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Abstract 

Background: Spreading depolarizations (SDs) are associated with worse outcome following subarachnoid hemor-
rhage (SAH) and traumatic brain injury (TBI), but gold standard detection requires electrocorticography with a sub-
dural strip electrode. Electroencephalography (EEG) ictal–interictal continuum abnormalities are associated with poor 
outcomes after TBI and with both delayed cerebral ischemia (DCI) and poor outcomes after SAH. We examined rates 
of SD detection in patients with SAH and TBI with intraparenchymal and subdural strip electrodes and assessed which 
continuous EEG (cEEG) measures were associated with intracranially quantified SDs.

Methods: In this single-center cohort, we included patients with SAH and TBI undergoing ≥ 24 h of interpretable 
intracranial monitoring via eight-contact intraparenchymal or six-contact subdural strip platinum electrodes or both. 
SDs were rated according to established consensus criteria and compared with cEEG findings rated according to the 
American Clinical Neurophysiology Society critical care EEG monitoring consensus criteria: lateralized rhythmic delta 
activity, generalized rhythmic delta activity, lateralized periodic discharges, generalized periodic discharges, any ictal–
interictal continuum, or a composite scalp EEG tool for seizure risk estimation: the 2HELPS2B score. Among patients 
with SAH, cEEG was assessed for validated DCI biomarkers: new or worsening epileptiform abnormalities and new 
background deterioration.

Results: Over 6 years, SDs were recorded in 5 (18%) of 28 patients recorded with intraparenchymal electrodes and 
4 (40%) of 10 patients recorded with subdural strip electrodes. There was no significant association between occur-
rence of SDs and day 1 cEEG findings (American Clinical Neurophysiology Society main terms lateralized periodic 
discharges, generalized periodic discharges, lateralized rhythmic delta activity, or seizures, individually or in combina-
tion). After SAH, established cEEG DCI predictors were not associated with SDs.
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Introduction
Spreading depolarizations (SDs) are associated with poor 
clinical outcomes in patients with subarachnoid hemor-
rhage (SAH) and traumatic brain injury (TBI) [1], and 
SDs may be a contributing factor for in-hospital dete-
rioration after TBI and SAH, the latter in the form of 
delayed cerebral ischemia (DCI) [2–7]. Additionally, SDs 
have been explored as a potential target for novel thera-
peutic approaches to improve clinical outcomes in these 
patients [8–11].

A barrier to implementing SD-guided therapy is the 
requirement of invasive neuromonitoring, such as elec-
trocorticography (ECoG), historically requiring subdural 
strip electrode placement for gold standard recordings. 
Implementation of invasive neuromonitoring in the care 
of patients with SAH and TBI remains a challenge given 
a decreasing trend of craniotomy after SAH and TBI in 
SAH management [12, 13]. Therefore, a noninvasive SD 
detection method would enable SD monitoring and man-
agement at scale.

SDs have been detected via intraparenchymal depth 
electrodes inserted through a burr hole or intracranial 
bolt [14]. Additionally, continuous electroencephalogra-
phy (cEEG) represents a potential tool for noninvasive 
SD recording. New or worsening epileptiform abnormal-
ities (EAs) and cEEG background activity deterioration 
(BD) have both been validated as predictors of DCI after 
SAH [15]. Periodic discharges on the ictal–interictal con-
tinuum have also been found to be associated with focal 
hypermetabolism and increased cerebral blood flow [16, 
17]. This increased risk for DCI may partly be due hyper-
metabolism, which in turn could trigger, or be triggered 
by, the initiation of SDs [18].

We accordingly sought to evaluate the frequency of SD 
detection when ECoG was recorded with either a sub-
dural strip electrode array implanted during a clinical 
craniotomy or recorded using a minimally invasive intra-
parenchymal electrode inserted through a cranial bolt as 
part of clinical multimodal monitoring. We additionally 
sought to examine whether cEEG features documented 
by clinical neurophysiologists reviewing scalp cEEG 
monitoring were associated with the detection of SDs 
recorded on ECoG.

Methods
Study Design
In this prospective single-center study, we included 
patients admitted for aneurysmal SAH (aSAH) or TBI 
from May 2014 to May 2020 and who underwent ECoG 
following informed consent either as part of an institu-
tional-review-board-approved protocol or as standard 
of care. Inclusion criteria were (1) TBI with a Glasgow 
Coma Scale (GCS) score of 3–8, (2) admission to the 
neurocritical care unit, and (3) age > 18 years old. Exclu-
sion criteria were (1) severe coagulopathy preventing 
neuromonitoring and (2) comfort measures status.

ECoG monitoring consisted of an eight-contact intra-
parenchymal electrode inserted through a cranial bolt 
placed for multimodality monitoring, a subdural strip 
electrode implanted in the region of injury at the time of 
craniotomy, or both. Patients were all monitored in the 
neurosciences intensive care unit.

Data Acquisition
Multimodality monitoring included the clinical inter-
pretation of ECoG as well as scalp EEG in all patients 
according to the institutional clinical guideline, which 
recommended cEEG monitoring for all patients with 
SAH with either high clinical grade (Hunt and Hess grade 
4–5) or high radiologic grade (modified Fisher Scale 
score of 3–4) and ECoG in patients with coma.

Intraparenchymal electrodes implanted were eight-
contact arrays (Depthalon, PMT Corp., Chanhassen, 
MN; or Ad-Tech, Racine, WI) placed through a multi-
modality bolt. Subdural electrodes implanted were linear 
six-contact (platinum) electrocorticography recording 
strips (Ad-Tech Medical, Cortac, or PMT Corp.) placed 
on cortex accessible through during a clinically per-
formed craniotomy, as previously described [19]. ECoG 
recordings were acquired using a direct current (DC) 
or near-DC amplifier (Moberg ICU Solutions, Ambler, 
PA) as described below. ECoG was terminated, and the 
recording devices used were removed at the bedside 
by gentle traction when invasive neuromonitoring was 
no longer clinically required. All cEEG recordings were 
acquired using 21 electrodes applied according to the 
standard international 10–20 system in addition to the 
recorded ECoG channels.

Conclusions: Intraparenchymal recordings yielded low rates of SD, and documented SDs were not associated with 
ictal–interictal continuum abnormalities or other cEEG DCI predictors. Identifying scalp EEG correlates of SD may 
require training computational EEG analytics and use of gold standard subdural strip electrocorticography recordings.

Keywords: Cortical spreading depolarization, Continuous electroencephalography, Delayed cerebral ischemia, 
Subarachnoid hemorrhage, Traumatic brain injury, Seizures, Ictal–interictal continuum
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ECoG Review for SD
ECoG was reviewed on bipolar and reference recordings 
of superimposed high-pass (0.5–30  Hz) and low-pass 
(0.005–0.5  Hz) montages using the Component  Neu-
romonitoring System Reader software (Moberg, Ambler, 
PA). An SD was defined as the combination of slow 
potential change that corresponds to a negative slow 
voltage deflection and simultaneous transient suppres-
sion of faster activities in at least two adjacent channels 
[19, 20]. SD events were rated by consensus through 
visual inspection of the ECoG recordings among four 
readers (SS, ST, DYC, and ESR) according to established 
consensus criteria [19]. The peak number of SDs per 24 h 
of recording and peak SD days were also calculated fol-
lowing  recommendations by the  Co-Operative Studies 
on Brain Injury Depolarizations (COSBID) [19].

Evaluation of Scalp EEG
Two neurologists, including at least one board-certified 
in epilepsy or clinical neurophysiology, reviewed the raw 
EEG data and ECoG data prospectively as part of clini-
cal practice [21] and generated twice-daily reports. Scalp 
cEEG was secondarily adjudicated by an additional epi-
leptologist with expertise in critical care EEG monitoring 
(ESR) according to main terms of the American Clini-
cal Neurophysiology Society critical care EEG monitor-
ing consensus criteria, including lateralized rhythmic 
delta activity (LRDA), generalized rhythmic delta activ-
ity, lateralized periodic discharges (LPDs), and general-
ized periodic discharges (GPDs) [22]. Scalp cEEG was 
scored for the presence of findings validated as predictive 
of DCI: new or worsening EAs and new BD [23]. New 
EAs were defined as worsening in frequency, prevalence, 
spatial extent, or epileptiform morphology of sporadic 
epileptiform discharges, LRDA, LPDs, or GPDs, which 
were individually scored [15, 22]. New BD was defined 
as decreasing alpha delta ratio, relative alpha variabil-
ity, or worsening focal slowing [15, 23]. A seizure risk 
stratification criterion, 2HELPS2B [24], which has been 
validated for use in acute brain injury [25], was scored 
through the review of clinical variables and the above-
mentioned electrographic features as present on the ini-
tial 30–60 min of scalp EEG.

DCI Adjudication in Patients with SAH
The presence of DCI was established using an interna-
tional consensus definition [26] as follows: (1) new focal 
neurologic deficits and/or a decrease in the GCS score of 
at least two points persisting for a minimum of 1 h and 
not explained by other causes by means of clinical assess-
ment, imaging, or laboratory data or (2) cerebral infarc-
tion on computed tomography or magnetic resonance 

imaging of the brain that was not present on any neuro-
imaging done within the first 48 h following early aneu-
rysm occlusion and not attributable to other causes, such 
as surgical clipping or endovascular treatment, a GCS 
score drop > 2 points, and radiological criteria. Radio-
logic infarcts attributed to DCI were confirmed by serial 
computed tomography/magnetic resonance imaging 
performed per institutional guidelines for clinical dete-
rioration [21, 23], and this was verified by independent 
adjudicated medical record review by a reviewer blinded 
to cEEG findings (ESR).

Statistical Analysis
Because the sample size was determined only by the 
availability of data, the analyses were not statistically 
powered to address specific hypotheses. The statistical 
tests were performed using JMP Pro 15.0 software (SAS 
Institute, Inc., Cary, NC). Nonparametric statistical tests 
were used because measures of SDs/day burden, scalp 
EEG ictal–interictal continuum abnormalities, and DCI 
deviated significantly from normal distributions. Mann–
Whitney U-tests were used for comparison of two inde-
pendent samples. Fisher’s exact test was used to compare 
proportions with expected counts less than five. Data 
are reported as raw numbers (percentages) or medians 
(interquartile ranges), and P < 0.05 was accepted as statis-
tically significant.

Results
From May 2014 to May 2020, there were 37 patients 
who met eligibility criteria of interpretable ECoG 
and EEG recordings of at least 24  h duration (Fig.  1). 
Twenty patients with SAH and 17 patients with TBI 
underwent intracranial EEG over this period. Of the 
20 patients with SAH undergoing intracranial EEG, 
19 (60%) were recorded over a  27-month  period, of the 
33 patients with SAH who  presented with high clini-
cal grade (Hunt and Hess grade 4–5)  during that time 
period. An additional patient recorded during an earlier 
pilot phase was also included. Of 17 patients with TBI 
recorded with intracranial EEG, 15 (13%) were recorded 
over a  27-month  period, of the 112 patients with TBI 
who presented with a GCS score ≤ 8. Two patients were 
excluded because of uninterpretable recordings. Among 
the remaining 35 patients suitable for analysis (20 with 
spontaneous aSAH and 15 with TBI), 4460  h of ECoG 
recordings were reviewed in total from the 35 patients. 
The median ECoG recording duration per patient (hours) 
was 120 (72–164). A total of 125 SD events were identi-
fied, occurring in 6 of 35 patients. The total numbers of 
SDs in each 24-h period were normalized to the valid 
recording durations for the corresponding 24-h periods 
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to give the number of SDs per day. The maximal value for 
all 24-h periods was the peak SDs per day, which was 7 
(3.5–14.75). No patients had a hemorrhagic or infectious 
complication of ECoG neuromonitoring.

Overall, SDs were identified in 4 of 10 (40%) patients 
with a subdural strip recording and 5 of 29 (17.74%) 
with an intraparenchymal recording. (Fig.  1). Among 
patients with aSAH (Table 1), SDs were identified in 5 
of 20 (25%) patients, specifically 3 of 5 (60%) with a sub-
dural strip and 5 of 18 (27.77%) with an intraparenchy-
mal electrode. Among patients with TBI (Table 2), SDs 
were identified in 0 of 10 patients with intraparenchy-
mal electrodes and 1 of 5 patients (20%) with a subdural 
strip recording. Of four patients monitored with both 
strip and intraparenchymal electrodes (3 SAH, 1 TBI), 
SDs were detected independently by the subdural strip 
and intraparenchymal electrodes when the recording 
devices used were collocated. One patient (with SAH) 
had bilateral recordings (subdural strip electrode, left 

temporal; intraparenchymal electrode, right frontal), 
and in this patient, SDs were detected by the subdural 
strip electrode alone, although there was no collocated 
intraparenchymal electrode (Fig. 2).

There was no significant association between occur-
rence of SDs and day 1 American Clinical Neurophysiol-
ogy Society scalp cEEG main terms (LPDs, GPDs, LRDA, 
or seizure activity, individually or in combination, and the 
composite 2HELPS2B score) or an association with these 
terms for the entire monitoring duration (Table 3). This 
association was not examined individually for patients 
with TBI because of the low rate of SDs in this cohort 
primarily monitored with intraparenchymal electrodes.

Four of the five patients with aSAH with SDs had a 
peak SD incidence 1–2  days from the time of ruptured 
aneurysms, of whom two experienced in-hospital mor-
tality. SD events preceded scalp EEG biomarkers of 
DCI, as well as  DCI itself,  in four of five patients with 
SDs (Fig. 3). Peak SD events occurred concurrently with 

Fig. 1 CONSORT diagram demonstrating the performance of continuous electroencephalography (cEEG), modality of electrocorticography (ECoG), 
and detection of spreading depolarizations (SDs) in patients with subarachnoid hemorrhage (SAH) and traumatic brain injury (TBI). ICU intensive 
care unit
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scalp EEG events in one patient. This patient also had 
an increased number of SD events and experienced in-
hospital mortality. Among patients with aSAH, DCI 
occurred in all patients with SDs, with no significant dif-
ference in mortality rates in patients without DCI. Vali-
dated cEEG biomarkers of post-SAH ischemia (new or 
worsening EAs and new BD) were common in patients 
who developed DCI (Fig.  3). New or worsening EAs 
occurred in three of five (60%) patients with aSAH with 
SDs, new BD occurred in four of five (80%) patients with 
aSAH with SDs, and two of five (40%) patients with aSAH 
with SDs had both. No SDs were seen in the absence of 
new or worsening EAs and BDs, However, among all 20 
patients with aSAH, the rate of new or worsening EAs 
was 65% and the rate of new BD was 70%, such that the 
crude sensitivity and specificity of new or worsening EAs 
for DCI were 83% and 43%, respectively, and the positive 
predictive value and negative predictive value were 77% 
and 42%, respectively. The crude sensitivity and specific-
ity of new or worsening BD for DCI were 92% and 50%, 
respectively, and the positive predictive value and nega-
tive predictive value were 81% and 93%, respectively. A 
limited sample size did not allow for predictive modeling 
on whether presence of SD can portend DCI. Results of 
one-tailed binomial tests on the association of SD/ictal–
interictal continuum abnormalities and DCI were not 
statistically significant.

Discussion
In this single-center prospective study of ECoG in coma-
tose patients with aSAH and TBI, when either intra-
parenchymal electrodes, subdural strip electrodes, or 

both, depending on the required neurosurgical manage-
ment, were used, there was an overall decreased rate of 
SD detection with intraparenchymal electrodes (18%) 
compared with strip electrodes (40%). The need for crani-
otomy may represent a confounding by indication, which 
may require further exploration as to whether minimally 
invasive ECoG suffers low rates of SD detection because 
of monitoring methodology or patient severity or as a 
result of the craniotomy itself.

Regardless, these rates from using primarily intra-
parenchymal recording of ECoG in a comatose popula-
tion represent lower rates of SD detection than studies in 
the past, which reported rates of around 70% and 60% in 
SAH and TBI, respectively [1, 5, 8, 27, 28].

The greater cortical surface coverage likely gives sub-
dural strip electrodes a theoretical advantage over the 
intraparenchymal electrodes in detecting SDs [14]. Addi-
tionally, an intraparenchymal electrode may spatially 
undersample the SD detection particularly in patients 
with localized injuries. Another limitation is that elec-
trodes were not always placed near the location of the 
aneurysm rupture. For example, there were two instances 
of right-sided aneurysms with left-sided probe placement 
and three instances of posterior circulation aneurysm 
rupture with a frontal probe placement. This may have 
decreased the effective sensitivity of SD detection. Simi-
larly in patients with TBI, low overall rates of strip elec-
trode placements and effects of antiseizure medications, 
which were not accounted for, might have impacted our 
rates of SD detection. We were able, however, to examine 
several established biomarkers in the SAH cohort.

Acknowledging a low SD detection rate, we did not 
find an association between clinical scalp cEEG measures 

Fig. 2 Example of spreading depolarization recording from a subdural strip electrode. a, Head computed tomography (CT) scout confirming 
placement of intracranial subdural strip in the left temporal position and intraparenchymal electrode in the right frontal position. b, Cortical spread-
ing depolarizations with corresponding spreading depressions detected on intracranial subdural strip electrode acquired from the same patient 
with the previously described CT scout. This review was conducted on bipolar recording of superimposed high-pass (0.5–30 Hz) and low-pass 
(0.005–0.5 Hz) montages using the CNS Reader software. Spreading depression is observed as an abrupt large negative DC shift in ECoG recordings, 
with a sequential shift noted in adjacent electrodes from spread to surrounding electrically active sites. ECoG electrocorticography
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and the occurrence of SD in this setting. Acknowledging 
limitations of spatial sampling, we noted absence of LPDs 
and occurrences of generalized rhythmic delta activity, 
GPDs, and LRDA in patients who had SDs in this cohort 
(Table  3). Scalp cEEG abnormalities following aSAH 
known to predict DCI were again demonstrated to pre-
dict DCI in this cohort but were sensitive and not specific 
for SDs.

Scalp ictal–interictal continuum abnormalities have been 
found to increase the risk of DCI, in particular when they 
occur within days after the SAH [23], and cEEG periodic 
discharges have also been found to be associated with 
focal hypermetabolism and increased cerebral blood flow, 
a pathogenic mechanism also associated with the develop-
ment of SDs [16, 17]. The frequency of scalp periodic dis-
charges has been found to be increased in patients with 
DCI. SDs have also been thought to trigger epileptiform 
discharges in the past [29]. The use of EEG measures as a 
surrogate to monitoring for SDs has potential for better 
risk stratification of poor outcomes through monitoring for 
both onset and progression of secondary brain injury.

We acknowledge that our rate of event detections was 
likely underpowered to detect a small difference in these 
findings. To be useful, a classifier would additionally need 
to differentiate patients at an early point when treatment 
is still meaningful, and we did not find any direct associa-
tion between EAs and a seizure risk stratifying criterion 
(2HELPS2B score) documented in the first hour of EEG 
monitoring.

DCI in this study always occurred when SDs were pre-
sent but also occurred when SDs were absent, and in these 
situations, scalp cEEG biomarkers of post-SAH DCI were 
evident in advance of DCI. Given the only partial overlap of 
SDs and cEEG biomarkers of DCI, we interpret that either 
there are multiple pathways to DCI or, alternatively, that 
SDs are not always detected by intraparenchymal and sub-
dural strip electrodes. A few studies have explored the use 
of scalp EEG correlates for noninvasive detection of SDs 
[30]. These are currently insufficient when used alone to 
reliably detect SDs. The automated EEG-based algorithms 
for SD detection have been explored and are currently not 
primed for clinical use [31].

Although these clinically defined scalp cEEG measures 
were not associated with SD events or quantity, it is pos-
sible that nonobvious scalp cEEG measures may be associ-
ated with patients with SDs or with SD events themselves. 

Table 3 Odds of  SD detection for  EEG ictal–interictal 
abnormalities

BD background activity deterioration, CI confidence interval, EA epileptiform 
abnormality, GPD generalized periodic discharge, GRDA generalized rhythmic 
delta activity, LPD lateralized periodic discharges, LRDA lateralized rhythmic 
delta activity, SAH subarachnoid hemorrhage, SD spreading depolarization, TBI 
traumatic brain injury

No SD present 
during record-
ing

SD present 
dur-
ing recording

Odds ratio (CI)

15/20 (75%) 5/20 (25%)

First day of monitoring, SAH patients

 LRDA 1 (6.66%) 1 (20%) 3.5 (0.17–69)

 GRDA 6 (40%) 1 (20%) 0.38 (0.03–4.2)

 LPD 1 (6.66%) 0 (0%) 0

 GPD 2 (13.33%) 1 (20%) 1.6 (0.11–23)

 LRDA or LPD 2 (13.33%) 1 (20%) 1.5 (0.11–21)

 GPD or LPD 4 (26.66%) 1 (20%) 0.69 (0.05–8.1)

 LRDA, LPD or 
GPD

4 (26.66%) 2 (40%) 1.7 (0.19–14)

Entire monitoring duration, SAH patients

 LRDA 2 (13.33%) 1 (20%) 1.6 (0.11–23)

 GRDA 5 (33.33%) 2 (40%) 1.3 (0.17–11)

 LPD 2 (13.33%) 0 (0%) 0

 LRDA 2 (13.33%) 1 (20%) 1.6 (0.11–23)

 GPD 4 (26.66%) 1 (20%) 0.69 (0.05–8.1)

 LRDA or LPD 4 (26.66%) 1 (20%) 0.63 (0.05–7.5)

 GPD or LPD 6 (40%) 1 (20%) 0.29 (0.02–3.2)

 LRDA, LPD or 
GPD

8 (53.33%) 2 (40%) 0.67 (0.08–5.3)

  New/ worsen-
ing EA

10 (76.92%) 3 (23.08%) 0.75 (0.09–6.04)

  New/ worsen-
ing BD

9 (69.23%) 4 (30.77%) 2.67 (0.23–30.06)

Entire monitoring duration, SAH and TBI patients. 29/35 (83%) 6/35 
(17%)

 LRDA 4 (11.4%) 1 (2.9%) 1.3 (0.11–14)

 GRDA 6 (17.1%) 2 (5.7%) 1.9 (0.28–13)

 LPD 3 (8.6%) 0 (0%) 0

 GPD 6 (17.1%) 1 (2.9%) 0.77 (0.07–7.9)

 LRDA or LPD 6 (17.1%) 1 (2.9%) 0.77 (0.07–7.9)

 GPD or LPD 10 (28.6%) 1 (2.9%) 0.38 (0.04–3.7)

 LRDA, LPD or 
GPD

12 (34.3%) 2 (5.7%) 0.71 (0.11–4.5)

(See figure on next page.)
Fig. 3 Events detected by electrocorticography and electroencephalography following subarachnoid hemorrhage (SAH). a, Timeline of Scalp elec-
troencephalography (EEG) events, monitoring duration, and clinical events in patients with SAH. All patients with spreading depressions (SDs) had 
delayed cerebral ischemia (DCI). Temporal alignment of SDs and DCI with use of collocated devices are demonstrated. In the absence of SDs, scalp 
EEG change patterns were associated with DCI. b, Early clusters of SDs preceded DCI. BD background activity deterioration, iEEG xxx, IICA ictal–inter-
ictal continuum abnormality
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Additionally, going forward, there is sufficient evidence to 
recommend intraparenchymal depth electrode placement 
in standard positioning for the purpose of SD detection, 
and further studies examining scalp EEG associations with 
SD would need to be performed in patients with subdural 
strip electrodes or equivalent. Noninvasive approaches to 
predict which patient will have SDs or to monitor for SD 
events themselves will enable more widespread practice 
of SD monitoring and differentiation between other ictal 
and inter-ictal phenomena to guide future neuroprotective 
therapy in patients with SAH and TBI.

Conclusions
In this small single-center study in which monitoring 
methodology was likely influenced by indication, intra-
parenchymal electrodes experienced an overall low rate 
of SD detection. Additionally, there was no significant 
association between noninvasive cEEG measures and 
cortical SDs. It is uncertain whether cEEG biomark-
ers of post-SAH DCI represent a contributor to DCI 
independent of SDs or whether clinically interpreted 
scalp EEG is insufficient to detect SD. Further studies 
examining EEG correlates of SD may benefit from com-
putational approaches with composite and quantitative 
features conducted in populations of suitable sample 
size.
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