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Metabolic Crisis Occurs with Seizures
and Periodic Discharges after

Brain Trauma

Paul Vespa, MD,1 Meral Tubi, BA,1 Jan Claassen, MD,2

Manuel Buitrago-Blanco, MD, PhD,3 David McArthur, PhD,1

Angela G. Velazquez, B.S.,2 Bin Tu, MD, PhD,2 Mayumi Prins, PhD,4 and

Marc Nuwer, MD5

Objective: Traumatic brain injury (TBI) results in persistent disruption of brain metabolism that has yet to be mecha-
nistically defined. Early post-traumatic seizures are one potential mechanism for metabolic crisis and hence could be
a therapeutic target. We hypothesized that seizures and pseudoperiodic discharges (PDs) may be mechanistically
linked to metabolic crisis as measured by cerebral microdialysis.
Methods: A prospective multicenter study of surface and intracortical depth electroencephalography (EEG) was per-
formed in conjunction with cerebral microdialysis in a cohort of severe TBI patients with time-locked analysis of the
neurochemical response to seizures and pseudoperiodic discharges.
Results: Seizures or PDs occurred in 61% of 34 subjects, with 42.9% of these seizures noted only on intracortical
depth EEG and in some cases lasting for many hours. Metabolic crisis as measured by elevated cerebral microdialysis
lactate/pyruvate ratio occurred during seizures or PDs but not during electrically nonepileptic epochs.
Interpretation: In TBI patients, seizures and periodic discharges are one mechanism for metabolic crisis, and hence
represent a therapeutic target for future study.
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Acute brain injury remains a high-acuity medical ill-

ness that has high impact on individuals and society.

Traumatic brain injury (TBI) represents one of the most

common acute brain injuries that lead to long intensive

care unit (ICU) stays, high morbidity, and long-term neu-

rological deficits. Implementing evidence-based treatment

guidelines has resulted in an improvement in outcomes,

but many patients still remain significantly impaired at 1

year after these events. There is no current treatment for

TBI, and recent studies call into question how best to

monitor and treat the injured brain. A search for modifi-

able treatment targets is required if we are to move the care

of these patients forward to the next step.

Acutely after brain injury, patients are at an elevated

risk for developing secondary injuries such as metabolic

dysfunction, early seizures, and ischemia. Serial cerebral

microdialysis measurements directly measure brain metab-

olism by sampling extracellular tissue for metabolites, such

as lactate, pyruvate, and glucose. Metabolic crisis is defined

as the combination of elevated lactate/pyruvate ratio

(LPR) and decreased extracellular glucose indicating a state

of reduced oxidative metabolism, increased glucose con-

sumption, and an impaired redox state of the tissue.1 We

have demonstrated that after TBI the brain is in metabolic

crisis for many days1 and that the metabolic crisis is not

directly related to elevated intracranial pressure or brain
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ischemia.2 The incidence of metabolic crisis exceeds 75% of

patients. The cause of metabolic crisis may be related to

regional brain ischemia, seizures, inflammation, or some

other factor. We have demonstrated in repeated studies that

between 21 and 25% of patients with TBI have electro-

graphic seizures, and others have demonstrated a similar inci-

dence rate of seizures after subarachnoid hemorrhage (SAH).

In selected cases, seizures are temporally associated with met-

abolic crisis, but it appears that metabolic crisis occurs in

excess of the incidence of seizures as detected by scalp contin-

uous electroencephalographic (cEEG) monitoring.

Depth EEG (dEEG) monitoring has begun to be

done in patients with acute brain injury.3 The incidence

of seizures on cEEG appears to be greater than that

which is apparent on surface EEG. Given the higher

incidence of seizures on cEEG, a question that arises is

whether the high rate of metabolic crisis that has been

observed after TBI is associated with seizures that simply

cannot be detected on scalp EEG.

It is with this question in mind that we performed

this multicenter, observational, nonrandomized study of

surface and depth cEEG in patients with TBI to deter-

mine (1) the incidence of electrographic seizures and inter-

ictal epileptiform activity on surface EEG and dEEG and

(2) the associated metabolic changes in cerebral microdial-

ysis during interictal and ictal epileptiform discharges. We

hypothesize that seizures and interictal periodic epilepti-

form discharges occur frequently and are associated with

microdialysis biomarkers of metabolic crisis.

Patients and Methods

Patient Selection
This was a multicenter observational study of prospectively col-

lected multimodality monitoring involving patients with TBI

and retrospective data review. The study was approved by the

institutional review boards of the involved institutions. Prospec-

tive patients with moderate–severe TBI who met enrollment

criteria were consecutively enrolled from 2009 to 2013. Inclu-

sion criteria were: admission Glasgow Coma Scale (GCS) � 8,

or GCS �12 with hemorrhagic lesions requiring surgery, use of

an external ventricular drain (EVD) and multimodality invasive

brain monitoring as standard of care, age 18 to 85 years, and

normal systemic coagulation function. A total of 34 consecutive

TBI patients, who had a depth electrode placed, were enrolled

at 2 centers (center 1 enrolled 27 and center 2 enrolled 7

patients) in this study, and are part of a convenience sample of

all TBI admissions to the 2 centers during this period. Patients

were candidates for depth electrode and cerebral microdialysis

placement if they were in a persistent coma and had moderate

to elevated intracranial pressure (ICP). However, not all patients

had simultaneous microdialysis and dEEG during the study,

leading to a reduced data set for dEEG/microdialysis

comparisons.

General Monitoring and Management Protocol
Both centers used a general management protocol, which has been

previously published,2 for patients presenting with severe TBI,

defined as 8-hour GCS � 8 or GCS < 12 with hemorrhagic

lesions and clinical deterioration needing surgery.4 All patients had

GCS � 8 in the ICU prior to the start of multimodality invasive

brain monitoring. Multimodality invasive brain monitoring was

performed through a small twist-drill burr hole as standard of care

using an EVD placed preferentially into the right frontal lobe, a

cerebral microdialysis catheter (CMA 70; Microdialysis Company,

Boston, MA), and a dEEG mini-probe (Adtech 6 channel mini-

depth electrode; Ad-Tech Medical, Racine, WI). ICP was kept

<20mmHg using a stepwise management strategy (ie, intermittent

fluid drainage, hyperventilation to partial pressure of carbon diox-

ide of 30–34mmHg, and avoidance of hyponatremia). Jugular

venous oximetry (SJO2) was performed to monitor for jugular

venous desaturation, and blood pressure was adjusted to keep the

SJO2 between 60 and 70%. Cerebral perfusion pressure is kept

>60mmHg using norepinephrine if needed. Core temperature

from the jugular vein was used and kept between 36 and 37.58C

through the use of medications (acetaminophen) and intravascular

and/or surface cooling devices. All patients received phenytoin for

at least 7 days. None of the patients studied received intravenous

or oral steroids. All patients were maintained on intravenous crys-

talloids without glucose (normal saline with potassium chloride).

Enteral nutrition (Isocal HN; Novartis, Basel, Switzerland) was

provided via nasogastric tube at a rate of 1ml/kg, with feedings

adjusted for gastric residuals and caloric goals on an individual

basis. Enteral feedings were started within 6 hours after injury and

were adjusted to maintain a caloric goal of 30cal/kg of adjusted

ideal body weight. Intravenous sedation consisted of continuous

midazolam at 1 to 6mg/h, with titration adjusted to maintain

intracranial pressures <20mmHg or Richmond Agitation-

Sedation Scale of 3. We employed a routine use of antiepileptic

drugs (AEDs) prophylactically for all patients in this study. We put

patients on 7 days of phenytoin or levetiracetam as prophylaxis

and treated seizures aggressively according to published protocols.5

cEEG Protocol
Both centers implemented cEEG monitoring at the

patient’s bedside starting immediately upon admission to the

ICU. Detailed methods of cEEG have been previously

described. The cEEG was continuously displayed at the bed-

side, 24 hours per day, for moment-to-moment online observa-

tion by physicians and nurses. An attending physician trained

in interpretation of EEG reviewed the ongoing EEG activity at

the bedside at least 3 times each day and was monitored in real

time by an in-house EEG-trained neurocritical care fellow. An

18-channel mixed referential and bipolar montage was used

employing the following electrode derivations: F8-CZ, T4-CZ,

T6-CZ, C4-CZ, O2-CZ, F7-CZ, T3-CZ, T5-CZ, C3-CZ,

O1-CZ, F8-C4, C4-T4, T4-T6, T6-O2, F7-C3, C3-T3, T3-

T5, T5-O1 (according to the 10-20 International system). In

addition, dEEG monitoring was performed using Ad-Tech

Medical Spencer 6-contact mini-depth electrodes (SD06R-

SP05X-000; 1.1mm diameter, 5mm contact interspacing, 6

contacts) at both centers. At center 1, the mini-depth electrode
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TABLE 1. Demographics

Demographics CT Lesion Characteristics
Depth Electrode

Placement

Depth Elec-
trode

Location
Outcomes,

GOSe

ID Age, yr Sex GCS Primary Injury
Location

SDH SAH PID Duration, d Lobe Tissue DC 6
Months

1 69 M 3 R frontal contusion BL Y 12 4 LT PC 2 —

2 73 F 8 L frontal contusion L Y 4 12 RF Normal 3 —

3 82 F 9 BL SDH BL N 4 7 LF PC 2 —

4 21 M 9 L parietal, R
temporal, frontal
contusions

R Y 4 2 LF PC 3 5

5 44 M 6 R SDH R Y 1 1 RF PC 2 3

6 78 F 6 BL frontal, temporal
contusions

BL Y 6 7 RF Normal 2 1

7 40 M 4 BL temporal
contusions, IVH,
DAI

— Y 0 12 RF Normal 2 —

8 18 M 3 DAI — N 0 10 RF Normal 3 7

9 60 M 7 BL frontal, temporal
contusions

BL Y 2 9 LF PC 2 3

10 67 M 4 R frontal contusion,
IVH

— Y 1 10 RF Normal 2 —

11 30 M 3 L temporal
contusion

— Y 0 11 LF PC 3 3

12 77 F 3 R frontal, anterior
temporal contusions

— Y 3 6 RF Normal 2 3

13 33 M 12 L frontal, temporal
contusions

BL Y 8 4 RF Normal 3 4

14 25 M 6 L frontal, temporal
EDH

L N 1 19 LF Normal 3 8

15 60 M 14 BL frontal, temporal
contusions

R N 3 3 RF PC 2 3

16 54 M 8 L temporal
contusion

BL Y 1 5 RF PC 3 1

17 47 M 12 L frontal contusion L Y 5 7 RF Normal 3 6

18 41 M 3 R frontal contusion L Y 1 11 RF Normal 2 2

19 25 F 3 R temporal contu-
sion, DAI

— Y 1 6 RF Normal 2 5

20 70 M 14 L SDH L N 1 6 LF Normal 1 1

21 37 M 3 DAI — N 3 8 LF PC 3 —

22 23 M 8 L temporal
frontoparietal SDH,
DAI

L Y 0 4 RF Normal 3 —

23 38 F 7 R frontal contusion R Y 3 14 RF Normal 4 5

24 26 M 3 L frontal, BL tempo-
ral contusions, DAI

— Y 0 12 RF Normal 4 —
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was inserted through a burr hole used for placement of the EVD,

at a 458 angle posterolateral to the EVD trajectory, to a depth of

3cm from the skin surface. The mini-depth electrode was tun-

neled 5cm under the skin and exited via a stab wound incision,

and was secured to the skin with 5 interrupted stitches. At center

2, the depth electrode was placed via a bolt system to the same

depth adjacent to the EVD. The brain tissue oxygen probe was

similarly inserted using the tunneling method to a depth of 3cm

adjacent to the EVD. Both centers implemented similar record-

ing settings. The depth electrode was connected to the Nicolet

cEEG preamplifier (Natus Medical, Pleasanton, CA). The low

pass and high pass filter settings were 0.1 and 70Hz, respectively.

The sampling rate was 2.5kHz. Six channels per depth electrode

were recorded, where depth lead contact #1 was the most distal

and contact #6 was most superficial.cEEG data were captured,

reviewed, and electronically stored. In addition to standard raw

EEG manual interpretation and confirmation (P.V., M.B., J.C.,

and M.N.), interictal activity and seizures were detected in 3

ways: (1) online identification of seizures by the attending elec-

troencephalographer/neurointensivist using a 3 times/day retro-

spective review protocol; (2) drill-down review based on

threshold detection of quantitative measures using Natus Medi-

cal, Persyst (San Diego, CA), and Spectral Edge (Cambridge,

UK) software; and (3) retrospective manual review of all stored

EEG of each patient during the analysis phase (P.V., M.B., J.C.,

and M.N.). The EEG is displayed at the bedside and in a central

review station. The date and time of the seizure and the clinical

behavior noted by the bedside neuro-ICU nurse or neurointensiv-

ist were recorded. Seizures were defined as spike wave discharges

of �3Hz, duration of �10 seconds, with a plausible field, with

evolution in shape or frequency over time. Each seizure was inde-

pendently confirmed by a physician blinded to the clinical condi-

tion (M.N.). Seizure type was characterized as focal, hemispheric,

or generalized according to the EEG at time of onset. The dura-

tion of individual seizures was recorded along with the total

(aggregate) duration of seizures during the ICU stay. Interictal

spike patterns were identified and named according to recent

consensus recommendations.6 Interictal spike location and spike

density (spikes/min) were recorded for each subject. Periodic epi-

leptiform discharges (PDs) were classified according to the con-

sensus guidelines. Status epilepticus was defined as the persistence

of discretely interrupted or continuous electrographic seizure

spike-wave discharges lasting for >5 minutes.

Microdialysis and dEEG Methods
Cerebral microdialysis was performed at both centers using

the CMA 70 probe (10cm flexible shaft, 10mm membrane

length, 20kDa cutoff; CMA, Stockholm, Sweden) inserted via

TABLE 1: Continued

Demographics CT Lesion Characteristics
Depth Electrode

Placement

Depth Elec-
trode

Location
Outcomes,

GOSe

ID Age, yr Sex GCS Primary Injury
Location

SDH SAH PID Duration, d Lobe Tissue DC 6
Months

25 45 M 3 R frontal, temporal
contusions

BL y 4 1 RF PC 4 5

26 63 M 3 L temporal, R
frontal contusions

L Y 1 13 RF PC 1 1

27 42 M 13 BL frontal, R
temporal contusions

BL Y 3 11 RF Normal 3 —

28 63 M 7 R occipital, thalamic,
pontine ICH

R Y 2 7 RF Normal 1 —

29 68 M 6 BL frontal
contusions

— Y 7 14 LF PC 3 —

30 20 M 3 BL frontal
contusions

L Y 16 8 LF PC 4 —

31 69 F 3 BL SDH L Y 2 4 LF Normal 1 —

32 31 M 3 BL contusions R N 1 5 LF Normal 2 —

33 26 M 4 L SDH L N 1 5 RF Normal 1 —

34 51 M 6 L EDH, SDH L Y 0 17 RF Normal 1 —

BL 5 bilateral; CT 5 computed tomography; d, Days; DAI 5 diffuse axonal injury; DC 5 discharge; EDH 5 epidural hematoma; F
5 female; GCS 5 Glasgow Coma Scale; GOSe 5 Glasgow Outcome Scale extended; ICH 5 intracerebral hemorrhage; IVH 5 intra-
ventricular hemorrhage; L 5 left; LF 5 left frontal; LT 5 left temporal; M 5 male; N 5 no; PC 5 pericontusional; PID 5 postinjury
day; R 5 right; RF 5 right frontal; SAH 5 traumatic subarachnoid hemorrhage; SDH 5 acute subdural hemorrhage; Y 5 yes.
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a twist-drill burr hole adjacent to an existing ventriculostomy

catheter 3cm into the brain white matter. The mini-depth

EEG probe was placed through the same burr hole as the

microdialysis to a depth of 2 to 3cm, and at an angle of 158

posterolateral to the trajectory of the EVD with placement in

the white matter. The locations of the microdialysis and

dEEG probes were confirmed on computed tomographic

(CT) scan immediately after insertion and were designated to

be in pericontusional tissue or normal-appearing white matter

(NAWM). The probe was tunneled 3cm under the skin and

secured to the scalp with a flat profile, and then attached to

the CMA 103 perfusion pump. Normal saline was perfused

through the catheter at a rate of 0.3ll/min, and fluid was col-

lected in 60-minute samples and placed directly into the

ISCUS autoanalyzer (M Dialysis, Johanneshov, Sweden) for

analysis. The initial 60-minute sample was not used for analy-

sis, as this was the time allowed for stabilization of the probe.

Microdialysis samples were then placed on dry ice for perma-

nent storage. Microdialysis was not interrupted for transport

or bedside testing.

Data Analysis
Data acquisition was performed using Microsoft Office 2003

products (Microsoft, Redmond, WA), whereas statistical proce-

dures were conducted with R version 3.2.2 (University of Auck-

land, Auckland, New Zealand). Univariate analyses and the

Yuen–Welch t test were performed for the main variables com-

paring the seizure and nonseizure groups using analysis of var-

iance and mixed effects model statistics as necessary.

Results

Overview
A total of 34 patients with severe TBI were studied. The

mean age was 47.5 6 19.6 years, with 27 males and 7

females. The mean field GCS was 8.66 6 4.80, but

patients had clinically deteriorated to mean GCS 5 6.84

6 3.95 at the time of admission to the ICU. All patients

were GCS < 8 prior to the start of invasive brain moni-

toring. The main injury demographics are shown in

Table 1. Surface cEEG was started at a median of 17.16

hours postinjury, and dEEG was started at a median of

68.59 hours postinjury. All patients had at least moderate

sedation with midazolam infusion of 2 to 6mg/h during

the ICU course, with 6 of 34 (17.6%) patients having

pentobarbital burst suppression coma at onset of dEEG

monitoring. In 13 patients, the dEEG was within the

edema within 1cm of a contusion and deemed to be

pericontusional, whereas in the remaining patients the

dEEG was in NAWM (Fig 1).

Incidence of Seizures and PDs
A total of 21 of 34 patients (61.8%) had either electro-

graphic seizures or PDs on cEEG, with 8 of 34 (23.5%)

with seizures and 13 of 34 (38.2%) with PDs. These

data are summarized in Table 2. All epileptiform activity

was nonconvulsive in nature and did not have motor

convulsive accompaniment. Surface EEG was able to

detect either form of epileptiform activity in 12 of the

21 subjects, whereas in 9 of 21 (42.9%) subjects the

FIGURE 1: Example locations of depth electroencephalographic (dEEG) probes on computed tomographic images of 2 patients.
(A) Right frontal approach in normal tissue. (B) Left frontal approach in pericontusional tissue. EVD 5 external ventricular drain.
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TABLE 2. EEG Event Description

Subject EEG Description of
Events

Detection Event Seizures PDs

PID Surface Depth Frequency,
Hz

Duration,
s

Frequency,
Hz

Epoch
Duration,
s

Total
Duration,
h

1 L seizure (T5) and L
T5 PDs

5 SZ SZ 5 40 1 Continuous 36

2 L seizure (T3) and L
T3 PDs

3 SZ SZ 3 90 2 Continuous 48

3 Generalized status
epilepticus and PDs

1 SZ SZ 6 800 1 Continuous 48

4 R status epilepticus
(T5) and PDs

1 PDs SZ 2.5 900 2 8 6.5

5 R frontal PDs 1 — PDs — — 3 30 30

6 L frontal PDs 1 — PDs — — 0.5 8 24

7 R frontal PDs 2 PDs PDs — — 3 10 26

8 R frontal PDs 5 — PDs — — 1 45 72

9 R temporal PDs 3 PDs PDs — — 0.5 5 48

10 Theta — — — — — — — —

11 Burst suppression — — — — — — — —

12 R temporal interictal
spikes

— — — — — — — —

13 L frontotemporal
seizure with PDs

9 SZ SZ 5 30 2 10 24

14 L temporal PDs 4 — PDs — — 1 14,400 72

15 Burst suppression — — — — — — — —

16 R frontal PDs 2 PDs PDs — — 2.5 50 30

17 Generalized seizure 1 SZ SZ 5 15 1 6 1

18 Generalized PDs 3 PDs PDs — — 2.5 50 96

19 R frontal PDs 4 — PDs — — 1 60 48

20 R frontal interictal
spikes, arrhythmic

— — — — — — — —

21 R temporal PDs,
surface with delta

6 — PDs — — 0.5 20 48

22 R frontal PDs at
depth, surface
with beta

1 — PDs — — 1 60 72

23 Burst suppression — — — — — — — —

24 Beta diffuse — — — — — — — —

25 Burst suppression — — — — — — — —

26 Burst suppression — — — — — — — —

27 Beta diffusely — — — — — — — —

28 PDs and seizures 3 — SZ 5 49,800 6 Continuous 72

29 R hemisphere 7 PDs PDs — — 1.5 Continuous 20
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seizures and PDs were only visible on the dEEG. Two

additional subjects had interictal isolated spikes on sur-

face and dEEG. Table 2 has a complete list of EEG find-

ings. Seizures were focal onset in 5 patients, and

generalized in 3, with the latter having status epilepticus

on initial EEG hookup. The seizures were ipsilesional in

10 cases, contralesional in 5 cases, generalized in 4 cases,

and focal in 2 cases of diffuse axonal injury. The mean

duration of individual seizures averaged 167.66 6 315.06

minutes. Two patients had status epilepticus lasting 800

and 900 seconds, respectively. The status epilepticus was

stopped with high-dose midazolam infusion aimed at sup-

pressing seizures.

In 7 patients, the PD episodes were continuous,

with waxing and waning occurrence, lasting a mean of

43.26 6 25.44 hours. In 14 additional patients, the PD

episodes were time limited and repetitive in nature, inter-

rupted by nonepileptiform EEG background. In this

interrupted-PD group, the mean episodic duration of

PDs was 17.57 6 64.10 minutes, which occurred over a

total time interval of 43.26 6 25.44 hours.

The relation of seizures and PDs to primary trau-

matic lesion location was studied and is summarized in

Figure 2. The main finding is that the focus of epilepti-

form activity most frequently (10 of 34) corresponded

with the ipsilesional hemisphere containing an intrapar-

enchymal hematoma. The right frontal–temporal focus

was the most common location. Figure 3 shows the rela-

tive time onset after injury of seizures and PDs, and Fig-

ure 4 shows the duration of continuous PDs as a

function of the postinjury day on which they start. It is

notable that the majority of seizures and PDs start within

3 days of TBI and last for longer than 48 hours, with

the longest duration of PDs occurring when the onset is

at day 3 after TBI.

Cerebral Microdialysis Results
Cerebral microdialysis was performed in 29 of 34

patients but simultaneously with both surface and dEEG

monitoring in only 20 patients. Cerebral microdialysis

LPR was analyzed between groups by epileptiform activ-

ity. Patients with cerebral microdialysis who had epilepti-

form activity (n 5 12), as defined by PDs or seizures at

any time after injury, were compared to patients who

never demonstrated epileptiform activity (n 5 8). The

LPR burden, as defined by the area under the curve

(AUC) of hourly elevated LPR (>40), was calculated

and compared between groups. The 12 patients who had

epileptiform activity had greater elevated hourly LPR

burden (2.56 6 2.98 vs 11.96 6 12.28, p 5 0.08) dur-

ing monitoring, as compared to the 8 patients who never

demonstrated epileptiform activity, although the differ-

ence was not significant. Additionally, LPR burden was

compared between normal (n 5 14) and pericontusional

(n 5 6) tissue types. No significant differences in LPR

burden were associated with electrode tissue type (4.96

6 5.62 vs 15.75 6 15.80, p 5 0.291).

Subsequently, cerebral microdialysis was analyzed

using a within-subject design (n 5 7), where 24-hour

segments of PDs and seizure activity were compared with

24-hour segments without epileptiform activity. During

seizures or PD epochs, microdialysis glucose was signifi-

cantly lower (0.83 6 0.52 vs 1.67 6 1.49mmol/l, p <

0.001) and the mean LPR was higher (37.91 6 11.61 vs

28.62 6 6.47, p < 0.001). An example subject is shown

in Figure 5. A linear mixed effects model, calculating the

within-subject differences in LPR by epoch, demon-

strated statistically significant differences between epochs

(p < 0.001) and postinjury hour (p 5 0.041). Six of the

7 subjects had statistically significant LPR (p < 0.001)

changes between epochs, with the 1 patient approaching

TABLE 2: Continued

Subject EEG Description of
Events

Detection Event Seizures PDs

PID Surface Depth Frequency,
Hz

Duration,
s

Frequency,
Hz

Epoch
Duration,
s

Total
Duration,
h

30 Generalized seizure 17 PDs SZ 3 28,800 2 Continuous 15

31 Burst suppression — — — — — — — —

32 Delta slowing on
depth, not
rhythmic

— — — — — — — —

33 Rhythmic delta 2 — PDs — — 2 Continuous 72

34 Severe attenuation — — — — — — — —

EEG 5 electroencephalographic; L 5 left; PD 5 pseudoperiodic discharge; PID 5 postinjury day; R 5 right; SZ 5 seizures.
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significance (p 5 0.083). The delta change, the difference

between the epileptiform and nonepileptiform epochs, of

hourly LPR AUC was calculated for each subject. The

average delta change was 13.83 6 17.22, indicating that

patients’ hourly LPR AUC increased 13.83 6 17.22 from

the nonepileptiform epoch to the epileptiform epoch. The

within-subject comparison is shown in Table 3. All

patients had an increase in hourly LPR AUC from the

epileptiform negative to positive activity epoch. Figure 6

shows the average hourly LPR AUC for each person in

both the nonepileptiform and epileptiform epochs.

Safety and Long-Term Effects
The incidence of tract hematoma and meningitis/cerebri-

tis was zero in our current cohort. Acute CT scans done

1 to 3 days after dEEG insertion showed no incidence of

tract hematoma. Long-term magnetic resonance imaging

(MRI) done at 6 months postinjury in 20 of 34 subjects

revealed no tract-related encephalomalacia or signs of

infection. Recent reports of invasive EEG monitoring3

have raised the concern that use of a dEEG probe elicits

an injury that leads to the epileptiform discharges them-

selves. This concern suggests the dEEG probe induces a

syndrome that does not apply to most patients without a

probe. Imaging of the brains of our study participants

revealed no probe-related edema or hemorrhage. We did

not find any long-term damage on follow-up MRI scans

along the dEEG electrode tract. Similar findings of safety

have been reported in the epilepsy literature. Hence, we

consider the use of dEEG to be safe, with no long-term

consequences, and find no evidence that either seizures

or PDs are an artifact in probe insertion/toxicity.

Discussion

The main findings of this study are: (1) the incidence of

seizures and PDs detected by surface EEG or dEEG in this

FIGURE 3: The time in postinjury days of the onset of seizures or pseudoperiodic discharges (PDs).

FIGURE 2: Location of the seizure activity in relation to the primary traumatic hemorrhagic injury. In cases of diffuse axonal
injury, the focal seizures are categorized separately as focal, because there is no relation to a primary injury site.
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selected cohort was 61.8% in 34 patients with severe TBI;

(2) in 42.9% of patients, the epileptiform discharges were

visible only on dEEG monitoring and not surface EEG;

(3) the focus of epileptiform activity was ipsilateral to brain

parenchymal locations and occurred in both normal-

appearing brain tissue and pericontusional tissue; (4) PDs

were repetitive, lasted for hours, and were time-locked with

epoch-specific metabolic crisis as determined by cerebral

microdialysis biomarkers in the tissue being monitored by

dEEG; and (5) in normal-appearing tissue, metabolic crisis

was more prevalent and severe during periods of epilepti-

form activity when compared to nonepileptiform periods.

Seizures have been increasingly recognized to occur

after TBI,7 with incidence rates of 20 to 35% seen in

prospective studies on surface cEEG monitoring during

the initial postinjury week. The seizures most frequently

have a focal onset with secondary generalization and are

typically nonconvulsive. The use of surface cEEG moni-

toring has been important in revealing the incidence of

early post-traumatic seizures. The significance of these

early seizures remains somewhat unclear, with status epi-

lepticus being associated with worsened mortality rates,

but isolated seizures not being associated with worsened

long-term functional outcome.

Recently, invasive EEG monitoring using intrapar-

enchymal depth electrodes has been reported in patients

with subarachnoid hemorrhage3,8 and subdural strip-

electrodes in patients with TBI.9 These prior studies have

reported a high incidence of seizures and cortical spread-

ing depression events in normal tissue and pericontu-

sional tissue, respectively. These electrical events have

been nonconvulsive in nature, and surface cEEG has

been unable to detect most of these electrical events. Our

observation of a very high incidence of seizures or peri-

odic discharges agrees with previous work in SAH.3

Patients with SAH had a very high incidence of electro-

graphic seizures in normal-appearing tissue3 on dEEG.

Critics of this seminal observation have argued that the

dEEG alone causes injury to the brain, thus eliciting epi-

leptiform activity. Our imaging- based data suggests that

use of depth electrode in TBI does not cause additional

brain injury and hence the seizures that are seen are not

artifactual based on electrode-induced trauma. Moreover,

FIGURE 4: The duration of pseudoperiodic discharges (PDs)
in days in those patients with (dark bars) and without seiz-
ures (light bars). The onset of the PDs and subsequent dura-
tion is depicted by the length of the horizontal bar.

TABLE 3. Within-Subject LPR Comparison

Subject Activity No Epileptiform
Activity Epoch

Epileptiform
Activity Epoch

LPR AUC
D Change

LPR LPR
AUC > 40

LPR LPR
AUC > 40

1 Seizure 25.93 6 1.20 0.0 32.85 6 6.63 8.2 8.2

6 PDs 36.82 6 1.97 0.0 35.73 6 3.38 7.0 7.0

7 PDs 32.12 6 2.90 0.0 65.31 6 4.34 26.4 26.4

8 PDs 17.47 6 6.71 1.2 35.02 6 5.68 2.7 1.5

14 PDs 31.31 6 3.12 2.1 34.97 6 6.89 6.7 4.6

16 PDs 28.23 6 12.42 4.7 60.14 6 18.35 54.4 49.7

18 PDs 26.69 6 2.61 0.0 32.38 6 5.29 1.4 1.4

AUC 5 area under the curve for the LPR > 40 (duration of LPR > 40); LPR 5 cerebral microdialysis lactate/pyruvate ratio; PD
5 pseudoperiodic discharge.
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we have added the use of cerebral microdialysis to assess

the baseline injury state of the tissue and to determine the

metabolic consequences of the seizures and periodic epi-

leptiform discharges. At rest, the tissue containing the

dEEG probe appears normal and does not display an

injury neurochemical signature.10 If the probe had caused

damage, imaging signs of damage (ie, hemorrhage) and

persistent cerebral microdialysis neurochemical signature of

damage should be apparent. We saw neither of these.

Moreover, we found epileptiform epoch-specific alterations

in cerebral microdialysis that indicate the epileptiform

activity was eliciting metabolic crisis in the normal-

appearing tissue. These results are supported by previous

findings demonstrating that cortical spreading depolariza-

tions are associated with periodic epileptiform discharges,

which increase metabolic demands during recovery.11 The

cause and effect issue is challenging. For this very reason,

we implemented a within-subject comparison to analyze

LPR changes between epileptiform and nonepileptiform

epochs within the same patient. In this approach, each

patient is their own control, which negates the effect of

metabolic alterations leading to seizures, in an attempt to

capture neuronal activity-related changes in the metabo-

lism above the background state. Although we cannot

absolutely ascertain the cause/effect relationship, we can

demonstrate that these transient events appear to be linked

as a product of electrical activity. Further high-resolution,

time-locked studies have found that metabolic distress is a

consequence of seizures, providing additional support to

our findings that epileptiform discharges engender meta-

bolic crisis.12 Thus, our results provide temporally specific

evidence that seizures and periodic discharges metabolically

challenge the brain. Such an observation is a major

advance in our understanding of the potential implications

of post-traumatic seizures and periodic discharges. These

two electrical events are not metabolically benign and

appear to be harmful, as least temporarily.

In our past work, we have systematically studied the

incidence and significant of post-traumatic seizures. We

have found that (1) seizures are associated with transient

FIGURE 5: An example single subject with time-aligned graphs of intracranial pressure (ICP), cerebral perfusion pressure (CPP),
cerebral microdialysis glucose (mmol/l), and cerebral microdialysis lactate/pyruvate ratio (LPR). The sequential values show a
preictal baseline, followed by the ictal periods (dark gray), and subsequently the postictal state (light gray). During the seizure,
cerebral microdialysis glucose declines and the LPR increases.
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as well as persistent elevation in ICP,10 (2) seizures are

associated with time-locked increases in metabolic crisis,13

(3) seizures are associated with glutamate-mediated wor-

sening of cerebral edema,14 (4) seizures are associated with

worsening long-term ipsilateral hippocampal atrophy,4 and

(5) depth and surface seizures following acute brain injury

are associated with poor functional outcome.15,16 Despite

these findings, we have found that the incidence and dura-

tion of metabolic crisis is much greater than what can be

attributed to seizures as measured by cEEG.1 Metabolic

crisis was present in 74% of patients within the initial 72

hours after TBI despite the absence of elevated ICP. The

majority of those patients with metabolic crisis did not

have seizures on surface cEEG,1 and depth seizures were

more prevalent than surface seizures.16 This is in concert

with the recent microdialysis literature.17 This raised 2

possibilities; the first is that depth seizures were not

responsible for metabolic crisis, and the second is that we

were not able to detect depth seizures by surface EEG.

Thus, we sought to explore the possibility that the brain

tissue experiencing metabolic crisis is seizing at depths,

whereas the surface remains quiescent.

An unexpected and intriguing finding in this study

is that there was a high incidence of continuous PDs that

do not meet the most formal criteria for seizures, and that

those PDs are highly associated with metabolic crisis in

the post-traumatic brain. This is an important finding for

a couple of reasons. PDs have been considered benign and

unimportant by many electroencephalographers. The find-

ing that PDs are associated with time-locked metabolic

crisis changes the paradigm; it strongly indicates that PDs

may be important in the setting of recent TBI. Second,

PDs and seizures occur in normal-appearing tissue at a

rate that is similar to that of pericontusional tissue. This

suggests that multiple regions of the brain are at risk for

electrical instability, not only the pericontusional tissue, as

has been described previously.9 The potential significance

of our finding that PDs are associated with metabolic cri-

sis is that we should not consider PDs to be benign, but

rather we should consider PDs to have the same metabolic

significance as seizures, which then suggests that PDs

ought to be treated as if they are seizures, a significant

change from current treatment paradigms. At the very

least, our data creates a strong scientific rationale to

FIGURE 6: A within-subject group analysis of the hourly cerebral microdialysis lactate/pyruvate ratio (LPR) area under the curve
(AUC) burden comparing ictal and nonictal epochs. Within-subject hourly LPR AUC burdens are displayed to demonstrate the
delta burden change between ictal epochs.
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change our consideration of PDs to a position of con-

cerned equipoise. In the setting of TBI, in which meta-

bolic crisis is associated with worsened outcomes, our

results argue that PDs should be of high importance.

Conclusions
In this study, we found that there is a high incidence of

seizures and PDs after severe TBI. This epileptiform

activity resulted in metabolic crisis. From a metabolic

perspective, the PDs had a similar pathophysiologic effect

on the brain as compared to seizures. In summary, both

seizures and PDs that result in objective signs of meta-

bolic crisis should raise concern for the clinician and

should be studied as potential therapeutic targets in the

future.
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