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Objective: Continuous electroencephalography (EEG) is used in patients with neurological injury to detect electrographic
seizures and clinically important changes in brain function. Scalp EEG has poor spatial resolution, is often contaminated by
artifact, and frequently demonstrates activity that is suspicious for but not diagnostic of ictal activity. We hypothesized that
bedside placement of an intracortical multicontact electrode would allow for improved monitoring of cortical potentials in
critically ill neurological patients.
Methods: Sixteen individuals with brain injury, requiring invasive neuromonitoring, underwent implantation of an eight-
contact minidepth electrode.
Results: Intracortical EEG (ICE) was successfully performed and compared with scalp EEG in 14 of these 16 individuals. ICE
provided considerable improvement in signal-to-noise ratio compared with surface EEG, demonstrating clinically important
findings in 12 of 14 patients (86%) including electrographic seizures (n � 10) and acute changes related to secondary neuro-
logical injury (n � 2, 1 ischemia, 1 hemorrhage). In patients with electrographic seizures detected by ICE, scalp EEG demon-
strated no concurrent ictal activity in six, nonictal-appearing rhythmic delta in two, and intermittently correlated ictal activity in
two. In two patients with secondary neurological complications, ICE demonstrated prominent attenuation 2 to 6 hours before
changes in other neuromonitoring modalities and more than 8 hours before the onset of clinical deterioration.
Interpretation: ICE can provide high-fidelity intracranial EEG in an intensive care unit setting, can detect ictal discharges not
readily apparent on scalp EEG, and can identify early changes in brain activity caused by secondary neurological complications.
We predict that ICE will facilitate the development of EEG-based alarm systems and lead to prevention of secondary neuronal
injury.
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Neurophysiological monitoring in patients with acute
brain injury is a field of increasing focus and capability,
providing opportunities for earlier and more appropri-
ate therapeutic intervention in the neurological inten-
sive care unit (ICU). The expanding array of relevant
modalities includes noninvasive (eg, transcranial Dopp-
ler ultrasound, scalp electroencephalography [EEG])
and invasive (eg, brain tissue oxygen, cerebral microdi-
alysis) techniques that monitor either upstream effec-
tors or downstream indicators of neuronal health.1

The potential utility of continuous EEG recording
for individuals with critical neurological injuries has
been supported by studies from several groups demon-
strating frequent nonconvulsive seizures or status epi-
lepticus in this population.2–4 These clinically silent
seizures identify a potentially treatable source of ongo-
ing brain dysfunction and progressive injury. In addi-

tion, EEG has long been known to provide sensitive
and, more importantly, real-time information regard-
ing cerebral blood flow. Intraoperative EEG is widely
used with carotid cross-clamping during endarterec-
tomy to provide immediate information regarding the
necessity for shunt insertion, with well-characterized
slowing and loss of alpha band power defining periods
of critical ischemia.5 Moreover, quantitative EEG
(QEEG) has been shown to provide earlier detection of
delayed ischemia in patients with subarachnoid hemor-
rhage when compared with other modalities.6,7

Despite its potential benefits, use of conventional
scalp electrode-derived EEG has limitations in the ICU
setting. Interpretation of scalp EEG can be hampered
by a poor signal-to-noise ratio, suboptimal long-term
electrode contact with the scalp, interference or artifact
from a wide variety of electrical devices involved with
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ICU care, and patient-related factors (such as myogenic
artifact).8 In comatose patients, failure to detect or
confirm underlying status epilepticus may contribute to
depressed neurological function, secondary neuronal
injury, and eventual poor outcome.6,7 These confound-
ing factors (most notably artifact) have also precluded
the development of practical bedside QEEG-driven
alarm systems that could provide real-time information
regarding ongoing or reversible neurological injury.

We hypothesized that intracortical electroencephalog-
raphy (ICE) would overcome many of the limitations of
EEG derived from scalp electrodes, providing improve-
ments in signal-to-noise ratio, decreased artifact, local-
ized recording from neuronal tissues at risk for ongoing
injury, increased detection of nonconvulsive seizures
when scalp EEG patterns are equivocal, and improved
interpretation of observed changes in cerebral microdi-
alysis. We describe our preliminary experience with the
use of this technique in a series of patients admitted to
our neurological ICU with a variety of neurological in-
juries requiring concurrent insertion of other standard
invasive neurophysiological monitoring devices.

Patients and Methods
Patients
A cohort of patients admitted to the neurological ICU at
Columbia University Medical Center between May 2006
and April 2008, harboring acute brain injuries and requiring
bedside insertion of invasive therapeutic or monitoring de-
vices, were included in the study. No electrodes were im-
planted in patients who did not require implantation of
other invasive neuromonitoring devices. Informed consent
for the insertion of monitoring devices was obtained from
the appropriate proxy for each patient. Retrospective data
analysis was performed under the auspices of the Columbia
University Institutional Review Board. Patients were man-
aged according to standard neurological ICU protocols.

Intracortical Electrode
Commercially available eight-contact Spencer depth elec-
trodes (AD-Tech, Racine, WI) designed for clinical intracra-
nial EEG recording with 2.2mm (center-to-center) intercon-
tact spacing and contact width of 1.32mm (0.9mm spacing
between electrodes) were chosen for use. Because the width
of the cortical mantle is roughly 6 to 8mm, we expected that
this electrode design would allow for recording from three to
four contacts within the gray matter, as well as the position-
ing of several contacts within underlying white matter.

Electrode Localization and Surgical Procedure
Intracortical electrode location was based on individual pa-
tient anatomy and pathology but, where possible, attempts
were made to place the electrode in viable or penumbral tis-
sue at maximal risk of secondary injury. Generally, the re-
sulting cortical insertion site was located within the water-
shed zone between the anterior and middle cerebral artery
vascular territories. In several cases of focal pathology, at-

tempts were made to place devices in a perilesional or pen-
umbral location.

Typically, two adjacent holes were drilled in the parasag-
ittal plane approximately 0.5cm apart. One burr hole was
used for external ventricular drain placement and electrode
insertion; when an external ventricular drain was not indi-
cated, the burr hole was used for the electrode in isolation.
During the latter half of our experience, we utilized real-time
recording from the electrode during insertion to confirm in-
tracortical positioning. Insertion of other monitoring devices,
typically including a Ventrix intracranial pressure (ICP)
monitor (Integra, Plainsboro, NJ), microdialysis catheter
(CMA, Solna, Sweden), and Licox brain tissue oxygen mon-
itor (Integra), was then accomplished through the remaining
burr hole. During our initial experience, the remaining mon-
itoring devices were independently tunneled; this technique
was limited by a lack of consistency and frequent device
movement, so we adopted the use of a triple-lumen bolt de-
vice through the latter half of our experience. After final po-
sitioning of the monitoring devices, the wound was closed,
devices were secured with stay sutures (where applicable),
sterile dressings were applied, and a computed tomographic
scan was performed to confirm device location (Fig 1). A
single intracortical electrode was implanted in the cohort of
patients outlined in this study.

After the insertion of invasive monitoring devices, all pa-
tients had a full set of 21 standard scalp disk electrodes
placed according to the International 10-20 system. In some
patients, this included insertion of sterile subdermal needle
electrodes around the surgical site, because standard surface
electrodes could not be placed in that location.

Safety Monitoring
We specifically determined whether intracranial bleeding or
infarction was associated with device placement on postpro-
cedure scans. All implanted patients were also frequently as-
sessed for evidence of cerebrospinal fluid leakage or infection
associated with intracortical electrode insertion.

Data Acquisition and Analysis
Continuous physiological data from all monitoring devices
were collected using an SQL database (BedMasterEx system;
Excel Medical Electronics, Jupiter, FL). In addition, associated
data from hourly neurological examinations and clinical inter-
ventions (vasoactive medications, sedative drips, among others)
were recorded using a bedside computer chart (Eclypsis, Medi-
notes, Atlanta, GA). EEG was recorded using a digital video
EEG bedside monitoring system (XLTEK, Oakville, Ontario,
Canada) configured with a 200Hz digital sampling rate. Intra-
cortical electrode referencing utilized either contact D1 (the
deepest contact, typically located in white matter), D8 (the
most superficial contact, typically located in the subdural
space), or less commonly, a scalp electrode (typically Pz). Ref-
erential and bipolar montages were always utilized and re-
viewed. The bipolar reference montage is displayed in isolation
in the figures because of space limitations. Recording filters
differed to some extent on a per patient basis; although typical
settings were high frequency filter (HFF) 70Hz, low frequency
filter (LFF) 1Hz, and notch (60Hz filter) off; specific settings
are given in the legends of Figures 2 through 5. QEEG trend-
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ing and analysis were performed using MagicMarker (Persyst,
Prescott, AZ). Individualized QEEG algorithms, including
(but not limited to) density spectral array, total power, and
alpha/delta ratio, were developed for both surface and intra-
cortical electrodes. Recordings were reviewed multiple times
daily with a final written interpretation by a board-certified
electroencephalographer. Recordings were specifically evalu-
ated for electrographic seizures (defined as lasting at least 10
seconds and showing clear evolution in frequency, morphol-
ogy, or location, or consisting of continuous epileptiform dis-
charges reaching 3Hz or faster); periodic epileptiform dis-
charges (PEDs); suppression-burst activity; spontaneous
variability; reactivity to external stimuli; presence of stage II
sleep transients; state changes; and stimulus-induced rhythmic,
periodic, or ictal discharges (also known as SIRPIDs). Com-
plete definitions of these EEG patterns have been described
previously.9

Results
Clinical and Demographic Data
Over 24 months, 16 patients with acute brain injury un-
derwent invasive neurophysiological monitoring includ-
ing ICE. There were 13 women and 3 men ranging in
age from 20 to 82 years (mean, 61 � 19 years). The
cohort included 10 patients with subarachnoid hemor-
rhage, 3 patients with traumatic brain injury, 2 with
deep intracerebral hemorrhage, and 1 with embolic in-
farction (Table 1). Three of these patients had invasive
monitoring devices placed in the operating room during
emergency neurosurgical procedures, with the other 13
undergoing bedside insertion. In patients with well-
lateralized injury (n � 3), monitoring devices were
placed in the ipsilateral hemisphere. The side of inser-
tion was determined based on individual clinical factors
(e.g., planned operative approaches, asymmetry of sub-
arachnoid blood patterns scalp EEG findings) for the re-
mainder of the cohort. In 10 patients, the intracortical
electrode was placed concurrently with and adjacent to
an ICP monitor, Licox monitor, and microdialysis cath-
eter. Ten patients had the electrode inserted on the day
of presentation to our institution; the remaining six un-
derwent delayed insertion of monitoring devices, with an
average intervening time period of 4.3 (�2.4) days. The
duration of monitoring ranged from 3 to 16 days
(mean, 7.7 days). There were no adverse events associ-
ated with device insertion, including hemorrhage, stroke,
infection, or cerebrospinal fluid leakage. One patient
had delayed hemorrhagic conversion of a large ischemic
infarct near the insertion site, believed to be unrelated to
the insertion of monitoring devices. Day 14 Rankin
Scale score and discharge Glasgow Outcome Scale score
for each patient are included in Table 1.

Data Quality
We typically observed intracortical recording from
three to four of the eight electrode contacts. Compar-
ative analysis with concurrently acquired scalp EEG

Fig 1. Radiographic appearance of the intracortical electrode.
(A) Anteroposterior and (B) lateral topograms demonstrating
the typical appearance of the electrode associated with a neuro-
monitoring bolt, inserted in the left frontal region. (C) Axial
computed tomographic image demonstrating the intracortical
position of the electrode.
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Fig 2. Abnormal brain electrical activity undetectable by scalp electroencephalogram (EEG) can be recorded with intracortical elec-
troencephalography (ICE). Selected EEG recordings from three patients comparing traditional scalp EEG with concurrent ICE re-
cordings (boxed in green), demonstrating probable or definite electrographic seizure activity (continuous epileptiform activity at
�2Hz with evolution or fluctuations) within ICE recordings without correlate in the overlying scalp EEG. Reference values (inset,
blue axes) indicate 20mm tracing height and a 1-second interval; values measured in microvolts per millimeter (�V/mm) are listed
next to each channel (differs between intracranial and scalp channels). Filter settings are (A, C) LFF 1Hz, HFF 70Hz, notch off
and (B) LFF 1Hz, HFF off, notch off. (A) A 70-year-old woman with Hunt/Hess grade IV subarachnoid hemorrhage and a right
frontal intracortical electrode. (B) A 74-year-old woman with Hunt/Hess grade III subarachnoid hemorrhage with a left frontal
intracortical electrode. (C) A 73-year-old woman with Hunt/Hess grade III subarachnoid hemorrhage and a left frontal intracorti-
cal electrode, who demonstrated ICE-specific stimulus-induced rhythmic, periodic, or ictal discharges (the pattern shown in the ICE
could be consistently reproduced with alerting stimuli).
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Fig 3. Recordings from intracortical electrodes show occasional scalp correlate and may clarify equivocal scalp electroencephalographic (EEG)
patterns. Tracings from scalp EEG are compared with concurrently recorded EEG from the intracortical electrode (boxed in green). Refer-
ence axes: 20mm tracing height, 1-second time interval. Filter settings are (A, B, D) LFF 1Hz, HFF 70Hz, notch off, and (C) LFF 1Hz,
HFF off, notch 60Hz. (A, B) Recordings from a 70-year-old woman with subarachnoid hemorrhage (SAH) and a right frontal intracorti-
cal electrode. (A) Prominent periodic epileptiform discharges (PEDs) in intracortical electroencephalography (ICE) with corresponding semi-
rhythmic delta activity (not ictal-appearing) in the overlying scalp EEG. (B) Period of evolving seizure activity in the ICE tracing from the
same patient with pseudonormalization (resolution of semirhythmic delta) in the overlying scalp coverage. (C) Recordings from a 76-year-
old woman with intraventricular hemorrhage and a right frontal intracortical electrode, demonstrating prominent periodic epileptiform
discharges at approximately 2Hz in ICE recordings and a vague semirhythmic correlate in the overlying scalp EEG. (D) Compressed re-
cordings from a 38-year-old woman with subarachnoid hemorrhage and a right frontal intracortical electrode; reference x-axis represents a
2-second time interval. An initial period of 2Hz PEDs in the ICE tracing is associated with overlying rhythmic delta in the right hemi-
sphere on scalp EEG. There is a subsequent period of lower voltage faster activity (likely ictal) lasting 11 seconds in the ICE tracings (after
the first dashed line) with pseudonormalization in the overlying scalp EEG (resolution of rhythmic delta). After this probable seizure in
ICE recordings, the original pattern returns (after the second dashed line) with intracranial PEDs and extracranial rhythmic delta.



demonstrated significantly greater signal amplitude,
ranging from twofold to fivefold, using bipolar record-
ings from the intracortical electrode (despite the small
intercontact distance). Potentials of predictably lower
amplitude were recorded from the most distal and
proximal contacts of the electrode because of their po-
sitioning within the underlying white matter and over-
lying subdural spaces, respectively. In several cases, we
noted a shift over time in specific contacts providing
the best data quality (because of presumed small move-
ment of the electrode), and in two of the early patients,

the electrode was inadvertently dislodged during nurs-
ing care or transport for diagnostic studies. This tech-
nical issue was resolved with the incorporation of in-
creased tunneling distance to the scalp exit site and the
number of stay sutures used to secure the electrode.

INTRACORTICAL ELECTRODE RECORDING.

ICE was successfully recorded in all but two of the
implanted patients. The first of these individuals, ad-
mitted with severe traumatic brain injury, entered
barbiturate-induced electrocerebral silence (for treat-

Fig 4. Intracortical electroencephalography (ICE) provides early evidence for acute neurophysiological changes secondary to hemor-
rhagic conversion of a large right middle cerebral artery (MCA) infarction. Data from a 73-year-old woman with a right MCA
infarction; an intracortical electrode was inserted in the right frontal region. Tracings from scalp electroencephalogram (EEG) are
compared with concurrent ICE recordings (boxed in green); reference axes indicate 20mm tracing height, 1-second time interval.
Scalp channels set at 7�V/mm, ICE channels at 30�V/mm. Filter settings: LFF 1Hz, HFF 70Hz, notch off. (A) Baseline EEG
recordings; scalp EEG largely obscured by myogenic artifact. (B) A sudden conversion to a burst-suppression pattern at 9:45 pm;
recorded in isolation by the intracortical electrode with no interpretable change in the limited scalp EEG. (C) A nearly isoelectric
(flat) ICE recording by 4 am. By 6:30 am, cerebral activity returned in ICE in the form of periodic delta waves at approximately
0.5/second (D). Continuous (prior baseline) activity reappeared in ICE by 7:30 am (data not shown). Time-locked data from the
other neuromonitoring devices including intracranial pressure (ICP) monitor, Licox monitor, and microdialysis catheter are provided
in (E). Although a transient spike in ICP (yellow line) is demonstrated, ICP rapidly returned to baseline levels. No significant
change in lactate/pyruvate (L/P) level (blue lines) was detected by microdialysis (already markedly increased before event). Although
brain oxygenation (purple line) decreased, as detected by the Licox monitor, the decline did not reach a concerning level until 2 to
3 hours after changes seen in ICE recording. Computed tomographic imaging before (F) and after (G) ICE-specific changes were
detected demonstrates hemorrhagic transformation of the prior right MCA infarction.
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ment of medically refractory increase of ICP) before
implantation and subsequently suffered early brain
death caused by persistent ICP crisis and herniation.
The second patient without successful recordings un-
derwent electrode insertion during emergency decom-
pressive hemicraniectomy; an immediate postoperative
scan demonstrated that the electrode had been dis-
lodged and was located within the subgaleal space,
therefore providing no intracerebral contacts.

Analysis of ICE from the remaining cohort of 14
patients identified 12 (86%) who had highly epilepti-

form findings (see Table 2 for summary), including
evolving electrographic seizures (n � 10; Fig 2) or
PEDs without seizures (n � 2, data not shown). Two
patients with seizures had stimulus-induced rhythmic,
periodic, or ictal discharges recorded by intracortical
electrodes without scalp EEG correlate (see Fig 2C).

There was no scalp EEG correlate for many of the
seizures or PEDs detected by ICE. Of the 10 patients
with seizures in intracortical recordings, 6 never
showed a scalp correlate, 2 showed an intermittent
scalp EEG pattern that could be considered potentially

Fig 5. Electroencephalographic (EEG) and multimodality monitoring in a 70-year-old woman with subarachnoid hemorrhage, sepsis,
and systemic hypotension leading to secondary diffuse intracerebral infarction: intracortical electroencephalography (ICE) provides the
earliest indication of physiological change. (A–C) Sequential raw EEG tracings comparing concurrently recorded scalp and intracortical
recordings (boxed in green); reference axes indicate 20mm tracing height and a 1-second time interval. Filter settings are LFF 0.1Hz,
HFF 70Hz, and notch 60Hz. An evolution can be seen from the highly epileptiform initial baseline EEG activity in ICE (A) to a
burst-suppression pattern (B) and ultimately nearly complete attenuation (C), whereas the overlying scalp coverage did not demonstrate
an obvious concerning change (although some degree of diffuse attenuation can be appreciated on these samples). (D) Quantitative
EEG analysis of a 6-hour period surrounding the identification of ICE-specific changes. The top three rows are derived from scalp
EEG, and the bottom two rows from the intracortical electrode. After a period of slow decrease, a significant and permanent decline in
EEG total power was seen in isolation from the intracortical electrode (arrow) with a similarly obvious and dramatic change in the
ICE spectrogram. A similar trend could not be appreciated from the scalp-derived quantitative EEG trends. This event was associated
with a period of progressive decrease in cerebral perfusion pressure (CPP; purple line), as well as a delayed and significant increase in
intracranial pressure (ICP; blue line); the corresponding time interval is marked with dotted lines (E). Computed tomographic imag-
ing before (F) and after (G) the ICE-specific changes demonstrated infarction of bilateral anterior cerebral artery and left middle cere-
bral artery territories, likely secondary to hypoperfusion in the setting of pre-existing vasospasm.
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ictal (Fig 3C), and 2 showed intermittent rhythmic
delta only, without clear evolution and without a pat-
tern that would traditionally be considered ictal (see
Figs 3A, D). Of the two patients with PEDs but no
seizures, one showed probable nonconvulsive status
epilepticus on scalp EEG and one showed no scalp
EEG correlate to the PEDs detected by ICE (data not
shown). We could not identify obvious clinical changes
(eg, worsening neurological examination or rhythmic
motor activity) during episodes of seizures or PEDs re-
corded by intracortical electrodes.

Well-defined increases in EEG power associated with
ICE-specific seizure activity were visualized using
QEEG trending techniques such as density spectral ar-

ray (data not shown). We noted that the quality of
QEEG trending derived from intracortical EEG was
considerably improved compared with QEEG trending
performed with scalp-derived EEG, primarily because
of increased signal amplitude and markedly decreased
artifact (see Fig 5D).

EARLY DETECTION OF SECONDARY NEUROLOGICAL COM-

PLICATIONS WITH ICE.

Significant nonepileptiform, ICE-specific changes were
observed in two patients who suffered secondary neu-
rological complications during the monitoring period.
One patient with subarachnoid hemorrhage and under-
lying vasospasm developed widespread cerebral infarc-

Table 1. Patient Clinical Data and Details of Intracranial Monitoring

Patient
No.

Age
(yr)

Sex Injury Time to
Insertion
(Days after
Admission)

Devices Placed Device
Location

Monitoring
Duration
(Days)

Day
14
Rankin
Scale
Scoreb

Discharge
GOS
Scorec

1 81 M Traumatic SAH/SDH 0 ICP, Licox, MD R frontal 3 6 5

2 73 F R ICA occlusion 4 ICP, Licox, MD R frontal 6 5 3

3 54 F L temporoparietal
ICH

0 ICP L parietala 5 5 4

4 61 F Grade V SAH 7 Licox, MD, EVD L frontal 4 5 3

5 40 F Grade IV SAH 6 ICP, Licox, MD,
EVD

L frontal 8 5 3

6 74 F Grade III SAH 0 IE, EVD L frontala 8 5 2

7 82 F Traumatic SAH/ICH 0 ICP, Licox, MD L frontal 16 5 5

8 45 M Grade IV SAH 0 Licox, EVD R frontal 10 5 3

9 73 F Grade III SAH 0 IE, EVD L frontala 7 5 4

10 70 F Grade IV SAH 0 ICP, Licox, MD,
EVD

R frontal 7 6 5

11 80 F Grade III SAH 6 ICP, Licox, MD R frontal 6 5 3

12 74 F Grade III SAH 0 ICP, Licox, MD,
EVD

L frontal 5 4 3

13 76 F IVH-hypertensive 1 ICP, Licox, MD,
EVD

R frontal 12 5 4

14 37 F Grade III SAH 0 ICP, Licox, MD,
EVD

L frontal 8 5 4

15 20 F Traumatic SAH/ICH 0 ICP, Licox, MD R frontal 10 5 3

16 38 F Grade IV SAH 2 ICP, Licox, MD �
2,
EVD

L frontal 16 5 4

aIntracortical electrode inserted during operative procedure. bRankin Scale score: 0 � no symptoms; 1 � no disability (mild symptoms
without effect on usual activities); 2 � slight disability (able to look after affairs without assistance, unable to perform all previous
activities); 3 � moderate disability (requires some help with daily living, able to walk unassisted); 4 � moderately severe disability
(needs assistance for bodily needs, unable to walk unassisted); 5 � severe disability (requiring constant nursing care and attention); 6 �
dead. cGlasgow Outcome Scale (GOS) score: 1 � good recovery; 2 � moderate disability; 3 � severe disability; 4 � persistent
vegetative state; 5 � dead. SAH � subarachnoid hemorrhage (with Hunt/Hess grade); SDH � subdural hematoma; ICP � intracranial
pressure monitor; Licox � brain tissue oxygen tension monitor; MD � cerebral (parenchymal) microdialysis catheter; ICA � internal
cerebral artery; ICH � intracerebral hemorrhage; EVD � external ventricular drain; IVH � intraventricular hemorrhage.
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tion after sepsis-associated hypoxia/hypotension, and
the other developed hemorrhagic conversion of a large
middle cerebral artery infarction. In both patients, dra-
matic changes in ICE tracings (marked attenuation or
suppression-burst patterns) appeared soon after the
likely onset of secondary injury. These changes were
not evident in simultaneous scalp EEG recordings (be-
cause of prominent muscle artifact on the scalp EEG
or diminished signal amplitude). ICE-specific abnor-
malities preceded detection of concerning changes from
other implanted neuromonitoring devices (by 2–6
hours) or changes in clinical examination (by �8
hours).

The first of these patients suffered a large right mid-
dle cerebral artery territory infarction, prompting inser-
tion of neuromonitoring devices within the right ante-
rior cerebral artery/middle cerebral artery watershed
zone and therapeutic hypothermia. On day 4 after her
stroke, we noted the rapid development of a
suppression-burst pattern within EEG recorded from
the intracortical electrode (Figs 4A, B). Concurrently
recorded scalp EEG was overwhelmingly contaminated
by myogenic artifact (because of overt or microshiver-
ing from therapeutic hypothermia). The ICE-specific
abnormality evolved to a markedly attenuated state
over several hours (see Fig 4C). During this time, a
gradual decline was also observed in the level of local
cerebral oxygenation, detected by the implanted Licox
sensor, which was clearly declining 2 hours later but
did not reach concerning levels until 3 hours after the
onset of ICE-specific changes. There was a small tran-
sient increase in ICP at the presumed event onset but

no sustained increase. Sequential evaluation of the local
lactate/pyruvate ratio, sampled via microdialysis cathe-
ter, did not demonstrate evidence for a potentially con-
cerning shift toward anaerobic metabolism, but rather
remained markedly increased throughout the monitor-
ing period (see Fig 4E). Detected changes in neurolog-
ical examination did not occur until 8 hours after the
onset of EEG changes, at which time computed tomo-
graphic imaging demonstrated hemorrhagic conversion
of her prior infarct associated with increased hemi-
spheric mass effect (see Figs 4F, G).

The second patient was a 70-year-old woman who
suffered a Hunt/Hess grade IV subarachnoid hemor-
rhage from a ruptured anterior communicating artery
aneurysm. Her course was complicated by the develop-
ment of sepsis and hypotension requiring significant
vasopressor support. On day 6 after the insertion of
neuromonitoring devices, QEEG obtained from intra-
cortical electrode recording demonstrated a rapid and
marked loss of power associated with the appearance of
suppression-burst type activity in the raw EEG (Figs
5A–D). Similar changes were not visualized in EEG
recordings from scalp electrodes. No immediate
changes in neurological examination could be appreci-
ated. Six to 8 hours after the onset of EEG changes
recorded by the intracortical electrode, a significant in-
crease in ICP occurred (see Fig 5E). Computed tomo-
graphic imaging at that time demonstrated infarction
of multiple large vascular territories, likely secondary to
critical cerebral hypoperfusion in the setting of pre-
existing vasospasm (see Figs 5F, G). Review of the pa-
tient’s vital signs demonstrated progressive systemic hy-

Table 2. Electroencephalographic Abnormalities Detected by Intracortical Electroencephalography and Associated
Scalp Electroencephalographic Correlation

EEG Finding Patient No.

1a 2 3b 4 5 6 7 8 9 10 11 12 13 14 15 16

Seizures from ICE ND � ND � � � � � �c � � � � � � �
Scalp correlate? � � �d � � � � �/�e � �f

PEDs from ICE
but no seizures

ND � ND � � � � � � � � � � � � �

Scalp correlate? �g �
Abrupt EEG
change associated
with secondary
neurological
injury, ICE

� � ND � � � � � � � � � � � � �

Scalp correlate? � �h

aPatient in barbiturate coma, suffered early brain death. bIntracortical electrode placed during emergency hemicraniectomy, dislodged
from brain in immediate postoperative period. Ictal-appearing stimulus. cStimulus-induced rhythmic, periodic, or ictal discharges
(SIRPIDs), seen in intracortical electroencephalography (ICE) only. dPatient with periodic epileptiform discharges (PEDs) and occasional
ictal runs in ICE recording; intermittent scalp correlate only clarified after comparison with ICE. eClear ictal activity in ICE recording
without scalp correlate but occasional late correlate with PEDs. fIntermittent low-amplitude delta activity in scalp electroencephalogram
(EEG) during ICE-specific seizures. gPEDs seen by ICE correlated with probable nonconvulsive status epilepticus on scalp recordings.
hAppearance of attenuation in scalp EEG delayed by several hours. ND � no data.
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potension, with an associated decrease in cerebral
perfusion pressure, which reached a nadir approxi-
mately 1 hour after the onset of ICE-specific
suppression-burst activity (see Fig 5E).

Discussion
We have described a novel method for performing in-
tracranial EEG recording in patients with critical neu-
rological injuries, utilizing bedside insertion of an in-
tracortical “minidepth” multicontact electrode. Our
preliminary experience demonstrates that clinical use of
ICE is safe and provides high-quality data in the ICU
setting. We noted marked improvements in signal-to-
noise ratio from intracortical electrodes when com-
pared with concurrently recorded scalp EEG. Some-
what unexpectedly, the majority of our cohort
displayed seizures or PEDs in ICE recordings that were
not detectable on scalp EEG. In addition, we observed
sudden event-related, prominent ICE-specific changes
in two patients who suffered secondary nonseizure neu-
rological complications. These changes anticipated
event detection by other monitoring modalities (in-
cluding scalp EEG) by at least several hours, emphasiz-
ing the potential clinical utility of ICE as a component
of continuous, real-time neurophysiological monitor-
ing.

The significance of epileptiform EEG abnormalities
recorded by intracortical electrodes is currently unclear,
particularly when these changes are detected exclusively
by ICE (not by scalp EEG). Because the monitored
cortex was structurally normal at the site of device in-
sertion in the majority of our patients, observed ICE-
specific abnormalities may reflect effects of diffuse neu-
ronal irritation (eg, inflammation from subarachnoid
blood), tenuous metabolic support (eg, decreased cere-
bral blood flow and oxygen delivery), or uncoupling of
central control elements of cortical firing patterns (eg,
disruption of thalamocortical circuitry). Animal data
suggest that a state of diffuse neuronal hyperexcitability
exists after a focal neurological insult.10 Findings from
other groups, performing intracranial recording in pa-
tients with neurological injury, have also demonstrated
that abnormal electrophysiological discharges (includ-
ing cortical spreading depression and periinfarct depo-
larizations) can be detected that are not seen in surface
EEG recordings.11–13 The exact significance of these
findings remains unclear, but some authors argue that
these discharges contribute to neurological injury.12

This conclusion is supported by data from animal
models of transient focal ischemia and reperfusion,
which suggest that similar periinfarct depolarizations
contribute to secondary brain injury via delayed edema,
intracranial hypertension, and cerebral hypoperfu-
sion.14 Some clinical evidence suggests that electro-
graphic seizures recorded with surface EEG in patients
with nontraumatic ICH are associated with increasing

mass effect, midline shift, expanding hemorrhage, and
worse clinical outcomes.15,16 In addition, neuronal in-
jury secondary to continuous abnormal electrical activ-
ity has been demonstrated in a number of animal mod-
els, as well as human studies.17

Seizure activity recorded by standard scalp EEG usu-
ally requires synchronized firing of at least 10cm2 of
cerebral cortex.18 Thus, it should not be surprising that
seizure activity seen in the small intracortical electrode,
which records from a limited field, would not be seen
on scalp EEG. However, the fact that more than half
of our patients had such activity with semirandom
placement of only one intracortical electrode suggests
that this type of miniseizure activity is happening in
many locations throughout the brain in these patients.
We hypothesize that multifocal but poorly synchro-
nized “miniseizures” contribute to global cortical dys-
function and encephalopathy frequently observed in
patients with neurological injuries, potentially leading
to persistent coma, late deterioration, and/or delayed
recovery of neurological function. We also hypothesize
that preventing or treating these “miniseizures” can de-
crease secondary neuronal injury and improve out-
comes.

For this preliminary study, data from the intracorti-
cal electrode were interpreted within the context of
concurrent neurophysiological monitoring. For exam-
ple, patients with seizures recorded by the intracortical
electrode in parallel with clearly increased lactate-
pyruvate levels, measured using microdialysis, were
treated more aggressively with antiepileptic medica-
tions. In those patients without a clear picture for neu-
ronal stress, we were less aggressive. It is yet to be dem-
onstrated that the more sensitive or earlier detection
provided by ICE can be translated into improved out-
comes. As evidenced by poor day 14 Rankin Scale
scores and Glasgow Outcome Scale score on discharge,
outcomes in our cohort were typical for patients suf-
fering from severe neurological injuries. Future studies
will address potential improvements in clinical out-
come attributable to directed intervention for ICE-
specific abnormalities.

The detection of focal cortical seizures may have ad-
ditional clinical relevance as a potentially treatable
source of increased metabolic demand, perhaps most
pronounced in brain tissue rendered susceptible to
metabolic insufficiency by prior injury. Notably, mea-
sured increases of biomarkers for neuronal injury (such
as neuron-specific enolase, glycerol, glutamate, and in-
creased lactate-pyruvate ratio) suggest that seizures may
cause neuronal damage.4,19–21 In several individuals
from our cohort, seizures detected by ICE were associ-
ated with an increase in the local lactate-to-pyruvate
ratio, determined via microdialysis catheter sampling.
We are currently performing a detailed comparative
analysis of data from the subset of patients with micro-
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dialysis catheters undergoing intracortical electrode re-
cording, specifically focusing on time-locked episodes
of abnormal EEG activity to identify concurrent
changes in lactate/pyruvate levels that would be sugges-
tive of local metabolic stress. However, it remains to be
seen whether seizures are causative of, or merely asso-
ciated with, the aforementioned metabolic changes.

Notably, intracortical recordings from the two pa-
tients who suffered profound secondary neurological
complications suggest that specific targeting of the elec-
trode insertion site may not be critical in cases where
catastrophic or globally relevant changes have occurred.
Although the volume of cortex accessible to recording
by a single intracortical multicontact electrode is lim-
ited, in these cases, relevant intracranial events were
rapidly and clearly identified by ICE before the detec-
tion of changes in neurological examination, scalp
EEG, or data from other implanted monitoring de-
vices. This potential for early detection (and therefore
therapeutic intervention through the administration of
pressor medications, therapeutic endovascular actions,
among others), particularly in the setting of worsening
cerebral ischemia, makes ICE an attractive option for
further inclusion in neuromonitoring systems. Assess-
ment of the “true-positive” nature of ICE-specific
changes could be tested in real time; for example, re-
turn of baseline ICE potentials in the patient with sep-
sis/vasospasm (see Fig 5) after administration of addi-
tional pressor medications would have provided
compelling confirmation for the biological relevance of
the observed changes and may have prevented the ul-
timate complication of infarction by improving cere-
bral perfusion pressure. This experience suggests that
the improved data quality from intracortical recordings
may be instrumental in the continued development of
real-time “neurotelemetry” and automated EEG-based
alarm systems.

We note a number of caveats to the use of ICE and
interpretation of the resulting data in patients with acute
neurological injuries. Although we were unable to iden-
tify a temporal relation between device insertion and the
onset of ICE-specific abnormal brain activity, the poten-
tial for insertion-related cortical injury and subsequent
seizure activity cannot be disregarded. However, exten-
sive experience with a variety of depth electrodes, in
both animal models and surgical epilepsy patients, has
suggested that injury potentials (when present) are gen-
erally self-limited.22 In addition, interpretation of the
clinical relevance of EEG abnormalities seen in isolated,
focal recordings from these patients may not parallel
conclusions drawn from previous studies using scalp-
based EEG; therefore, whether to intervene for these
findings is unclear at this time. To this end, we hope
that future studies using multiple intracortical electrodes
in individual patients will allow for further insight into
the nature of the electrographic abnormalities detected

by a single intracortical electrode, including their spatial
distribution and synchrony. We hypothesize that we will
discover widespread and multifocal “miniseizures” that
are inadequately synchronized to appear on the scalp re-
cordings. In addition, we hope that ongoing analysis of
data acquired in a parallel fashion from other physiolog-
ical monitoring devices, imaging studies, and measure-
ment of relevant biomarkers will provide conclusions re-
garding the potential impact of electrographic patterns
detected by intracortical electrodes, as well as the basic
physiological determinants of this abnormal activity.

Perhaps most important from a practical standpoint,
the independent technical aspects involved with the
bedside insertion of currently available neuromonitor-
ing devices mandate the participation of experienced
personnel to achieve reliable and reproducible results.
Considerable expertise is necessary for the optimization
of ICE recording, and comparisons between EEG re-
corded by intracortical electrodes and scalp electrodes
can be time-consuming and expensive. As patients are
continuously monitored, the need for 24-hour review
to guide therapeutic responses requires considerable
manpower at the current time. These factors provide
increased impetus for the development of automated
EEG analysis platforms that, when combined with
high-fidelity data from intracortical electrodes, may al-
low for the optimization of bedside alarm systems.

Given the aforementioned limitations, it would be
preliminary to predict the eventual position that ICE
monitoring will take within the array of options for
invasive neuromonitoring, although we believe it pro-
vides unique and valuable information. Ultimately, we
predict that this technique will play a central role in
the detection and prevention of secondary neuronal in-
jury, and potentially improve outcomes, in patients
with critical neurological injuries.
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