing to no
generally acknowledged standard for reactivity testing
[2, 11, 15]. Benign EEG pattern was defined as continu-
ous normal-voltage EEG without any malignant features
[8, 10]. In addition to EEG pattern classification, the pre-
dominant frequency of background EEG was assessed
and categorized into alpha, theta, delta waves, and unde-
termined background frequency (see Additional file 2)
[9, 16]. An undetermined frequency was defined as back-
ground with>50% of the record consisting of suppres-
sion/attenuation [9, 16]. When two or three frequency
bands are equally prominent, the patients were catego-
rized into the faster frequency group [16].

Data collection

The investigators extracted clinical data from the pro-
spectively collected web-based registry (KORHN-PRO).
Data regarding age, sex, previous medical history, resus-
citation profiles, TTM treatments, the presence of ocu-
lar reflexes including pupillary reflex and corneal reflex
at>72 h, and motor component<3 of the Glasgow
Coma Score at 48 and 72 h were collected. The primary
end point was a poor neurologic outcome at 1 month
after cardiac arrest. The CPC score was used to assess
the neurological outcome. CPC 1 was defined as con-
scious and alert with good cerebral performance; CPC
2 as conscious and alert with moderate cerebral perfor-
mance; CPC 3 as conscious with severe cerebral disabil-
ity; CPC 4 as comatose or in a persistent vegetative state;
and CPC 5 as brain dead or dead [17]. A CPC score of
3-5 being regarded as poor neurologic outcome. The
actual causes of death were categorized into four groups:
(1) cardiovascular cause, defined as a circulatory fail-
ure despite the use of vasoactive drugs, intra-aortic bal-
loon pump, and extracorporeal membrane oxygenation
or the development of new fatal arrhythmia; (2) cer-
ebral cause, defined as a comatose state in the absence
of sedation with evidence of severe hypoxic brain injury
on brain computed tomography or brain magnetic reso-
nance image or a diagnosis of brain death; (3) multiple
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organ failure, defined as a combination of cardiovascu-
lar or cerebral failure with respiratory or renal failure,
and sepsis; and (4) others or unknown. The investigators
also retrieved the awakening time of the study patients
to further distinguish between the death after awaken-
ing and the neurological causes of death, the data about
the withholding of the active treatment including no
further examination or therapeutic interventions and
no further cardiopulmonary resuscitation with main-
taining then current treatment and the decision timing.
The neurologic outcome of survivors was determined at
1 month by reviewing the electronic medical records of
hospitalized patients or through standardized follow-up
telephone interviews with the patient or a family member
per the KORHN-PRO protocol. Each principal investiga-
tor of participating hospitals recorded the 1-month neu-
rological outcome for the patients admitted to hospitals
for more than one month. For the patients transferred to
other hospitals or discharged to home, the independent
data input commission investigated the survival rate and
neurological outcome through standardized follow-up
telephone interviews with the patient or a family member
at 1 month and 6 months after cardiac arrest.

Statistical analysis

Data of continuous variables were reported as median
with interquartile range (IQR) because of their non-nor-
mal distribution using the Kolmogorov—-Smirnov test.
Data of categorical variables were presented as numbers
and percentages. Comparisons of demographic and clini-
cal characteristics, including resuscitation profiles, post-
resuscitation treatments, and EEG findings, between
the early and late EEG groups were performed using the
Mann—Whitney U-test for continuous variables and the
chi-square test or Fisher’s exact test for categorical vari-
ables, as appropriate. In the early and late EEG groups,
we also compared the characteristics between patients
with good and poor neurological outcomes. Sensitiv-
ity, specificity, positive predictive value (PPV) and nega-
tive predictive value (NPV), positive likelihood ratio, and
negative likelihood ratio for poor neurological outcomes
at 1 month were calculated using the binomial 95% con-
fidence intervals (CIs). Two-tailed p values of < 0.05 were
considered to indicate statistical significance. All statisti-
cal analyses were performed using IBM SPSS Statistics
for Windows, version 21.0 (IBM Corp., Armonk, NY,
USA), and MEDCALC software (Medcalc Software, ver-
sion 9.2.1.0, Mariakerke, Belgium).

Results

A total of 936 non-traumatic comatose OHCA survivors
with TTM were enrolled, and patients without stand-
ard EEG examination during hospitalization (n=305),
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with EEG examination after 7 days since cardiac arrest
(n=120), and with poor EEG quality (n=22) were
excluded (Fig. 1). The remaining 489 patients who under-
went standard EEG examination within 7 days since car-
diac arrest were categorized into the early EEG group,
i.e., EEG examination within 72 h after ROSC (n=353,
72.2%), or the late EEG group, ie., EEG examination
between 72 h and 7 days (n=115, 23.5%).

The clinical characteristics and neurologic outcome of
patients according to the EEG timing are summarized
in Table 1. The two groups were similar in terms of age,
sex, previous medical history, resuscitation profiles, and
neurologic outcome at 1 month and 6 months, except
the target temperature of TTM. The median age of the
cohort was 58.0 years, and 341 (69.7%) patients were
male. The median time from ROSC to EEG examina-
tion was 31.5 h in the early EEG group and 90.8 h in the
late EEG group. The rate of poor neurologic outcome at
1 month was 69.7% (341/489) and did not significantly
differ between the early and late EEG groups (68.8% vs.
72.1%, P=0.487). EEG findings, such as predominant
frequency of background EEG and pattern classification,
were not significantly different between the two groups
(Table 2). Regardless of the EEG examination timing, the
“highly malignant” pattern (40.7%) was the most preva-
lent one in the study patients, followed by the “benign”
(33.9%) and “malignant” (25.4%) patterns.

Predictive value of EEG findings for poor neurologic
outcome stratified by EEG timing

Table 3 shows a comparison of the EEG findings and clin-
ical examinations of the study patients in the early and
late EEG groups according to the neurologic outcome
at 1 month. Alpha and theta waves were more prevalent
in the good neurologic outcome group of both the early
and late EEG groups, and all patients with undetermined
background frequncy had poor neurologic outcome in
both the early (0% vs. 47.3%) and late (0% vs. 52.0%) EEG
groups. Suppressed background without discharges was
the most frequently reported finding among the “highly
malignant” EEG pattern in both the early (106/144,
73.3%) and late (48/55, 87.3%) EEG groups. In the early
EEG group, the malignant rhythmic or periodic features,
defined as any presence of abundant periodic discharges;
abundant rhythmic polyspike-/spike-/sharp-and-wave,
and unequivocal electrographic seizure, were signifi-
cantly more frequent for patients with the poor neuro-
logic outcome (5.5% vs. 15.6%, P=0.007). In contrast,
malignant EEG background, defined as any presence of
discontinuous background; low-voltage background;
and reversed anterior—posterior gradient, did not signifi-
cantly differ between patients with good and poor neu-
rologic outcomes (16.4% vs. 18.9%, P=0.562). In the late
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OHCA survivors treated with TTM
between 2015 and 2018

(N=936)

Patients who underwent EEG
within 7 days after ROSC

(N=489)

EEG within 72 hours after ROSC

> No EEG examination during hospitalization (N=305)
EEG examination >7 days after ROSC (N=120)
Poor EEG quality (N=22)

EEG between 72 hours and 7 days

(N=353) after ROSC (N=136)

Highly malignant Malignant Benign Highly malignant Malignant Benign
pattern pattern pattern pattern pattern pattern
(N=144) (N=88) (N=121) (N=55) (N=36) (N=45)

Alphaltheta Delta/ Alphaltheta Delta/ Alphaltheta Delta/ Alphaltheta Delta/

waves undetermined waves waves undetermined waves waves undetermined waves waves undetermined waves
(N=51) (N=37) (N=112) (N=9) (N=21) (N=15) (N=37) (N=8)
N=6 [N=12] [N=14] [n=12] [ N=5 |

Poor neurologic
outcome at 1 month

Poor neurologic
outcome at 1 month

Poor neurologic
outcome at 1 month

Poor neurologic
outcome at 1 month

Poor neurologic
outcome at 1 month

Poor neurologic
outcome at 1 month

(N=144) (N=64) (N=35) (N=55) (N=26) (N=17)
CPC3|CPC4|CPC5 CPC3|CPC4|CPC5 CPC3|CPC4|CPC5 CPC3|CPC4|CPC5 CPC3|CPC4|CPC5 CPC3|CPC4|CPC5
(N=1) [(N=30) |(N=113)] | (N=5) | (N=26)](N=33) (N=7) | (N=8) |(N=20) (N=1) | (N=13)| (N=41) (N=3) | (N=8) | (N=15) (N=2) | (N=6) | (N=9)

Fig. 1 Flow diagram of the patient selection process. CPC, cerebral performance category; EEG, electroencephalography; OHCA, out-of-hospital
cardiac arrest; ROSC, return of spontaneous circulation; TTM, targeted temperature management

EEG group, there were no differences between patients
with good and poor neurologic outcomes in terms of the
prevalence of malignant rhythmic or periodic features
(18.4% vs. 16.3%, P=0.770) and malignant EEG back-
ground (7.9% vs. 18.4%, P=0.129). Absent ocular reflexes
at 72 h after ROSC and motor component of Glasgow
Coma Score significantly differed between patients with
good and poor neurologic outcomes.

Impact of background frequency on the prognostic value
of neurologic outcome

All patients with the “highly malignant” EEG pattern
had a poor neurologic outcome. The “highly malignant”
EEG patterns showed 100% specificity in both the early
and late EEG groups but 59.3% and 56.1% sensitivity,
respectively, in the early and late EEG groups (Table 4).
The “highly malignant” or “malignant” EEG patterns
showed 84.8% sensitivity and 77.0% specificity for the
poor neurologic outcome. The combination of “highly
malignant” or “malignant” EEG patterns with predomi-
nant delta and undetermined background EEG waves
predicted the poor neurologic outcome with 70.4%

sensitivity and 98.2% specificity in the early EEG group.
Two patients with a false-positive result were catego-
rized into “malignant” EEG pattern due to low-voltage
background. In the late EEG group, one patient with
malignant rhythmic or periodic feature and predomi-
nant delta waves had good neurologic outcome. The
combination of EEG pattern and background frequency
predicted poor neurologic outcome with 66.3% sen-
sitivity and 97.4% specificity in the late EEG group. A
total of 179 of 239 patients with a combination of EEG
pattern and background frequency (74.9%) died within
a month, and the major causes of death were cerebral
cause (1 =92, 51.4%) and multiple organ failure (n =47,
26.3%) (Table 5). Six patients (2.6%) were dead after
awakening from the post-anoxic coma, and all of them
did not have EEG of highly malignant or malignant pat-
terns with delta or undetermined frequency. Withhold-
ing therapies including no therapeutic escalation or no
cardiopulmonary resuscitation, i.e., do not resuscitate
order, was occurred in 52 patients (10.6%), and the
median time to withholding decision was 82.0 h.



Kim et al. Critical Care (2021) 25:398 Page 6 of 12

Table 1 Demographic and clinical characteristics of the study patients according to electroencephalography timing

Characteristics Total (N=489) Patients with EEG<72 h Patients with EEGof 72 hto P value

(N=353) 7 days (N=136)
Age, years 58.0 (46.0-69.0) 58.0 (46.0-69.0) 57.0 (46.3-67.0) 0515
Male 341 (69.7%) 251 (71.1%) 90 (66.2%) 0.288
Previous medical history
Hypertension 71 (35.0%) 127 (36.0%) 44 (32.4%) 0451
Diabetes mellitus (20 2%) 78 (22.1%) 21 (15.4%) 0.101
Acute myocardial infarction 5(5.1%) 6 (4.5%) 9 (6.6%) 0.348
Congestive heart failure (3 7%) 3(3.7%) 5(3.7%) 0.997
Chronic kidney disease 38 (7.8%) 0 (8.5%) 8 (5.9%) 0.333
Cardiac arrest characteristics
Witnessed 313 (64.0%) 228 (64.6%) 85 (62.5%) 0.666
Bystander CPR 296 (60.5%) 212 (60.1%) 84 (61.8%) 0.729
Initial shockable rhythm 169 (34.6%) 127 (36. O%) 42 (30.9%) 0.288
No flow time, min 1.0 (0.0-6.0) 1.0 (0.0-6.0) 1.0 (0.0-7.0) 0.935
Resuscitation duration, min 24.0(13.5-36.0) 24.0(13.0-37.5) 24.0(14.0-32.0) 048
Time from ROSC to TTM initiation, hours 3.2(2.0-47) 3.2(1.9-46) 33(2.2-47) 0.599
Target temperature 0.049
33°C 273 (55.8%) 185 (52.4%) 88 (64.7%)
34-35°C 160 (32.7%) 124 (35.1%) 36 (26.5%)
36°C 56 (11.5%) 44 (12.5%) 2 (8.8%)
Time from ROSC to EEG examination, hours 46.6 (23.9-73.9) 31.5(20.0-52.0) 90.8 (77.8-106.1) <0.001
Poor neurological outcome at 1 month 341 (69.7%) 243 (68.8%) 98(72.1%) 0.487
Death at 1 month 31 (47.2%) 66 (47.0%) 65 (47.8%) 0.879
Poor neurological outcome at 6 months 335 (69.4%), 237 (68.3%), 98 (72.1%), 0.420
N=483 N=347 =136
Death at 6 months 276 (57.1%), 197 (56.8%), 79 (58.1%), 0.793
N=483 N=347 N=136

Values are expressed as median (interquartile range) or n (%) as appropriate

CPR, cardiopulmonary resuscitation; ROSC, return of spontaneous circulation; TTM, targeted temperature management; EEG, electroencephalography

Discussion
In this multicenter study, the “highly malignant” EEG
pattern was the most prevalent one (40.7%; 199/489), and
all patients with this EEG pattern had poor neurologic
outcome, regardless of EEG measurement time. How-
ever, patients with the “highly malignant” or “malignant”
EEG pattern showed 77.0% specificity and 89.5% PPV
for poor neurologic outcome. We found that EEG back-
ground frequency of delta and undetermined waves had a
prognostic value and that the combination of the “highly
malignant” or “malignant” EEG pattern with background
frequency of delta and undetermined waves increased
the specificity and PPV to up to 98.0% and 98.7%, respec-
tively. Therefore, we documented the importance of
background frequency in the assessment of neuro-prog-
nostication in comatose OHCA survivors with TTM.
Previously, the unfavorable patterns were grouped as
“highly malignant” or “malignant” The “highly malig-
nant” patterns included suppressed background with
or without superimposed periodic discharges and burst

suppression [8, 10]. The specificity of the “highly malig-
nant” EEG pattern for poor outcomes was 90.6—100% [8,
11, 12, 18, 19]. Bongiovanni et al. conducted their inves-
tigation using standardized EEG classification for neu-
rologic outcome and showed the presence of a “highly
malignant” EEG pattern on day 2, which was very specific
(specificity: 99.5%; 95% CI, 97.4%-99.9%) for poor prog-
nosis in patients with an initial indeterminate outcome
[20]. Recently, a sub-study of a TTM trial, including 103
patients with intermittent EEG, demonstrated that the
“highly malignant” EEG pattern reliably predicted poor
outcomes with a high specificity, and this was confirmed
in a small study with 62 patients that the presence of the
“highly malignant” EEG pattern was predictive of a poor
neurological outcome with 100% specificity and 42%
sensitivity [11]. A recent systemic review on the predic-
tion of poor neurological outcome in comatose cardiac
arrest survivors also revealed that the false positive rate
for “highly malignant” EEG patterns achieved 0% in most
studies regardless of EEG examination timing during the
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Table 2 Electroencephalography patterns and findings of the study patients according to electroencephalography timing
EEG findings Total (N=489) Patients with Patients with EEGof 72h  Pvalue
EEG<72h to 7 days
(N=353) (N=136)
EEG background frequency 0.220
Predominant alpha waves 106 (21.7%) 84 (23.8%) 22 (16.2%)
Predominant theta waves 127 (26.0%) 87 (24.6%) 40 (29.4%)
Predominant delta waves 90 (18.4%) 67 (19.0%) ( 6.9%)
Undetermined 166 (33.9%) 115 (32.6%) 1(37.5%)
Categorization 0.934
Highly malignant pattern 199 (40.7%) 144 (40.8%) 55 (40.4%)
Malignant pattern 124 (25.4%) 88 (24.9%) 36 (26.5%)
Benign 166 (33.9%) 121 (34.3%) 45 (33.1%)
Highly malignant pattern
Suppressed background without discharges 154 (31.5%) 106 (30.0%) 48 (35.3%) 0.261
Suppressed background with continuous periodic 10 (2.0%) 8(2.3%) 2 (1.5%) 0.733
discharges
Burst-suppression 5(7.2%) 30 (8.5%) 5(3.7%) 0.064
Malignant rhythmic or periodic features (1 3.7%) 44 (12.5%) 23 (16.9%) 0.2
Periodic discharges (> 50%) 30 (6.1%) 19 (5.4%) 11 (8.1%) 0.264
Rhythmic spike-and-wave (> 50%) 28 (5.7%) 21 (5.9%) 7 (5.1%) 0.732
Unequivocal seizures or status epilepticus 53 (10.8%) 37 (10.5%) 16 (11.8%) 0.683
Malignant background 85 (17.4%) 64 (18.1%) 21 (15.4%) 0.527
Discontinuous (> 10% suppression) 16 (3.3%) 10 (2.8%) 6 (4.4%) 0.399
Low voltage (<20 pV) 61 (12.5%) 47 (13.3%) 14 (10.3%) 0.365
Reversed anteroposterior gradient 14 (2.9%) 11 (3.1%) 3(2.2%) 0.766

Values are expressed as number (%)

EEG, electroencephalography

first 72 h after ROSC [15]. However, in contrast, the sen-
sitivity progressively decreased during the first 72 h after
ROSC [15]. In line with the findings of recent reports, we
found that all patients with the “highly malignant” EEG
pattern had a poor neurologic outcome in both the early
and late EEG groups, with 100% specificity but 59.3%
and 56.1% sensitivity in the early and late EEG groups,
respectively.

Previous literature about the neurological prognostica-
tion using EEG of the poor neurologic outcome has been
susceptible to errors caused by the following factors: lack
of standardized terminology and definitions, relatively
small sample sizes with single-center study design, the
risk of self-fulfilling prophecy, and lack of the adjustment
for effects of medications [21, 22]. This study is the multi-
center validation study with a relatively large sample size
on the prognostic performance for the proposed three
standardized EEG patterns in comatose OHCA survi-
vors with TTM. WLST had been prohibited until Febru-
ary 2018 and did not occur for the study patients, which
could decrease the bias [21]. Our study results added
evidence for the usefulness of EEG pattern classification
for prognostication in comatose cardiac arrest survivors,

consistent with the recently released guidelines from the
European Resuscitation Council [2]. However, the accu-
racy for patients with the “malignant” EEG pattern has
been inconsistent, with a higher false-positive rate than
that in the “highly malignant” EEG pattern [11, 12, 15].
This finding has been reconfirmed with the results of the
present study that patients with the “highly malignant” or
“malignant” EEG pattern showed 84.8% sensitivity, 77.0%
specificity, and 89.5% PPV for poor neurologic outcome.
It is clear that further research is needed to improve the
prognostic value of patients with the “malignant” EEG
pattern.

The main aspects of EEG assessment are the back-
ground activity, superimposed discharges, and reactiv-
ity. However, EEG background frequencies, measured
in Hertz and classified as beta, alpha, theta, delta, and
undetermined, are one of the neglected aspects in post-
cardiac arrest patients. Our previous study showed that
the prevalence of predominant delta and undetermined
background frequency was 8.8% (15/170) and 45.3%
(77/170), respectively [16]. A total of eight of 92 patients
(8.7%) with predominant delta and undetermined back-
ground frequency achieved the good neurologic outcome
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Table 3 Electroencephalography findings and clinical examinations of the study patients in the early and late

electroencephalography groups according to neurologic outcome at 1 month

EEG findings and clinical neurological examinations Patients with EEG<72 h Patients with EEG of 72 h to 7 days

(N=353) (N=136)

Good Poor Pvalue Good Poor P value
neurologic neurologic neurologic neurologic

outcome outcome outcome outcome

(n=110) (n=243) (n=38) (n=98)

EEG background frequency <0.001 <0.001
Dominant alpha waves 69 (62.7%) 15 (6.2%) 14 (36.8%) 8 (8.2%)

Dominant theta waves 36 (32.7%) 51 (21.0%) 20 (52.6%) 20 (20.4%)
Dominant delta waves 5 (4.5%) 62 (25.5%) 4 (10.5%) 19 (19.4%)
Undetermined 0 (0%) 115 (47.3%) 0 (0%) 51 (52.0%)

Categorization <0.001 <0.001
Highly malignant pattern 0 (0%) 144 (59.3%) 0 (0%) 55 (56.1%)

Malignant pattern 24 (21.8%) 64 (26.3%) 10 (26.3%) 26 (26.5%)
Benign 86 (78.2%) 35 (14.4%) 28 (73.7%) 17 (17.3%)

Highly malignant pattern 0 (0%) 144 (59.3%) <0.001 0(0%) 55 (56.1%) <0.001
Suppressed background without discharges 0 (0%) 106 (43.6%) <0.001 0 (0%) 48 (49 0%) <0.001
Suppressed background with continuous periodic discharges 0 (0%) 8(3.3%) 0.061 0 (0%) 2 (2.0%) >0.999
Burst-suppression 0 (0%) 30 (12.3%) <0.001 0 (0%) 5(5.1%) 0322

Malignant rhythmic or periodic features 6 (5.5%) 38 (15.6%) 0.007 7 (18.4%) 16 (16.3%) 0.770
Periodic discharges (> 50%) 2(1.8%) 7 (7.0%) 0.046 3 (7.9%) 8(8.2%) >0.999
Rhythmic spike-and-wave (> 50%) 3(2.7%) ( 4%) 0.085 1(2.6%) 6 (6.1%) 0.673
Unequivocal seizures or status epilepticus 3(2.7%) 4 (14.0%) 0.001 6(15.8%) 10 (10.2%) 0.382

Malignant background 18 (16.4%) 46 ( 8.9%) 0562 3 (7.9%) 18 (18.4%) 0.129
Discontinuous (> 10% suppression) 2 (1.8%) 8(3.3%) 0.730 1 (2.6%) 5(5.1%) >0.999
Low voltage (<20 pV) 14 (12.7%) 33 (13.6%) 0827 2(53%) 12 (12.2%) 0.349
Reversed anteroposterior gradient 2 (1.8%) 9 (3.7%) 0513 0 (0%) 3(3.1%) 0.560

Absent pupillary reflex at > 72 h after ROSC* 5(4.7%), 158 (67.8%), <0.001  2(5.3%), 62 (63.9%), <0.001

n=107 n=233 n=38 n=97

Absent corneal reflex at> 72 h after ROSC? 16 (20.3%), 170 (85.9%), <0.001 5(16.1%), 59 (79.7%), <0.001

n=79 n=198 n=31 n=74

Motor component of the Glasgow Coma Score®
<3at48h after ROSC 83 (77.6%), 238 (98.8%), <0.001 28 (77.8%), 96 (99.0%), <0.001

n=107 n=241 n=36 n=97
<3at72 hafter ROSC 55 (50.5%), 233(97.9%), <0.001 16 (45.7%), 96 (98.0%), <0.001
n=109 n=238 n=35 n=98

Values are expressed as number (%)
EEG, electroencephalography; ROSC, return of spontaneous circulation

2 A total of 13 patients dead < 72 h after ROSC were categorized as absent ocular reflexes

b Two patients dead <48 h after ROSC were categorized as motor component < 3. Similarly, 13 patients dead < 72 h were categorized as motor component <3

at 6-month, whereas 60 patients (76.9%) with predomi-
nant alpha and theta background frequency did [16].
The background EEG frequency with predominant alpha
and theta waves was a powerful predictor (adjusted odds
ratio for a good neurologic outcome of 13.030) with
high sensitivity (86.21%) and NPV (91.30%) [16]. In the
present study, 90 patients (18.4%) showed predominant
delta background frequency, and 166 patients (33.9%)
had undetermined background frequency. Consistent
with the previous study, 3.5% (9/256) of patients with

background EEG frequency with predominant delta
waves or undetermined waves had a good neurologic
outcome. The combination of the “highly malignant” or
“malignant” EEG pattern with background frequency of
delta waves or undetermined increased the specificity
and PPV to up to 98.0% and 98.7%, respectively. Also,
death after awakening did not occur in patients with the
combination of the “highly malignant” or “malignant”
EEG pattern with background frequency of delta waves
or undetermined, which indicated that the indirect
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Table 5 The distribution of cerebral performance category score at 1 month and the cause of death

Variable Total (N=489) Highly malignant or malignant patterns with
delta or undetermined frequency
Yes (N=239) No (N=250)
CPC1 134 (27.4%) 2(0.8%) 132 (52.8%)
CPC2 4 (2.9%) 1(0.4%) 3(5.2%)
CPC3 9 (3.9%) 4 (1.7%) 5 (6.0%)
CPC4 (186%) 53 (22.2%) 38 (15.2%)
CPC5 1 (47.2%) 179 (74.9%) 2 (20.8%)
Cause of death
Cerebral cause 108 (46.8%) 92 (51.4%) 16 (30.8%)
Multiple organ failure 68 (29.4%) 47 (26.3%) 21 (40.4%)
Cardiovascular cause (1 0.8%) 7 (9.5%) 8 (15.4%)
Others/ Unknown 0 (13.0%) 23 (12.8%) 7 (13.5%)
Death after awakening® 6 (2 6%) 0 (0%) 6 (11.5%)
Withholding therapies 52 (10.6%) 42 (17.6%) 10 (4.0%)
No therapeutic escalation 9 (1.8%) 8(3.3%) 1(0.4%)
No cardiopulmonary resuscitation 41 (8.4%) 32 (13.4%) 9 (3.6%)
Time to withholding of active treatment, hours 82.0(40.3-1183) 89.5 (39.5-125.0) 78.0 (35.8-97.0)

Values are expressed as number (%) and median (interquartile range)
CPC, cerebral performance category

2 A total of 6 patients were dead after awakening due to cardiovascular cause (n=2), multiple organ failure (n=1) and others/unknown cause (n=3)

outcome and misclassification of a neurological outcome
less likely occurred [21].

In addition to an insufficient sample size for EEG pat-
tern analysis, as shown in previous studies, the EEG
assessment time point has been also an important fac-
tor that influences the efficiency of prediction. Because
EEG background pattern categories were not signifi-
cantly associated with outcome within the first 12 h of
cardiac arrest, the European Resuscitation Council cur-
rently suggests the use of these EEG patterns examined at
least after 24 h after cardiac arrest [2]. In this sub-study
of the “TTM for 48 vs. 24 trial,” there were no significant
differences between prognostication at 24 h and that at
48 h measured in terms of the specificity and sensitivity
of EEG categories [18]. Additionally, our study showed
that the prognostic values of EEG background pattern
categories did not differ significantly between the post-
resuscitation phase, i.e., <72 h after ROSC, and the early
hospitalization phase, i.e., 72 hours7 days after ROSC.
The “highly malignant” pattern predicted the poor neu-
rologic outcome with a high specificity regardless of EEG
measurement time.

This study had several limitations. First, although
all patients were treated in accordance with the latest
guidelines, the potential differences among the insti-
tutions were not controlled. Second, despite using the
recommended protocol for EEG examination, this
study excluded a large proportion of patients owing to

missing EEG data within 7 days after ROSC, and the risk
of selection bias is inevitable. We compared the clinical
characteristics and neurologic outcomes between the
study patients and those excluded from our study (see
Additional file 3). The included patients were younger
(median, 58.0 vs. 61.0 years; P=0.002), but had less
frequent witnessed cardiac arrest (64.0% vs. 71.6%;
P=0.013) and longer time from ROSC to TTM initiation
(median, 3.2 vs. 2.8 h, P=0.002). The rate of the poor
neurologic outcome at 1 month was 71.0% (665/936) and
did not significantly differ between the two groups (72.5%
vs. 69.7%, P=0.354). Third, we did not assess the unre-
active EEG finding, one of the malignant EEG patterns,
owing to the lack of standardization of reactivity test-
ing. This would have affected the predictive power of the
malignant EEG patterns. However, recent guidelines also
described the limitation of EEG background reactivity
that there is no generally acknowledged consensus for the
reactivity testing itself and its interpretation [2, 15, 23].
Fourth, the single intermittent EEG examination would
be insufficient to identify all the malignant EEG features
which might have been intermittent or have not emerged
at the time of EEG recording. In this study, one board-
certified epileptologist investigated the qualitative EEG
evaluation. Although the investigator performed the EEG
interpretation in a blinded to all clinical information, a
single EEG rater limited the reliability of our results and
could bring the detection bias. Finally, the variability
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in EEG timing and variation in the protocol, including
ongoing sedation or anti-epileptic medication, could be
another significant limitation of our study. However, our
heterogeneous EEG timing during TTM reflected the
real-world situation, and the results can therefore be gen-
eralized to other settings.

Conclusions

In conclusion, the “highly malignant” EEG pattern pre-
dicted poor neurologic outcome with a high specificity
regardless of EEG measurement time. We found that the
predictive value of the EEG patterns could be improved
when combined with the background frequency of delta
waves/undetermined, which suggests that EEG back-
ground frequency has practical implications to assist in
neuro-prognostication with the proposed EEG pattern
classification. Further studies about the predictive value
of “highly malignant EEG or malignant EEG pattern with
background frequency of delta waves or undetermined”
in a multimodal approach for comatose cardiac arrest
patients will be needed.
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