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Abstract 

Background: Both seizures and spreading depolarizations (SDs) are commonly detected using electrocorticography 
(ECoG) after severe traumatic brain injury (TBI). A close relationship between seizures and SDs has been described, but 
the implications of detecting either or both remain unclear. We sought to characterize the relationship between these 
two phenomena and their clinical significance.

Methods: We performed a post hoc analysis of a prospective observational clinical study of patients with severe TBI 
requiring neurosurgery at five academic neurotrauma centers. A subdural electrode array was placed intraoperatively 
and ECoG was recorded during intensive care. SDs, seizures, and high-frequency background characteristics were 
quantified offline using published standards and terminology. The primary outcome was the Glasgow Outcome 
Scale-Extended score at 6 months post injury.

Results: There were 138 patients with valid ECoG recordings; the mean age was 47 ± 19 years, and 104 (75%) were 
men. Overall, 2,219 ECoG-detected seizures occurred in 38 of 138 (28%) patients in a bimodal pattern, with peak inci-
dences at 1.7–1.8 days and 3.8–4.0 days post injury. Seizures detected on scalp electroencephalography (EEG) were 
diagnosed by standard clinical care in only 18 of 138 (13%). Of 15 patients with ECoG-detected seizures and con-
temporaneous scalp EEG, seven (47%) had no definite scalp EEG correlate. ECoG-detected seizures were significantly 
associated with the severity and number of SDs, which occurred in 83 of 138 (60%) of patients. Temporal interactions 
were observed in 17 of 24 (70.8%) patients with both ECoG-detected seizures and SDs. After controlling for known 
prognostic covariates and the presence of SDs, seizures detected on either ECoG or scalp EEG did not have an inde-
pendent association with 6-month functional outcome but portended worse outcome among those with clustered 
or isoelectric SDs.

Conclusions: In patients with severe TBI requiring neurosurgery, seizures were half as common as SDs. Seizures 
would have gone undetected without ECoG monitoring in 20% of patients. Although seizures alone did not influence 
6-month functional outcomes in this cohort, they were independently associated with electrographic worsening 
and a lack of motor improvement following surgery. Temporal interactions between ECoG-detected seizures and SDs 
were common and held prognostic implications. Together, seizures and SDs may occur along a dynamic continuum 
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Introduction
Severe traumatic brain injury (TBI) results in 56,000 
deaths in the United States each year [1], and an esti-
mated 30,000 survivors require intensive care [2]. A 
major focus of neurocritical care is the prevention, detec-
tion, and treatment of secondary brain injuries [3], which 
are defined as pathological changes that evolve after a 
primary injury. Widespread adoption of continuous scalp 
electroencephalography (EEG) in the intensive care unit 
setting has led to the recognition that seizures occur in up 
to 33% of patients with TBI and are often nonconvulsive 
[4]. More recently, recordings from electrodes placed on 
or within the brain tissue (electrocorticography [ECoG]) 
have documented an even higher seizure incidence of 
up to 61% of patients with severe TBI, suggesting that 
many seizures are quite focal and evade detection by con-
tinuous EEG [5, 6]. Simultaneously, ECoG studies have 
shown that spreading depolarizations (SDs) also occur 
frequently within the human cortex after injury. SDs 
are defined by a massive wave of near-complete depo-
larization and near-complete breakdown of the trans-
membrane ion gradients of neural tissue associated with 
neuronal influx of water and swelling [7]. In electrically 
active tissue, SDs typically induce spreading depression 
of high-frequency activity [7, 8]. These slow propagating 
waves are difficult to detect using scalp EEG [9, 10], but 
ECoG studies have documented SDs in as many as 60% of 
patients with severe TBI requiring surgery [11].

Seizures and SDs are distinct pathophysiologic events. 
Yet from their first description, SDs were recognized as 
related, alternate, or interacting manifestations of hyper-
excitable and injured tissue [12]. Translational studies 
and small cohort studies have subsequently demonstrated 
the occurrence of seizures that precede the appearance of 
SDs, “spreading convulsions,” which emerge from the end 
of SDs when high-frequency activity remains depressed, 
and the development of the paroxysmal depolarization 
shifts in association with recovery from SDs [13–15]. 
Others have highlighted that seizures cause SDs in some 
cases [16–20], and a short-term intrinsic antiseizure 
function of SDs has been postulated [21]. However, the 
longer-term effect may be the opposite, as suggested by 
prior work in which acute and subacute SDs after corti-
cal injury were associated with a higher risk of develop-
ing chronic epilepsy, possibly mediated by SD-induced 
blood–brain barrier dysfunction [14].

Seizures and SDs have been implicated in the devel-
opment of secondary brain injuries. Both may create or 
worsen critical metabolic disturbances within the cortex 
and play a role in mediating excitotoxicity [6, 22, 23]. Sei-
zures have been linked to hippocampal atrophy [24] and 
posttraumatic epilepsy [25], whereas SDs exhibit a causal 
link with infarct development [26] and lesion expansion 
and have been associated with worse functional out-
come following TBI [11, 27]. Clinically, the implications 
of detecting either pattern or both remain somewhat 
less clear, and optimal methods and potential benefits of 
treating SDs have not been investigated [28]. To better 
understand the interaction between seizures and SDs, we 
performed a post hoc analysis of a prospective observa-
tional clinical study [11] of patients who required surgi-
cal management of severe TBI and were monitored with 
ECoG strips during intensive care. We used standardized 
definitions and terminology to characterize both the DC 
signal and the high-frequency activity of the ECoG.

Methods
Patients
We performed a post hoc analysis of a prospec-
tive observational study (ClinicalTrials.gov identifier 
NCT00803036) performed at five academic medical 
centers as reported previously [11]. Adult patients with 
severe TBI who required a neurosurgical procedure for 
clinical purposes within 1  week of injury were eligible. 
Patients with nonsurvivable injuries were excluded; pol-
ytrauma, penetrating head injuries, and other preexist-
ing disorders were not excluded. Surrogate consent was 
obtained in all cases. Approval was provided by the eth-
ics boards at each participating institution, and research 
was conducted in accordance with the Declaration of 
Helsinki.

Procedures
As previously described [11], a single six-contact linear 
electrode array was placed on the cerebral cortex under 
direct visualization during surgery. All patients under-
went postoperative care in an intensive care unit, and 
treatment teams were blinded to ECoG recordings. Clini-
cal management, including the use of additional neu-
romonitoring devices, was performed according to local 
practice. Electrode strips were removed at the bedside 

of factors critical to the development of secondary brain injury. ECoG provides information integral to the clinical 
management of patients with TBI.
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at the conclusion of clinical neuromonitoring or after a 
maximum of 1 week.

Data Collection
Clinical data were collected, including demographics, 
markers of injury severity, and radiographic studies. Pre-
operative head imaging was evaluated by a central neu-
roradiologist blinded to ECoG data. Neurologic outcome 
was obtained by telephone or in person, as available, 
using the Glasgow Outcome Scale-Extended (GOS-E) by 
an assessor blinded to clinical and ECoG data. Reports 
from routine and continuous scalp EEG performed dur-
ing the study period were collected from the medical 
record. Scalp EEG was recorded with clinically standard 
equipment, and electrodes were applied according to the 
International 10–20 System. All interpretations were pro-
vided by local board-certified electroencephalographers, 
as part of clinical care, who were blinded to ECoG data.

ECoG
All ECoG recordings were scored by study investigators 
(JAH, HL, BF) offline using LabChart (ADInstruments, 
Oxford, UK). For each patient, low-frequency activity 
(< 0.1  Hz) to identify SDs was reviewed alongside the 
conventional high-frequency activity (0.5–50  Hz) dis-
played in five sequential bipolar channels derived from 
the six-electrode ECoG strip. SDs were identified and 
measured as described previously [11] per consensus rec-
ommendations [29]. Depolarizations were classified as 
occurring in clusters if three or more occurred within a 
120-min period and as isoelectric if at least one channel 
depolarized while already electrically silent. The number 
of depolarizations and the duration for each associated 
spreading depression of high-frequency activity were 
measured.

Each recording was further divided in 4-h epochs for 
further analysis of high-frequency ECoG patterns by a 
board-certified clinical neurophysiologist (BF) and neu-
rologist (HL), both certified in the use of the American 
Clinical Neurophysiology Society standardized termi-
nology [30]. The background activity of each epoch was 
classified on the basis of visual inspection into one of 
four categories: (1) continuous activity ≥ 10 µV in ampli-
tude; (2) discontinuous activity, characterized by periods 
of attenuation or suppression making up 10–49% of the 
4-h epoch; (3) burst suppression, consisting of periods 
of suppression for > 50% of the epoch; or (4) suppressed 
activity, in which the entire background exhibited only 
low-amplitude (< 10 µV) activity. Worsening background 
activity was defined as increasing discontinuity relative to 
the initial background activity recorded on ECoG.

Ictal–interictal patterns were classified on the basis of 
their prevalence and average duration within each epoch. 

The frequency of periodic or rhythmic patterns was strat-
ified as < 1  Hz, 1–2  Hz, or 2–3  Hz. For ictal–interictal 
patterns, the burden (in hours) of each pattern was quan-
tified by multiplying the prevalence and the duration of 
each pattern during each epoch. The pattern index was 
measured by multiplying the burden by the frequency of 
the pattern (Hz-hour) as previously defined [30, 31].

Seizures were defined in ECoG recordings as any pat-
tern consisting of either (1) spike- or sharp-wave dis-
charges > 2.5 Hz lasting for more than 10 s or (2) patterns 
with evolution in frequency, spatial involvement, or 
morphology. Status epilepticus was defined as a seizure 
burden of > 60 min over the course of the recording, con-
tinuous status epilepticus was defined as any seizure last-
ing > 20 min, and cyclic status epilepticus was defined as 
20 or more seizures (or 12 or more on average per day for 
shorter recordings) with a regular pattern. Arterial pulse 
artifact has been described during SD [14] and is charac-
terized by a spindle-shaped, pseudo-evolving pattern that 
is often superimposed on the peak of SDs. This pattern 
was excluded using the arterial blood pressure waveform 
or electrocardiogram as needed. The seizure burden was 
quantified directly as the duration (in minutes) of seizure 
activity. Quantitative parameters for SDs and seizures 
were normalized by the duration of the ECoG recording.

Statistical Methods
Univariate analysis was performed using χ2 and Wilcoxon 
rank-sum tests as appropriate and expressed as propor-
tions or median and interquartile range (IQR). Data 
visualization was conducted using ggplot [32] and ggjoy 
in R version 4.0.3 [33]. Subsequently, an ordinal regres-
sion model was developed using the MASS package [34] 
to characterize associations between seizures, SDs, and 
relevant clinical outcomes. Covariates were identified a 
priori on the basis of the core International Mission for 
Prognosis and Analysis of Clinical Trials in TBI model 
[35] as age, motor Glasgow Coma Scale (GCS) score, and 
pupillary reactivity after resuscitation from initial injury. 
Model summaries were expressed as proportional odds 
alongside 95th percentile confidence intervals (CIs). For 
all comparisons, the threshold for significance was a p 
value of < 0.05.

Results
Seizures During ECoG After Surgical TBI
Of the 157 patients enrolled, we included 138 for analy-
sis, as reported previously [11]. Table 1 contains patient 
demographics and injury characteristics. ECoG began 
a median of 12.8 h (8.5–23.8 h) from injury and contin-
ued for a median of 75.5 h (42.2–117.1 h). In total, 2,219 
ECoG-detected seizures occurred in 38 of 138 (27.5%) 
patients (Fig.  1a). Of these, 23 of 38 (61%) patients had 
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Table 1 Clinical variables in those with vs. without ECoG-detected seizures

Variable No seizures, n = 100 Seizures, n = 38 Total, N = 138 P

Admission data

 Age, mean (SD) 43.87 (18.48) 55.26 (17.32) 47.01 (18.82) 0.001

 Sex (male), n (%) 75 (75.00) 29 (76.32) 104 (75.36) 1.000

Prognostic score, median (IQR) 0.24 (− 0.69 to 1.13) 0.11 (− 0.31 to 0.82) 0.2 (− 0.58 to 1.04) 0.903

Glasgow Coma Scale (motor subscore), n (%) 0.314

 1 22 (22.00) 5 (13.16) 27 (19.57)

 2 6 (6.00) 1 (2.63) 7 (5.07)

 3 8 (8.00) 0 (0.00) 8 (5.80)

 4 11 (11.00) 6 (15.79) 17 (12.32)

 5 26 (26.00) 14 (36.84) 40 (28.99)

 6 26 (26.00) 12 (31.58) 38 (27.54)

Pupillary reactivity, n (%) 0.321

 Neither 16 (16.00) 2 (5.26) 18 (13.04)

 One 9 (9.00) 5 (13.16) 14 (10.14)

 Both 74 (74.00) 30 (78.95) 104 (75.36)

 Prehospital hypotension, n (%) 20 (20.00) 4 (10.53) 24 (17.39) 0.411

Prehospital hypoxia, n (%) 32 (32.00) 7 (18.42) 39 (28.26) 0.272

Radiographic data

Marshall CT category, n (%)

 2 7 (7.29) 0 (0.00) 7 (5.26)

 3 3 (3.12) 0 (0.00) 3 (2.26)

 4 1 (1.04) 0 (0.00) 1 (0.75)

 5 83 (86.46) 37 (100.00) 120 (90.23)

 6 2 (2.08) 0 (0.00) 2 (1.50) 0.235

Rotterdam CT score, median (IQR) 4 (4 to 5)] 4 (4 to 5) 4 (4 to 5) 0.700

EDH, n (%) 6 (6.25) 3 (8.11) 9 (6.77) 1.000

tSAH, n (%) 74 (74.00) 27 (71.05) 101 (73.19) 0.893

IVH, n (%) 14 (14.58) 10 (27.03) 24 (18.05) 0.155

SDH, n (%) 78 (81.25) 31 (83.78) 109 (81.95) 0.929

SDH thickness (mm), median (IQR) 9 (6.00 to 13.38) 11.5 (6.75 to 16.50) 10 (6 to 14) 0.160

Cerebral contusion, n (%)

 None 36 (37.50) 19 (51.35) 55 (41.35)

   ≤ 25  cm 3 47 (48.96) 16 (43.24) 63 (47.37)

  > 25  cm3 13 (13.54) 2 (5.41) 15 (11.28) 0.224

 Intracerebral hemorrhage, n (%) 12 (12.50) 10 (27.03) 22 (16.54) 0.078

 Depressed skull fracture, n (%) 20 (20.83) 3 (8.11) 23 (17.29) 0.138

Basal cisterns, n (%)

 Open 15 (15.62) 7 (18.92) 22 (16.54)

 Compressed 51 (53.12) 23 (62.16) 74 (55.64)

 Absent 30 (31.25) 7 (18.92) 37 (27.82) 0.363

Midline shift, n (%)

  < 5 mm 29 (30.21) 9 (24.32) 38 (28.57)

 5–10 mm 36 (37.50) 17 (45.95) 53 (39.85)

  ≥ 10 mm 31 (32.29) 11 (29.73) 42 (31.58) 0.651

 Midline shift (mm), median (IQR) 7 [ 4.00, 10.25] 7 [5, 10] 7 [4, 10] 0.453
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ECoG-detected seizures that met criteria for electro-
graphic status epilepticus. Nearly half of patients had 
ECoG-detected seizures arising within only a restricted 

region of the ECoG strip (47.4%); other patients had 
more than one independent seizure focus or experi-
enced seizures broadly across the ECoG strip. Most 

Fig. 1 a Raster plot of electrocorticography data from each individual patient who had seizures during the study recording (n = 38) is shown across 
the post-injury period, shown in days (x-axis). Thin gray horizontal bars show periods of valid recording. Vertical hash marks indicate the timing 
of event: spreading depolarizations are in blue, isoelectric depolarizations in red, and seizures in green. The right margin of the Figure shows the 
6-month Glasgow Outcome Scale Score-Extended for each patient. b The total number of depolarizations (gray bars) and seizures (pink bars) across 
each 4-h was divided by the number of patients monitored with ECoG (gray outline) during the corresponding time period in order to calculate 
adjusted rates of each event over time. All patients (n = 138) were included
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ECoG-detected seizures occurred within the first 72  h 
of injury (31 of 38 [82%]). The overall temporal pro-
file of ECoG-detected seizures in this cohort showed a 
clear bimodal pattern with peak seizure occurrence at 
1.7–1.8  days (40–44  h) and 3.8–4.0  days (92–96  h) fol-
lowing injury (Fig.  1b). This pattern was similar to, but 
more pronounced than, the bimodal pattern seen across 
2,837 SDs that occurred in 83 of 138 (60.1%) patients. 
Notably, the first peak occurrence of SDs occurred ear-
lier and was more sustained between 0.5 and 1.5 days (12 
and 36  h) post injury compared with the emergence of 
ECoG-detected seizures beginning at a median of 39.5 h 
(34.1–64.4 h).

Seizures During ECoG vs. Scalp EEG
Continuous scalp EEG was recorded for clinical pur-
poses in 52 of 138 (37.7%) patients over a median of 
3 days (IQR 1–7 days); routine scalp EEG was recorded 
in a further 8 of 138 (5.8%). Scalp EEG-detected seizures 
were diagnosed as part of standard clinical care in 18 of 

138 (13.0%); in most cases [14 of 18 (77.8%)], there was 
no reported clinical correlate. Of 15 patients with ECoG-
detected seizures and contemporaneous scalp EEG, seven 
(46.7%) had no definite scalp correlate (Fig. 2). Scalp EEG 
by contrast detected seizures in one patient contralateral 
to ECoG strip recording and in one patient with three 
brief focal scalp EEG-detected seizures arising from the 
occipital region remote from the location of the ECoG 
strip. In five patients, scalp EEG-detected seizures con-
sisted of rhythmic or periodic patterns with spatial evo-
lution; ECoG demonstrated concordant periodic patterns 
without definite evolution (n = 3) and/or brief potentially 
ictal rhythmic discharges (n = 2) in these cases. Overall, 
ECoG diagnosed seizures in 28 of 138 (20.3%) patients in 
whom seizures would have gone undetected with stand-
ard clinical practice alone.

Clinical Predictors of Seizures
Both ECoG- and scalp EEG-detected seizures were 
associated with older age but not with clinical markers 

Fig. 2 Comparison of seizure detection using ECoG versus scalp EEG. Flow chart demonstrating the detection of seizures by ECoG, scalp EEG, or 
both. N values refer to individual patients whereas counts in parentheses reflect the occurrence of seizures detected by each modality at different 
points during the study period; a single patient could be represented within more than one box. Highlighted in the green box are seizures that 
were concordant on both ECoG and scalp EEG. In contrast, events in the yellow box were interpreted as seizures on scalp EEG but not by ECoG and 
events in the red boxes reflect seizures detected by ECoG but missed by scalp EEG
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of injury severity. Patients with either ECoG- or scalp 
EEG-detected seizures (n = 46) were more likely to have 
experienced intracerebral hemorrhage (12 of 44 [27.3%] 
vs. 10 of 89 [11.2%] patients without seizures; p = 0.04), 
although this association did not retain significance 
when we considered only those with ECoG-detected 
seizures (10 of 37 [27.0%] vs. 12 of 96 [12.5%] without 
seizures; p = 0.08). ECoG- and scalp EEG-detected sei-
zures were not associated with a past medical history 
of epilepsy (2 of 46 [4.4%] vs. 11 of 92 [12.0%] without 
seizures; p = 0.23) or with the presence of prehospital 
clinical seizures (7 of 46 [15.2%] vs. 11 of 92 [12.0%] 
without seizures; p = 0.85). All 46 patients with ECoG- 
or scalp EEG-detected seizures and 89 of 92 (96.7%) 
of those without seizures received seizure prophylaxis 
with antiepileptic medications.

Association Between ECoG‑Detected Seizures and SDs
Multiple lines of evidence demonstrated significant co-
occurrence and interaction between ECoG-detected 
seizures and SDs. As shown in Table 2, ECoG-detected 
seizures were more likely to occur in patients with clus-
tered or isoelectric SDs (22 of 51 [43.1] vs. 16 of 87 
[18.4%] of those with sporadic or no SDs; p = 0.002). 
Similarly, patients with ECoG-detected seizures had 
a higher number of depolarizations per day (median 
8.3 [0–20.5] vs. 0.7 [0–4.3] in those without seizures; 
p = 0.01; Fig.  3a) and had an increased percentage of 
recordings that were depressed by SDs (median 5.1% 
[0.0–17.2%] vs. 0.3% [0.0–2.8%] in those without sei-
zures; p = 0.01; Fig. 3b).

Examination of the 24 of 38 (63.2%) patients in whom 
both ECoG-detected seizures and SDs occurred revealed 
several patterns of temporal relationship between these 
phenomena (Fig. 1a). In three cases, ECoG-detected sei-
zures occurred only at the beginning of repetitive SDs, 
which then continued for several days. In eight cases, 
ECoG-detected seizures were interspersed between SDs, 
and in four cases, status epilepticus developed on ECoG 
after SDs ceased. Individual ECoG-detected seizures 
were linked temporally with SDs for at least a portion of 
the recording in most cases (17 of 24 [70.8%]). Figure 4 
highlights the occurrence of ECoG-detected seizures 
within 30  min of SD occurrence. For 10 of 24 (41.7%) 
patients, there was a clear modulating effect in which 
ECoG-detected seizures or SDs blocked each other, as 
illustrated in Figs. 5a–d and 6c. Still, most patients (16 of 
24 [66.7%]) also exhibited ECoG-detected seizures that 
appeared independent of SDs at some point during the 
monitoring. Only 6 of 24 (25%) patients exhibited ECoG-
detected seizures that did not appear temporally related 
to any SDs, four of whom had only sporadic seizures.

Channel‑Specific Impact of ECoG‑Detected Seizures
To determine the impact of ECoG-detected seizures on 
background ECoG activity, we separately analyzed each 
of five bipolar channels per patient for a total of 181 valid 
channels across n = 38 patients with ECoG-detected sei-
zures. ECoG-detected seizures occurred in 138 of 181 
channels (76.2%) and arose most commonly from a back-
ground activity that was continuous (35 of 138 [25.4%]) 
or discontinuous (40 of 138 [29.0%]). However, the ECoG 
background activity at the end of recordings worsened 
more frequently in channels with ECoG-detected sei-
zures (73 of 138 [52.9%]) than in channels without sei-
zures (11 of 43 [25.6%]; p = 0.003) (Figs.  5f, g and 7). 
Worsening ECoG background activity occurred in 26 
of 38 (68.4%) patients, of whom most (19 of 26 [73.1%]) 
exhibited worsening in only some, but not all, ECoG 
channels.

Ictal–Interictal Patterns
Periodic patterns with a frequency between 1 and 2.5 Hz 
occurred in 96 of 138 (69.6%) of patients during ECoG 
monitoring. The daily pattern burden index was a median 
of 0.56  Hz-hours (0.0–4.7  Hz-hours). Periodic patterns 
composed a median of 1.6% (0.0–12.9%) of the record-
ing time. In contrast to ECoG-detected seizures, the 
incidence and burden of these patterns did not have an 
association with categories of SD occurrence (Fig. 3c) or 
with quantitative measures of ECoG-detected seizures or 
SDs. However, the occurrence of slow (≤ 0.5 Hz) periodic 
delta patterns was more common in those with clustered 
or isoelectric SDs (48 of 51 [94.1%] vs. 60 of 87 [69.0%] of 
those with sporadic or no SDs).

Associations Between ECoG‑Detected Seizures and Clinical 
Outcome
Patients with and without ECoG-detected seizures did 
not differ in the proportion who were nonlocalizing 
(motor GCS score < 5) prior to surgery (17 of 38 [44.7%] 
vs. 63 of 100 [63.0%], respectively; p = 0.08). However, at 
the end of ECoG recording, 31 of 100 (31.0%) patients 
without ECoG-detected seizures had improved to at least 
localization to pain (motor GCS score ≥ 5) compared 
with 3 of 38 (7.9%) patients with ECoG-detected seizures 
(p = 0.01).

At 6 months following injury, the median GOS-E score 
was 3 (IQR 1–5) and 99 of 138 (71.7%) had poor out-
comes of death, unresponsive wakefulness, and severe 
disability. The proportion of poor outcomes did not differ 
between those with and without ECoG-detected seizures 
(30 of 38 [79.0%] vs. 69 of 100 [69.0%]; p = 0.34). How-
ever, patients with frequent repetitive ECoG-detected 
seizures in close temporal relation with SD during the 
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first 48–72  h following trauma had disproportionately 
better outcome relative to those with status epilepticus 
or in whom ECoG-detected seizures led to or were inter-
spersed between predominantly clustered or isoelectric 
SDs (Fig. 3d; p < 0.001).

Seizures on either ECoG or scalp EEG had an inde-
pendent impact on the odds of improvement in the 

neurological examination result by the end of the ECoG 
monitoring period (odds ratio 0.26, 95% CI 0.07–0.80, 
p = 0.03) in multivariable regression models control-
ling for the core International Mission for Prognosis and 
Analysis of Clinical Trials in TBI variables age, motor 
GCS score, and pupillary examination result, in addi-
tion to SD category (Table 3). The presence and burden 

Table 2 Associations between ECoG-detected seizures and other ECoG features

a Antiepileptic drugs used were primarily levetiracetam (n = 64 of 138 [47.4%]) and phenytoin (n = 68 of 138 [50.4%])

Variable No seizures, n = 100 Seizures, n = 38 Total, N = 138 P

Clinical variables

 Time from injury to ECoG start (hours), median (IQR) 12.84 (7.97–24.29) 12.91 (9.00–22.25) 12.84 (8.55–23.79) 0.98

 Recording duration (hours), median (IQR) 75.48 (40.75–106.88) 79.06 (44.20–132.04) 75.48 (42.19–117.10) 0.42

 History of epilepsy, n (%) 12 (12.00) 1 (2.63) 13 (9.42) 0.10

 Antiepileptic medication (at any time), n (%)a 97 (97.00) 38 (100.00) 135 (97.83) 0.67

 Time to antiepileptic medication (days), median (IQR) 0.51 (0.28–0.91) 0.58 (0.25–0.91) 0.54 (0.30–0.91) 0.50

 Intravenous sedation/anesthesia (any), n (%) 83 (83.0) 31 (81.6) 114 (82.6) 1.00

 Propofol, n (%) 73 (73.0) 26 (68.4) 99 (71.7) 0.75

 Benzodiazepines, n (%) 28 (28.0) 7 (18.4) 35 (25.4) 0.35

 Ketamine, n (%) 1 (1) 0 (0) 1 (0.7) –

 Pentobarbital, n (%) 1 (1) 1 (2.6) 2 (1.4) –

ECoG-detected seizures

 Total number of seizures, median (IQR) NA 22.5 (5.50–64.25) 0 (0–1) NA

 Seizures/day, median (IQR) NA 9.4 (2.47–18.85) 0 (0.00–0.34) NA

 Daily seizures burden (min), median (IQR) NA 20.82 (3.56–131.03) 0 (0.00–0.72) NA

 Total time with seizures, % NA 1.48 (0.25–8.25) 0 (0.00–0.05) NA

IIC patterns (periodic patterns between 1 and 2.5 Hz)

 IIC pattern present, n (%) 68 (68.00) 28 (73.68) 96 (69.57) 0.66

 Daily periodic pattern burden (hours) 0.33 (0.00–2.75) 0.59 (0.00–3.21) 0.37 (0.0–3.1) 0.46

 Daily periodic pattern index (Hz-hours) 0.5 (0.00–4.65) 0.89 (0.00–4.82) 0.56 (0.00–4.66) 0.46

 Total time with periodic patterns, % 1.39 (0.00–11.44) 2.48 (0.01–13.38) 1.55 (0.00–12.92) 0.46

Spreading Depolarizations

 SD/day, median (IQR) 0.69 (0.00–4.34) 8.32 ( 0.00–20.46) 1.02 ( 0.00–10.93) 0.01

 Total time depressed, % 0.29 (0.00–2.78) 5.05 ( 0.00–17.16) 0.46 (0.00–6.23) 0.01

SD category, n (%)

 None 41 (41.00) 14 (36.84) 55 (39.86)

 Sporadic CSDs only 30 (30.00) 2 (5.26) 32 (23.19)

 Clustered CSDs 18 (18.00) 10 (26.32) 28 (20.29)

 Isoelectric SDs 11 (11.00) 12 (31.58) 23 (16.67) 0.002

Background ECoG patterns

Initial background

 Burst suppression 19 (19.00) 9 (23.68) 28 (20.29)

 Suppressed 66 (66.00) 19 (50.00) 85 (61.59)

 Discontinuous 11 (11.00) 7 (18.42) 18 (13.04)

 Continuous 4 (4.00) 3 (7.89) 7 (5.07) 0.33

Worst background during monitoring

 Burst suppression 31 (31.00) 7 (18.42) 38 (27.54)

 Suppressed 29 (29.00) 5 (13.16) 34 (24.64)

 Discontinuous 14 (14.00) 6 (15.79) 20 (14.49)

 Continuous 26 (26.00) 20 (52.63) 46 (33.33) 0.02
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of ECoG- or scalp EEG-detected seizures overall did not 
show an independent impact on 6-month GOS-E scores 
when controlling for the same factors. However, the pres-
ence of ECoG-detected seizures in patients with no or 
sporadic SDs was associated with better outcome (odds 
ratio 0.16, 95% CI 0.03–0.72, p = 0.02). The presence of 
temporally linked frequent repetitive ECoG-detected sei-
zures in patients with clustered and/or isoelectric SDs 
decreased the odds for worse outcome relative to the 
odds calculated for patients with clustered or isoelectric 
SDs overall (Table 4).

Discussion
In this post hoc analysis of a prospective observational 
study of patients with severe TBI requiring neurosur-
gery and undergoing ECoG monitoring, we found that 

seizures were half as common as SDs (28% vs. 60%). Yet 
these two phenomena tended to co-occur, with a higher 
proportion of seizures in patients with clustered or iso-
electric SDs (43%) than in those with no or sporadic SDs 
only (18%). Seizures and SDs showed a variety of tempo-
ral interactions within and across given patients, evidenc-
ing the heterogeneous and dynamic nature of secondary 
brain injury after TBI. Seizures were associated with elec-
trographic worsening and less improvement in the GCS 
motor score over the period of monitoring independ-
ent of SDs. Although seizures were not independently 
associated with 6-month functional outcome, patterns 
of temporal interaction between seizures and SDs held 
prognostic significance.

The incidence of seizures during ECoG (27.5%) and 
available scalp EEG (30.0%) in this study was comparable 

Fig. 3 Relationships between seizures, ictal-interictal patterns, spreading depolarizations, and overall outcome. a A box plot showing the number 
of daily depolarizations (y-axis) in those with (red box) vs without (gray box) seizures. b A box plot showing the daily seizure burden (in minutes; 
y-axis) for patients based on categories of spreading depolarization (x-axis). The highest seizure burden is shown in those with clustered (orange 
box) or isoelectric (red box) spreading depolarizations. Scale is restricted to up to 60 min to highlight differences between groups. c A box plot 
showing the daily burden of ictal-interictal continuum patterns (in Hz-hour; y-axis) across categories of spreading depolarization (x-axis). d A 
stacked bar plot showing the relative proportions of patients (x-axis) based on 6-month Glasgow Outcome Scale-Extended scores across different 
temporal interactions between seizures and spreading depolarizations (y-axis)
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with that in a recent prospective cohort of patients with 
moderate-to-severe TBI, in which 26.7% had clinical or 
electrographic seizures on continuous scalp EEG within 
1  week of injury [25], but was far higher than the 2.6% 
incidence reported in a post hoc analysis of a randomized 
controlled trial [31]. This discrepancy is likely related 
to TBI severity in these cohorts because surgery was 
required more commonly in cohorts with a higher inci-
dence of seizures (55.6% vs. 6.5%) and injury severity has 

been linked with seizures after moderate-to-severe TBI 
[31]. We did not find that injury severity was associated 
with either ECoG- or scalp EEG-detected seizures, but 
this is likely attributable to similarities in injury severity 
due to selective enrollment of only those requiring sur-
gery. We also did not find an association between a his-
tory of epilepsy and clinical seizure activity, a validated 
risk factor for EEG-confirmed seizures [36] in the general 
hospital population undergoing continuous EEG.

Fig. 4 Density raster of spreading depolarizations relative to individual ECoG-detected seizures. Each row represents patients in whom seizures 
and spreading depolarizations occurred contemporaneously. The start of each seizure (black vertical hash mark) is shown relative to the closest 
spreading depolarization (represented by time 0; x-axis). Seizures are plotted only once. Superimposed upon the raster plot is a density plot (pink) 
highlighting the close temporal relationship between seizures and depolarizations for most patients. The median time interval between seizures 
and spreading depolarizations that coexisted within the 60-min window across all 17 patients was 0.94 min (interquartile range -6.0 to 7.7 min). 
The x-axis extends from 30 min before to 30 min after the depolarization; 266/985 (27%) of seizures occurred with nearest SD > 30 min (median 
76.8 min) and these were not included
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This study is the largest clinical series documenting 
the association between SDs and ECoG seizures and 
confirms results from prior series. In a previous report 
of 63 patients undergoing ECoG monitoring, ECoG-
detected seizures occurred almost exclusively (n = 10) in 
the subset of 32 patients who had SDs; only one patient 
had ECoG-detected seizures without SDs [13]. Several 
patient-specific patterns were described, including sei-
zures that occurred reliably prior to SDs, seizures that 
appeared to occur at temporally distinct periods during 
the recording, recurrent seizures interrupted by SDs, and 
seizures that appeared to trigger SDs that propagated 
away from an ictal focus [13]. Interestingly, one reported 
patient exhibited seizures that preceded frequent SDs by 
5–7  min. Here we similarly found that ECoG-detected 
seizures were more common in those with frequent 
SDs and that these were often temporally associated 
with SDs. We found that ECoG-detected seizures could 
either follow or precede SDs such that the central ten-
dency of the time delay between ECoG-detected seizures 
and the nearest SD was a median of 1  min (IQR − 6 to 
8 min). Within patients, the relationship between ECoG-
detected seizures and SDs was often consistent for a 
period but then frequently evolved or fluctuated between 
different patterns through the course of monitoring. 
Similarly, in a study of ECoG after aneurysmal subarach-
noid hemorrhage in 25 patients, ECoG-detected seizures 
could occur before, alternating with, or after SDs even 
within the same patient recording [14].

Secondary brain injury after TBI is common and con-
tributes to clinical outcome. Recent evidence has pointed 
to the key role of SDs as a direct pathomechanism for 
secondary brain injury [37]. The presence of recurrent 
clusters of SDs and the development of isoelectric SDs 
have been associated with a lack of improvement in GCS 
motor scores and poor functional outcome [11]. The 
links between seizures and secondary brain injuries are 

more indirect, although ECoG-detected seizures, in par-
ticular, have been shown to produce detrimental physio-
logic changes and scalp EEG-detected seizures have been 
implicated in longer-term development of hippocampal 
atrophy and eventually posttraumatic epilepsy [24, 25, 38, 
39]. Here, we found that ECoG-detected seizures were 
clearly linked with electrographic worsening character-
ized by increasing discontinuity in ECoG background 
activity from the beginning of the monitoring period 
relative to the end of the recording. We also found that 
both ECoG- and scalp EEG-detected seizures were inde-
pendently associated with a lack of postoperative motor 
improvement on clinical examination even after control-
ling for the presence of SDs. However, seizures were not 
independently associated with functional outcome in this 
cohort of surgically managed patients with TBI.

Whereas SDs propagate, impacting tissue distal to 
the site of monitoring, seizures may remain focal, even 
to the point of being undetectable by scalp EEG. We 
found this to be the case in 7 of 15 (47%) of those with 
ECoG-detected seizures during simultaneous scalp EEG 
monitoring, and others have reported similar propor-
tions (42.9%) of seizures missed by scalp EEG alone [6]. 
Employing ECoG monitoring, we found that standard 
clinical care missed a diagnosis of seizures in 20% of 
patients enrolled in this study. Given these findings and 
the prognostic value of detecting their co-occurrence, 
we suggest that more direct methods for monitoring the 
brain after injury (such as ECoG) provide information 
integral to multimodal brain monitoring after TBI rela-
tive to scalp EEG alone.

The relationship between seizures and SDs has been 
a source of debate. The cellular mechanism of ictal 
activity is the paroxysmal depolarizing shift in resting 
membrane potential, which nonetheless remains suf-
ficiently charged to propagate bursts of action poten-
tials that correlate with epileptiform spikes on EEG. In 

(See figure on next page.)
Fig. 5 Case example of seizures modulating spreading depolarizations and associated electrographic worsening. A 64-year-old man presented fol-
lowing non-penetrating traumatic brain injury with subdural hemorrhage and associated midline shift requiring operative evacuation. The legend 
at the top shows the bipolar ECoG channels displayed (ECoG 4–5 [pink], ECoG 5–6 [purple]) and the time course of the patient recording. For all fig-
ures, near-DC traces (top) are displayed using low-pass filter of 0.1 Hz and a high-pass filter of 0.01 Hz to eliminate drift. Standard AC traces (bottom) 
are shown after bandpass filtering at 1-30 Hz. During the first two days following injury, sporadic spreading depolarizations (SDs) were observed on 
ECoG monitoring. a Starting after the third day, clusters of SDs began to occur as regularly as 3–4/hour (two top traces). During a period of regularly 
spaced SDs, a seizure occurred (bottom two traces highlighted in dashed boxes); one example is shown in more detail in panel b. Seizures began 
in ECoG 4–5 and spread to ECoG 5–6. During the recording, a low-amplitude SD was observed, modulated by a seizure which continues to evolve 
prior to an abrupt offset at the time the SD would be expected to resolve. Subsequently, clustered SDs recurred until another seizure (shown in 
more detail in panel c) during which there was no apparent slow potential change, although the appearance of the seizures itself appeared to be 
modulated, suggesting a co-relationship between the two phenomenon. d As the recording continued, seizures within ECoG 5–6 became frequent 
and repetitive, occurring every 3–5 min (bottom traces; highlighted in dashed boxes). SDs were seen less frequently relative to their previous pat-
tern, yet the occurrence of SDs appeared to break up the repetitive pattern of seizure activity. e Finally, four days following injury, the SDs resolved 
while seizures continued to occur independently on ECoG 5–6 (bottom two traces, purple arrowheads). f High-frequency ECoG activity is shown 
from the beginning of the recording period on the day of trauma, which exhibits a normal amplitude admixture of delta and superimposed faster 
alpha/beta frequencies. By the end of the recording, g high-frequency ECoG activity reflects electrographic worsening with a discontinuous pattern 
of low-amplitude delta frequencies
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Fig. 5 (See legend on previous page.)
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contrast, SDs reflect a near-complete and sustained loss 
of resting membrane potential within the tissue such 
that the cortex is unable to generate the postsynaptic 
potentials associated with high-frequency EEG. This 
distinction rests on the important finding that SDs are 
associated with substantially larger changes in trans-
membrane ion and neurotransmitter concentrations. 
During seizures, for instance, extracellular sodium con-
centrations fall from ~ 150 to ~ 140 mM and extracellu-
lar calcium concentrations fall from 1,200 to 1,000 µM. 

In contrast, during SDs the extracellular sodium con-
centration reaches as low as ~ 60 mM and the extracel-
lular calcium concentration reaches a nadir of 80  µM 
[40]. The extracellular glutamate concentration during 
seizures increases from ~ 2 to ~ 4  µM [41], but during 
SDs, glutamate concentrations increase to 100 µM [42]. 
These changes result in an estimated free energy release 
of ~ 3  J/L during seizures compared with ~ 22  J/L dur-
ing SD [20]. The neurophysiologic manifestation of 
these changes, the negative DC potential shift, reflects 

Fig. 6 Case example of the variability in temporal relationship between seizures and spreading depolarizations. A 61-year-old woman presented 
following non-penetrating traumatic brain injury with subdural hemorrhage and associated midline shift requiring operative evacuation. The leg-
end at the top shows the bipolar ECoG channels displayed (ECoG 1–2 [red], ECoG 2–3 [blue]) and the time course of the patient recording. During 
the first day post-trauma, regular clusters of spreading depolarizations (SDs) began to occur, at times on an electrically silent background (isoelectric 
SDs). During the following 24-h period, clusters of SDs became regular and tightly coupled with seizures which occurred within the same bipolar 
channels. a Over the course of two hours, variable relationships can be seen between SDs (top two traces; near-DC low-pass 0.1 Hz and high-pass 
0.01 Hz; black arrows) and seizures (bottom two traces; AC bandpass 1-30 Hz). Some seizures occur during recovery of high-frequency activity (red 
arrowheads), some appear linked with the slow potential change (dashed box, B inset), and some begin during the depression period following 
SD (blue arrowhead). b Evolving ictal activity was observed on several occasions in conjunction with the slow potential change associated with 
spreading depolarization (top two traces; full-band low-pass 30 Hz and high-pass 0.01 Hz). As the depolarization is completed in this example, 
the seizure resolved with a superimposed, spindle-shaped pulse artifact which can be seen in the high-frequency traces (bottom two traces; AC 
bandpass 1-30 Hz). c One seizure began prior to the depolarizing wave, which appeared to modulate the overall amplitude of the underlying ictal 
activity. Subsequently, the amplitude of the seizure increased gradually throughout the depression period. The seizure resolved prior to the gradual 
emergence of interictal high-frequency activity. d, In some cases, seizures occurred during a period of relative electrical inactivity. In this example, 
an isoelectric SD is seen followed by evolving ictal activity
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this with a shift in voltage of 0.6 mV (IQR 0.2-–0.9 mV) 
during seizures compared with 8.4  mV (IQR 6.2–
10.9  mV) during SDs [43]. This distinction is critical 
insofar as levels of intraneuronal calcium function as 
a central second messenger in myriad subcellular sys-
tems, including programmed cell death: intraneuronal 
calcium concentrations increase from ~ 60 to ~ 130 nM 
during seizures but to at least 25  µM during SDs [40, 
44–46].

Yet both seizures and SDs are precipitated by direct 
cortical injury, hypoxia, or ischemia. SDs have been 
shown at times to be triggered by seizures [16–20], and 
some have described a temporary interruption of the epi-
leptic activity that may then result [19]. This was recently 
interpreted as a fundamental antiseizure function of SDs, 
which block or modulate the spread of focal seizures 
[21]. Our data suggest that SDs occur frequently before 
ECoG-detected seizures and that SDs may be followed by 

Fig. 7 Case example of status epilepticus in association with electrographic worsening. A 65-year-old man presented following non-penetrating 
traumatic brain injury with subdural hemorrhage and associated midline shift requiring operative evacuation. In the legend at the top is a repre-
sentation of the bipolar ECoG channels displayed (ECoG 1–2 [red], ECoG 2–3 [blue], ECoG 3–4 [green], ECoG 4–5 [pink] and ECoG 5–6 [purple]) and 
the time course of the patient recording. a Starting shortly after the monitoring period began on post-trauma day 1, there were recurrent seizures 
(Seizures) every 3–4 min across ECoG 1–2, 2–3, and 3–4 with variable spread every third Seizures into ECoG 4–5 and ECoG 5–6. b High-frequency 
ECoG activity is shown from the beginning of the recording period and exhibits an admixture of delta frequencies with frequent sharply-configured 
waveforms and intermittent superimposed faster frequency activity. c, By the end of the recording, the ECoG high-frequency activity is largely 
suppressed in ECoG 1–2 and ECoG 2–3, whereas channels in which there was lesser Seizures burden (ECoG 4–5 and ECoG 5–6), an attenuated delta 
pattern remains. An ictal-interictal periodic pattern is seen in ECoG 3–4 between these two channel groups. For all figures, standard AC traces are 
shown using a low-pass filter at 1 Hz and a high-pass filter at 30 Hz

Table 3 Multivariable regression model for  improve-
ment in  neurological examination results by  end of  ECoG 
recording

a Reference: no SDs

Factor Odds ratio (95% CI) p value

Age 0.98 (0.69–1.00) 0.10

Motor GCS score 0.80 (0.63–1.01) 0.07

Pupillary examination

 Neither reactive 0.17 (0.02–0.74) 0.04

 One reactive 0.56 (0.10–2.31) 0.45

Spreading  depolarizationsa

 Sporadic CSDs 1.46 (0.53–4.01) 0.47

 Clustered or isoelectric SDs 0.31 (0.10–0.86) 0.03

Seizures

 Seizures (ECoG only) 0.21 (0.05–0.66) 0.02

 Seizures (ECoG or scalp) 0.19 (0.05–0.57) 0.01

 Daily seizure burden (min) 0.99 (0.98–1.00) 0.32
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or even replaced by ECoG-detected seizures, as shown in 
Figs. 1a and 4.

GABA inhibitory tone is involved in both seizures 
and SDs [13–15, 47] but does not necessarily affect 
both similarly. SDs may selectively delay the recov-
ery of GABAergic inhibitory interneurons after injury 
[14], and while GABA is released during SDs, the 
influx of chloride ions and water [40, 48, 49] could 
also reduce overall GABA currents [15]. The sodium 
channel NaV1.1 is primarily expressed along inhibi-
tory interneurons. Gain-of-function mutations in this 
channel lead to familial hemiplegic migraine (type 
III) and provide a Mendelian model of SDs. Recently, 
these mutations were found to impair inactivation 
of the channel [50], which should lead to an increase 
in the inhibition of the network. In contrast, loss-of-
function mutations have been associated with epilepsy 
syndromes, such as Dravet syndrome (a pharmacore-
sistant developmental and epileptic encephalopathy) 
and genetic epilepsy with febrile seizures plus [51, 52]. 

Interactions between SD and GABA-related inhibitory 
tone may be involved in the experimental observation 
that paroxysmal depolarizing shifts, the sine qua non of 
ictal activity, begin to occur approximately 10–20 min 
after an SD [15].

Another link reflects the association between sei-
zures, SDs, and the blood–brain barrier. SDs have been 
associated with dysfunction of the blood–brain barrier 
[53, 54], development of cerebral edema [55–57], and 
inflammation [58], all of which have also been implicated 
in the development of seizures [59]. The spectrum of 
hemodynamic responses to both seizures and SDs from 
hyperemia to ischemia may mirror the integrity of the 
blood–brain barrier after injury [60] and further con-
tribute to lesion development. In one clinical study, acute 
and subacute SDs after cortical injury were associated 
with the development of blood–brain barrier dysfunction 
and a higher risk of developing postinjury epilepsy [14]. 
Interestingly, during epileptogenesis, the long-term plas-
tic process that leads to epilepsy, the propensity for SDs 

Table 4 Multivariable regression models for 6-month Glasgow Outcome Scale-Extended

SD, spreading depolarization
a Reference: no SDs
b Reference: no or sporadic SDs without seizures

Proportional odds ratio (95% CI) p value

Core model + SD/seizures

 Age 1.06 (1.04–1.08)  < 0.001

 Motor GCS score 0.92 (0.77–1.10) 0.39

 Pupillary examination

 Neither reactive 3.79 (1.43–10.60) 0.01

 One reactive 1.90 (0.66–5.70) 0.24

SDsa

 Sporadic SDs 1.31 (0.59–2.97) 0.51

 Clustered or isoelectric SDs 2.47 (1.21–5.10) 0.01

Seizures

 Seizures (ECoG only) 1.15 (0.56–2.34) 0.71

 Seizures (ECoG or scalp) 1.26 (0.65–2.45) 0.50

 Daily seizure burden (min) 1.00 (1.00–1.01) 0.26

Core model + relationships between ECoG SD/seizures

 Age 1.06 (1.04–1.08)  < 0.001

 Motor GCS score 0.91 (0.76–1.09) 0.31

 Pupillary examination

 Neither reactive 3.28 (1.22–9.23) 0.02

 One reactive 1.52 (0.53–4.59) 0.44

ECoG seizures and relationships with  SDsb

 Sporadic seizures with no or sporadic SDs only 0.16 (0.03–0.72) 0.02

 Temporally linked frequent repetitive seizures with clustered or isoelectric SDs 0.34 (0.07–1.44) 0.15

 Clustered or isoelectric SDs without seizures 2.54 (1.10–6.00) 0.03

 Status epilepticus 2.57 (0.83–8.70) 0.11

 Seizures leading to or between clustered or isoelectric SDs 6.11 (1.89–21.53) 0.003
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appears to decrease despite an increase in the propensity 
for spontaneous seizures [19, 61, 62].

Computational models suggest that seizures and SDs 
occur as part of a “dynamical continuum of the neu-
ronal membrane potential, ion concentrations, metabolic 
energy, and volume” [57]. In the setting of hypoxia, there 
is a fusion of the dynamics that mediate the occurrence 
of SDs and seizures [63]. In addition, cellular swelling, 
which occurs commonly after brain trauma, and changes 
in glial  [K+] buffering capacity or impaired  [K+] diffu-
sion give rise to transition points in which the tissue may 
exhibit seizures or SDs [57]. Given the spatiotemporal 
heterogeneity of hypoxic and ischemic injury following 
TBI [64], our findings of variably temporally associated 
ECoG-detected seizures and SDs may reflect the aggre-
gate balance of oxygen delivery and use, cerebral edema, 
and extracellular  [K+] clearance in heterogeneously 
injured tissue.

Limitations to this study include its generalizabil-
ity to the broader TBI population because we focused 
on patients with severe TBI requiring neurosurgery, 
for whom consent to undergo ECoG monitoring was 
obtained. Additionally, there were challenges in record-
ing quality, including noise and artifacts encountered 
with ECoG in the intensive care unit environment, which 
impacted the total available data per patient and caused 
exclusion of some patients entirely. ECoG data were 
acquired and analyzed using a near-DC bipolar con-
figuration, which might have precluded a more nuanced 
analysis of the channel-by-channel relationship between 
SDs and ECoG-detected seizures that could be facilitated 
with monopolar full-band DC recordings that are now 
available [65], and inherent variability occurred in the 
placement of subdural electrode strips across noncon-
tiguous gyri or sulci, further limiting more direct study 
of the causal relationship between the two phenomena. 
Although we used available standards in terminology 
both for SDs and seizure scoring and characterization, 
interrater disagreement remains possible within ECoG 
data, and scalp EEG findings were also subject to the 
interpretation of clinical reviewers. Finally, decisions 
regarding removal of ECoG strip electrodes were made 
by clinical teams which may have biased our findings 
regarding motor GCS at the end of the recording period.

In summary, we found that seizures are half as common 
as SDs in patients with severe TBI requiring neurosur-
gery undergoing ECoG monitoring but that their detec-
tion has important implications. We noted that scalp 
EEG missed nearly half of seizures seen on simultaneous 
ECoG recording and that, furthermore, seizures would 
have been missed in up to 20% of patients on the basis of 
standard clinical care alone. In our study, evidence linked 
ECoG-detected seizures with worsening electrographic 

activity and decreased odds for clinical motor recovery, 
independent of the occurrence of SDs. We confirmed 
the long-held observation that seizures and SDs are 
related and, in fact, found that they commonly co-occur, 
often with a close temporal relationship. Although nei-
ther ECoG- nor scalp EEG-detected seizures had an 
independent association with 6-month functional out-
come, patterns of temporal interactions between ECoG-
detected seizures and SDs modified prognostic estimates. 
We conclude that seizures and SDs are interrelated and 
may operate in synergy along a dynamic continuum of 
factors critical to the development of secondary brain 
injury in metabolically vulnerable injured tissue and that 
ECoG provides information integral to the clinical man-
agement of patients with TBI.
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