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ABSTRACT

Introduction Cortical spreading depolarisation (CSD)

is characterised by a near-complete loss of the ionic
membrane potential of cortical neurons and glia
propagating across the cerebral cortex, which generates
a transient suppression of spontaneous neuronal activity.
CSDs have become a recognised phenomenon that
imparts ongoing secondary insults after brain injury.
Studies delineating CSD generation and propagation in
humans after traumatic brain injury (TBI) are lacking.
Therefore, this study aims to determine the feasibility of
using a multistrip electrode array to identify CSDs and
characterise their propagation in space and time after TBI.
Methods and analysis This pilot, prospective
observational study will enrol patients with TBI

requiring therapeutic craniotomy or craniectomy.
Subdural electrodes will be placed for continuous
electrocorticography monitoring for seizures and CSDs
as a research procedure, with surrogate informed
consent obtained preoperatively. The propagation of
CSDs relative to structural brain pathology will be
mapped using reconstructed CT and electrophysiological
cross-correlations. The novel use of multiple subdural
strip electrodes in conjunction with brain morphometric
segmentation is hypothesised to provide sufficient spatial
information to characterise CSD propagation across the
cerebral cortex and identify cortical foci giving rise to
CSDs.

Ethics and dissemination Ethical approval for the study
was obtained from the Hennepin Healthcare Research
Institute’s ethics committee, HSR 17-4400, 25 October
2017 to present. Study findings will be submitted for
publication in peer-reviewed journals and presented at
scientific conferences.

Trial registration number NCT03321370.

INTRODUCTION

Spreading depression, now known as cortical
spreading depolarisation (CSD), was first
described by Aristides A.P. Ledao in 1944 as the
suppression of spontaneous cerebral cortical
electrical activity.' > CSDs are characterised by
excitatory waves of depolarisation followed by
electrical silence of cerebral cortical neurons

and glia. Concomitant with the passage of

a depolarising wave, action potentials and
synaptic transmission are inhibited over a

2 Danielle Carlson,’

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This is a pilot feasibility study of a new spatial meth-
od for extended recording of cortical spreading de-
polarisation after traumatic brain injury.

= In a limited sample size of 10-20 patients, we will
surgically place four multielectrode arrays and mea-
sure electrocorticography, to be monitored over the
course of multiple days.

= This study uses a novel computational approach for
mapping spreading depolarisations.

region of the cortex. CSDs propagate at a
slow rate of a 1-8 mm/ min® across contiguous
cortical grey matter which exhibits an elec-
trical discharge that produces a change in the
extracellular potential of approximately -10
to =20 mV.* The large, transient disturbances
in extracellular potential are detected using
direct current (DC) amplifiers in concert with
cortical surface electrodes, a phenomenon
known as DC shift,' which marks the passage
of CSD waves. The current gold standard for
CSD detection is invasive neuromonitoring
with a single subdural strip electrode.'”

CSDs produce massive changes in the
extracellular concentrations of potassium,
chloride, glutamate and glucose, as well as
dendritic swelling, altered cerebral metabolic
rate of O, consumption and a vascular hyper-
aemic response.”™ The cascade of events
leads to cytotoxic oedema formation.” '’ The
vasomotor response initially consists of arte-
riolar vasoconstriction followed by a longer
period of hyperaemia triggered by the release
of glutamate and nitric oxide.’ ' In a physio-
logical setting, hyperaemia delivers metabolic
substrates necessary for recovery of neuronal
membrane homoeostasis.

When CSDs occur in injured tissue, a
variation of the haemodynamic response
occurs, with an accentuation of the
hypoperfusion state and blunting of the
hyperaemic response known as spreading
ischaemia or the inverse haemodynamic
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response.” ° 1 The haemodynamic inversion becomes
increasingly pronounced as brain tissue is more meta-
bolically compromised. Sustained neuronal depolarisa-
tion triggers an acidic, hyperkalaemic environment that
promotes vasoconstriction, leading to further reduction
in nutrient supply and upregulation of factors that lead to
increased blood brain barrier permeability and vasogenic
oedema."' ' The sequence of CSDs followed by the
inverse haemodynamic response creates a pathological
feed-forward cycle which facilitates further CSD events.
As a result, regions of focal infarct may expand signifi-
cantly during the subsequent secondary injury induced
by repeated CSD events, as has been demonstrated in
traumatic brain injury (TBI), stroke and aneurysmal
subarachnoid haemorrhage (SAH) 1516

At the time that Leao described the CSD phenomenon,
he hypothesised that propagating focal seizures were
related phenomena and that they are generated by similar
cellular mechanisms.” Subsequently, seizures have been
described to promote an extracellular milieu supportive
of CSD events and vice-versa. Both seizures and CSD
events arise from abnormal neuronal activity in excito-
toxic states that ultimately results in a synchronisation of
hyperexcitable neurons." 7 CSDs and electrographic
seizures occur in cortical slice preparations after induc-
tion of CSDs."! '® Seizures and CSDs also occur together in
the human brain. Fabricius e al analysed the electrocor-
ticography (ECoG) recordings of 63 patients after acute
brain injury and found that 32 patients exhibited CSDs
within 10 days of ECoG electrode implantation. Seizures
and CSDs were both observed in 10 patients.'® A similar
study found coincident CSD and seizure activity in 14/103
patients while CSDs occurred in the absence of seizures in
58/103 patients.'” While evidence for coupling of CSDs
and seizure activity in the injured human cerebral cortex
has been reported, further investigation is required to
define the coexistence of seizures and CSDs after TBI as
well as to determine what cause-and-effect relationship, if
any, might exist between these pathological states.

ECoG recording in humans after TBI demonstrates an
early (~48 hours) increased incidence of CSD clusters with
a less pronounced, longer latency clustering of CSDs at
days 6-8 postinjury (this second peak is more pronounced
after aneurysmal SAH).**** Other factors associated with
a higher probability of CSDs are lower mean arterial pres-
sure, lower cerebral perfusion pressure and higher core
body temperatures.” Subdural and subarachnoid blood
volume are also associated with CSD events.” ** The early
recognition of CSDs is crucial for improved management
of TBI as CSD clusters are independently associated with
unfavourable Extended Glasgow Outcome Scale scores at
6 months in patients with acute TBL'?**

In animal models, CSD waves exhibit irregular wave
patterns and propagation speeds which vary depending
on structural barriers such as veins and sulci. Broken
radial, irregular cycling, reverberating and reentrance
patterns have been described.”” ** In human cerebral
cortex CSD propagation paths observed after SAH have

been modelled yielding estimates of SD propagation
velocity."” The modelling of SD propagation in human
cortex has proven challenging in part due to limitations
of currently available brain segmentation algorithms
which are not well suited for use in the setting of signif-
icant structural pathology."’ The limitations are further
compounded by the current standard CSD monitoring
strategy (ie, a single strip electrode) which affords limited
spatial resolution of cortical activity." ?~*' Whether, and
to what extent CSD initiation and propagation may be
distorted by structural injuries and reduced energetic
substrates is unknown as CSDs have not been electrically
mapped in relation to structural injuries in patients with
TBI.

With the exception of several large trauma centres,
current standard medical care does not include appli-
cation of continuous electroencephalography (EEG) or
ECoG monitoring in patients with TBL.* The current stan-
dard for invasive neuromonitoring after TBI was largely
developed prior to the understanding of the contribution
of CSD to secondary brain injury and may be inadequate
for optimising outcomes after brain injury.** Determina-
tion for continuous EEG monitoring is based on clinical
suspicion for seizures due to ongoing, unexplained altered
mental status, fluctuating mental status, unexplained clin-
ical paroxysmal events and for monitoring effectiveness
of seizure treatment, among other indications.”* The
approach to seizure monitoring in critically ill patients is
accepted practice despite a 34% prevalence of seizures in
patients requiring neuro intensive care unit (ICU) level
care”™ with the majority (approaching 90% in comatose
patients) of epileptiform activity detected with EEG or
ECoG without clinically overt seizure activity.'®*® Patients
with TBI are among the largest critically ill patient popu-
lations to be affected by the lack of routine continuous
monitoring of brain activity. Early post-traumatic seizures
(seizures occurring within 7 days of brain trauma) are a
well-known complication of TBI. The incidence of early
post-traumatic seizures is as high as 26% with more than
half of the seizures being non-convulsive and diagnosed
exclusively by EEG.” %" * Thus, the current management
of patients requiring neurolCU care may lead to delayed
recognition and treatment as well as potentially missed
detection of seizures.

The early recognition and treatment of post-traumatic
seizures is paramount, as post-traumatic seizures lead
to secondary brain injury, worsen outcome and signifi-
cantly increase the risk of developing late post-traumatic
seizures and post-traumatic epilepsy.”! ** %7 Furthermore,
seizures during hospitalisation for TBI are independently
associated with longer hospital stays, posthospitalisation
discharge to a nursing facility, as well as a higher likeli-
hood of mortality.” %’

This study is designed to evaluate the feasibility of char-
acterising the spatiotemporal dynamics of CSDs and eval-
uate these dynamics with respect to structural brain lesions
and physiology of patients with TBI by using a multielec-
trode array combined with novel analytical algorithms.
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Overview of the major events from patient selection to data analysis for proposed study (A) and schematic of the

subdural strip electrodes used for the study (B). Note, strip electrodes include 4, 8 contact recording electrodes placed on the
cortical surface and a single 2 contact ground electrode placed in the subgaleal space.

Furthermore, by extending the duration of continuous
neuromonitoring beyond 7 days, the study affords the
opportunity to improve the current understanding of the
incidence of CSDs after TBI. A secondary objective of the
study is to identify epileptiform activity and characterise
the spatiotemporal relationship of epileptiform activity
with CSD events.

METHODS AND ANALYSIS

Aim and setting

In this pilot, prospective, observational study, we aim to
determine the feasibility of using four electrode strips
to identify CSDs as well as their propagation character-
istics in space and time (figure 1). The study is being
conducted in the surgical ICU of a level 1 trauma centre
with continuous monitoring by neurocritical care staff.
Based on the goal of a pilot trial, the target sample size
for the study is 10-20 participants. The ultimate number
of patients enrolled is contingent on the incidence of
CSD events observed in the initial participants given
that CSDs occur in approximately 56% of patients with
TBL' The rationale for performing a pilot study is that
the proposed approach to invasive neuromonitoring as
well as the computational techniques employed in the
trial are novel. Therefore, the feasibility of implementing
these techniques in a larger trial requires preliminary
evaluation.

The secondary goal of the study is characterisation of
the relationship between CSD events and epileptiform
activity. Given the larger spatial resolution afforded by
the multielectrode array, the relationship between epilep-
tiform activity and CSD may be better characterised than
it has in previous studies utilising a single strip electrode
recording conﬁguration.18 19

Patients

All patients who present through the emergency depart-
ment or on direct transfer to the neurosurgery service
with TBI requiring neurosurgical intervention are
eligible for screening. The inclusion criteria are age 18
years or older, diagnosis of TBI, and recommendation
to undergo craniotomy/craniectomy for evacuation of

mass effect or due to refractory elevation of intracranial
pressure. Exclusion criteria include contaminated head
wound, TBI lesion requiring posterior fossa decompres-
sion, known or suspected systemic bacterial infection and
pregnancy. Multiple traumas, penetrating head injuries
or other pre-existing diseases are not exclusions to study
enrolment.

Patient and public involvement
Patients and/or the public were not involved in the
design of the trial protocol.

Placement of cortical electrodes

Trained neurosurgery staff will place four 1x8 contact
(linear array) subdural electrode strips (PMT Corpora-
tion, Chanhassen, MN) in a grid formation on the cere-
bral cortical surface. The electrode strip array consists of
8 platinum electrodes each 3 mm in total diameter and
10 mm distance between electrode centres. The goal is
to place the electrodes in an orientation that positions
contacts across injured and normal appearing brain tissue
(figure 1B). A 1x2 contact strip (4.5 mm distance between
electrodes) ground electrode is placed in the subgaleal
space near the cranial defect. The electrode leads are
tunnelled 3-5 cm away from the primary surgical inci-
sion through stab incisions in the scalp. The procedure
is identical to that reported for a single electrode.' The
incisions are closed in the usual fashion and patients are
admitted in the neurosurgical care unit. Once critical
care is no longer clinically indicated, the subdural elec-
trodes are removed at the bedside via the scalp defect
that the electrode lead was tunnelled through by applying
gentle traction.

Multimodal neuromonitoring and ECoG acquisition

Postneurosurgical care and continuous bedside moni-
toring are provided in the surgical ICU. As the standard
of care, intracranial pressure, mean arterial pressure,
cerebral perfusion pressure and brain tissue oxygen
monitoring are monitored in addition to the acquisition
of continuous ECoG recordings as long as invasive neuro-
monitoring is clinically indicated. Monopolar ECoG
recordings are acquired from the 32 recording electrodes
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against the subgaleal reference using the Neuralynx
ATLAS neurophysiology amplifier system (Neuralynx,
Bozeman, MT) with Persyst Continuous Monitoring soft-
ware (Persyst, Solana Beach, California, USA) for inter-
pretation of DC-coupled ECoG recordings. Signals are
sampled at 16 kHz using a 0.0-4.0 kHz band-pass filter.
If significant charge build-up occurs during continuous
acquisition, the acquisition is altered to a near-DC config-
uration with a 0.01 to 4 kHz band-pass filter. The dynamic
range of the amplifier was set to -128 mV to +128 mV.
Daily monitoring includes reporting of any adverse events.

Standard of care and seizure monitoring

Participants enrolled in this study undergo continuous
ECoG monitoring for as many days clinically possible in
the ICU. Patient stay will not be prolonged for recording
unless medically indicated. ECoG recordings will be
reviewed daily for evidence of epileptiform activity, and
therefore, subclinical seizures are more likely to be
detected and treated at an early stage compared with
patients with TBI not enrolled in the study, providing
a possible direct benefit to participants enrolled in this
study.

Data analysis and mapping CSDs

CSD events are identified offline by their character-
istic negative shift of the slow potential recorded with a
DC-coupled amplifier and an associated reduction in the
amplitude of spontaneous cortical activity or character-
istic sequential DC changes in two or more adjacent elec-
trodes within 10 min of each other based on the criteria
recommended by the Co-Operative Studies on Brain
Injury Depolarisations.' > Characteristics of CSD events
including the duration and amplitude of DC shift, depres-
sion pattern and propagation rate, as well as individual
electrode sensitivity and specificity will be computed. The
CSD characteristics will be correlated to structural lesions
(defined by brain imaging), epileptiform discharge,
intracranial pressure, mean arterial pressure, cerebral
perfusion pressure, peripheral capillary oxygenation and
brain tissue oxygenation.

The use of multiple electrode arrays affords improved
spatial resolution of cortical activity compared with a
single six contact linear electrode array. Therefore, the
likelihood of identifying and characterising the origina-
tion and propagation of the CSDs is increased. The novel
approach to capturing CSDs is anticipated to allow the
development of models of CSD propagation as well as
localisation of foci of CSD initiation.

CSD foci will initially be localised using electrophys-
iological data. A cross correlation of ECoG signals is
performed across all electrode pairs followed by a Granger
causality analysis to determine the directionality of signal
propagation across the electrodes.” A two-dimensional
(2-D) plane will be constructed based on interelectrode
distances. This will allow the CSD epicentre and propaga-
tion of CSD waves to be characterised in 2-D space. Recon-
struction of the cortical surface using a standard MRI

Figure 2 Brain segmentation pipeline (A) Reference
thresholded CT input is first inverse segmented to obtain
a crude brain structure with cortical electrodes identified

(B). This segmentation is transformed and projected to a
standard MRI template to appreciate anatomical landmarks
using SPM 12 toolbox in Brainstorm (C, D).%¢%".

template and the post-operative head CT is performed
using Brainstorm.*" First, DICOM files of the post-
operative CT are loaded into the three-dimensional (3-D)
slicer.”™ The volume is then coregistered with a stan-
dard MRI template using SPM 12 toolbox.*’ Visualisation
of electrode configuration is then marked and labelled in
the postoperative CT in 3-D. An example registration and
mapping is shown in figure 2.

After the postoperative CT brain segmentation has
been performed, the 2-D surface constructed with the
electrophysiological recordings is overlaid on the 3-D
brain segmentation so that the CSD foci and propagation
characteristics are correlated with brain morphology and
structural injuries.

ETHICS AND DISSEMINATION

The trial is approved by the Hennepin Healthcare
Research Institute’s Institutional Review Board (Reference
number: HSR 17-4400) and performed in accordance
with the International Conference on Harmonisation
guidelines for Good Clinical Practice (ICH E6) and the
code of Federal Regulations on the Protection of Human
Subjects (45 CFR Part 46). Written informed consent is
obtained from study participants or their legally autho-
rised representatives prior to enrollment.

Study participants are monitored for adverse events
throughout the study. The principal investigator will
record all reportable events occurring after enrollment
until 7 (for non-serious adverse events) or 14 days (for
serious adverse events) after the last day of study partici-
pation. Adverse events will be followed for outcome infor-
mation until resolution or stabilisation. Study participants
are followed daily during enrollment. After electrode
removal, there is no further planned follow-up.
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Safety oversight is under the direction of the principal
investigators, aided by the coinvestigators and collabora-
tors. Patients are monitored in the ICU with close supervi-
sion. ECoG recordings will be reviewed daily for evidence
of seizure activity. Adverse events will be reviewed monthly
and addressed to correct safety issues. Safety events are
reported to the Institutional Review Board. Aggregate
adverse event data will be reported twice per year as
patient data is available to the Institutional Review Board.

Study findings will be submitted for publication in
peer-reviewed journals. In addition, study findings will be
presented at scientific conferences. Deidentified partic-
ipant data will be made available on reasonable request.

DISCUSSION

Achieving the aims of this pilot study: implementation of
long-term multielectrode monitoring of CSDs, mapping
of CSDs and identification of epileptiform activity in rela-
tion to CSD events would support the feasibility of a full-
scale trial. An appropriately powered study would provide
the means to unambiguously identify the origin of CSDs,
at-risk brain regions relative to CSD origins and the time
course of CSDs post injury. Furthermore, a large data
set with CSDs mapped from a diverse range of cortical
pathology at high spatial resolution could serve as the
basis for the development of automated algorithms for
CSD detection.

The time-course of CSD incidence following TBI is
well characterised within 24-72 hours after injury.”**
However, the frequency of GSD events beyond approx-
imately 7 days postinjury is less well understood. The
limited understanding of the CSD time course is due in
part to the design of prior studies which, except in the
case of SAH,l 10" discontinued invasive neuromonitoring
at or before 7 days.'” ** ** % Another barrier to deter-
mining the natural history of CSDs after TBI is current
clinical practice which emphasises early cessation of inva-
sive neuromonitoring and transfer out of the ICU.” Based
on the time-varying distribution of CSDs post-TBI as well
as preclinical data,” the duration of invasive neuromoni-
toring should be extended to improve the understanding
of the fundamental time-course of CSDs."” *® Elucidating
the time-course of CSDs is important as it will inform
the therapeutic window for interventions to minimise
secondary injury after TBI.

Preclinical studies demonstrate that CSDs arise inde-
pendently from several different foci*’ and exhibit inde-
pendent wave morphology.” ** However, multiple CSD
foci and their spatial distribution have not been specif-
ically investigated in clinical trials.! ' ** ** % % By using
an alternative recording method to capture CSDs with
higher resolution and creating a model for different TBI
presentations, our goal is to build on prior studies and
determine the spatiotemporal properties of CSDs. By
achieving the study goals of defining the spatiotemporal
properties of CSDs and the time course of CSD events

post-injury, the next step is the development of an auto-
mated CSD detection algorithm.

Identifying the topology of CSD origins has important
therapeutic implications. For example, one putative
therapeutic approach to minimising CSDs after TBI is
blocking the NMDA receptor.” ™ Inhibition of NMDA
receptors more effectively blocks CSDs in healthy brain
tissue compared with ischaemic tissue.” If initiation of
CSDs always occurs in penumbral tissue then targeting
of the N-methyl-D-aspartate (NMDA) receptor may not
be the most effective approach to minimising secondary
injury after TBI. Another hypothesis to consider is that
CSDs in penumbral tissue originate in other brain regions,
and through re-entrant pathways, propagate through
ischaemic tissue and return to the site of injury. In either
case, the differential effects of other therapeutic agents
evaluated for effective CSD blockage may similarly occur.
Therefore, improved understanding of CSD dynamics
after TBI may guide the selection of therapeutic targets.

CSDs and seizures
CSD and seizure activity are classified as distinct
phenomena though they co-occur in patients with severe
TBL'®** Modelling of neuronal activity suggests that CSD,
mixed seizure and CSD states as well as terminal anoxic
depolarisation are events in a continuum."” By increasing
the ECoG recording period, our goal is to define the
spatiotemporal relationship between seizures and CSDs
after brain injury. Moreover, daily review of the ECoG
recordings allows adjustments of AEDs to treat subclin-
ical seizures. The goal of the study is not to evaluate the
relationship between post-TBI CSD incidence and devel-
opment of epilepsy, though prior studies have established
a link between early CSDs and late epilepsy after SAH.!
Commonly used AEDs, such as levetiracetam, may differ-
entially affect CSD and seizure activity. Though the mech-
anism of levetiracetam is not fully understood, it is known
that levetiracetam inhibits glutamatergic neurotransmis-
sion” *® and in hippocampal slices reduces spontaneous
NMDA-induced epileptiform bursts.”” The pathophysi-
ological basis of CSD and astroglial impairment involves
the sensitisation of NMDA receptors to small changes in
interstitial glutamate, facilitating further release of gluta-
mate and K*.*'® Could the excitotoxic effects of glutamate
in the origins of CSDs be modified with the use of this anti-
convulsant and other glutamate/NMDA receptor modu-
lating drugs? An in vitro study demonstrated that NMDA
receptor antagonists blocked both epileptiform activity
as well as CSDs”® and in vivo NMDA receptor blockade
diminished the secondary phase of CSD attenuating core
infarct volume.” Additionally, a derivative of valproic acid
reduced CSD events,]1 and ketamine reduces CSDs.?! %3
Interventions to ameliorate or prevent CSDs is an area of
active investigation and is beyond the scope of the current
trial. However, since it is the standard of care for patients
with TBI in our centre to receive prophylactic and ther-
apeutic treatment for seizures with levetiracetam, some
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insight might be obtained into the relationship between
seizures, CSD and the use of glutamate-inhibiting drugs.

Study limitations

As this is a feasibility study with an expected small hetero-

geneous cohort of patients, several limitations related to

the study design might be encountered:

1. Population heterogeneity: bimodal age distribution
and injury heterogeneity can limit intersubject re-
producibility.” Older individuals exhibit lower CSD
incidence' * and higher CSF/brain ratios that may
reduce signal-to-noise resulting in lower sensitivity of
CSD detection. Furthermore, the spectrum and sever-
ity of injury varies widely among the TBI population.

2. Temporal heterogeneity: time since injury at which
patients are enrolled, implanted and monitored will
define the window of CSDs that is captured. While the
goal of this study is to extend monitoring beyond 7
days, this might not be feasible for patients that don’t
require extended ICU stays or for those that deterio-
rate rapidly.

3. Electrode location heterogeneity: positioning of elec-
trodes will dependent on the site of injury as well as the
geometry of the craniotomy, therefore, electrodes are
unlikely to be anatomically aligned between patients.

4. Coincident CSD and epileptiform activity: given the
limited sample size of the pilot study, the number of
CSDs in close temporal proximity to epileptiform activ-
ity may be limited. Without a sufficient number of co-
incident CSDs and epileptiform activity, characterisa-
tion of the spatiotemporal relationship of these events
may not be possible with a high degree of certainty.

5. CSD modelling challenges: brain reconstructions for
CSD modelling may be hindered by severe structural
injuries that distort sulci/gyri anatomy. Furthermore,
previous attempts to reconstruct CSD propagation in
injured human cortex have proven challenging given
the limitations of currently available brain segmenta-
tion software combined with the limited spatial resolu-
tion of the recording configurations used to monitor
for CSDs."

TRIAL STATUS
The trial opened for enrolment and is currently recruiting
patients.

Acknowledgements We thank Alexander Cramer for assistance with the
generation of figures.

Contributors SWC conceived the study, participated in the study design, obtained
funding, was responsible for preparing and revising the manuscript and is the
principal investigator. IPP participated in study design as well as preparation and
revision of the manuscript. AN and DC were responsible for assisting with brain
segmentation, editing and revising the manuscript. MCP conceived the study,
participated in the study design, and was responsible for revising the manuscript.
DPD conceived the study, participated in the study design, obtained funding and
was responsible for preparing and revising the manuscript. All authors read and
approved the final manuscript.

Funding This trial is funded by the Minnesota SCI-TBI fund (Grant Contract:
143686).

Disclaimer The funding source did not participate in the design of the study, nor
the collection, analysis, and interpretation of data. Finally, the funding source did
not participate in writing the manuscript.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Anant Naik http://orcid.org/0000-0002-7491-5401

REFERENCES

1 Dreier JP, Fabricius M, Ayata C, et al. Recording, analysis, and
interpretation of spreading depolarizations in neurointensive care:
review and recommendations of the COSBID Research Group. J
Cereb Blood Flow Metab 2017;37:1595-625.

2 Leao AAP. Spreading depression of activity in the cerebral cortex. J
Neurophysiol 1944;7:359-90.

3 Toth P, Szarka N, Farkas E, et al. Traumatic brain injury-induced
autoregulatory dysfunction and spreading depression-related
neurovascular uncoupling: pathomechanisms, perspectives,
and therapeutic implications. Am J Physiol Heart Circ Physiol
2016;311:H1118-31.

4 Hartings JA, Gugliotta M, Gilman C, et al. Repetitive cortical
spreading depolarizations in a case of severe brain trauma. Neurol
Res 2008;30:876-82.

5 Hartings JA, Li C, Hinzman JM, et al. Direct current
electrocorticography for clinical neuromonitoring of spreading
depolarizations. J Cereb Blood Flow Metab 2017;37:1857-70.

6 Ayata C, Lauritzen M. Spreading depression, spreading
depolarizations, and the cerebral vasculature. Physiol Rev
2015;95:953-93.

7 Dreier JP. The role of spreading depression, spreading depolarization
and spreading ischemia in neurological disease. Nat Med
2011;17:439-47.

8 Hinzman JM, Wilson JA, Mazzeo AT, et al. Excitotoxicity and
metabolic crisis are associated with spreading depolarizations
in severe traumatic brain injury patients. J Neurotrauma
2016;33:1775-83.

9 Dreier JP, Isele T, Reiffurth C, et al. Is spreading depolarization
characterized by an abrupt, massive release of Gibbs free energy
from the human brain cortex? Neuroscientist 2013;19:25-42.

10 Milakara D, Grozea C, Dahlem M, et al. Simulation of spreading
depolarization trajectories in cerebral cortex: correlation of velocity
and susceptibility in patients with aneurysmal subarachnoid
hemorrhage. Neuroimage Clin 2017;16:524-38.

11 Kramer DR, Fujii T, Ohiorhenuan |, et al. Interplay between cortical
spreading depolarization and seizures. Stereotact Funct Neurosurg
2017;95:1-5.

12 Wainsztein N, Rodriguez Lucci F. Cortical spreading depression
and ischemia in neurocritical patients. Neurosurg Clin N Am
2018;29:223-9.

13 Dreier JP, Major S, Manning A, et al. Cortical spreading ischaemia
is a novel process involved in ischaemic damage in patients with
aneurysmal subarachnoid haemorrhage. Brain 2009;132:1866-81.

14 Foreman B, Lee H, Okonkwo DO, et al. The relationship between
seizures and spreading depolarizations in patients with severe
traumatic brain injury. Neurocrit Care;66.

15 Lauritzen M, Dreier JP, Fabricius M, et al. Clinical relevance of
cortical spreading depression in neurological disorders: migraine,
malignant stroke, subarachnoid and intracranial hemorrhage, and
traumatic brain injury. J Cereb Blood Flow Metab 2011;31:17-35.

16 von Bornstadt D, Houben T, Seidel JL, et al. Supply-demand
mismatch transients in susceptible peri-infarct hot zones explain the
origins of spreading injury depolarizations. Neuron 2015;85:1117-31.

17 WeiY, Ullah G, Schiff SJ. Unification of neuronal spikes, seizures,
and spreading depression. J Neurosci 2014;34:11733-43.

Cramer SW, et al. BMJ Open 2022;12:¢061663. doi:10.1136/bmjopen-2022-061663


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-7491-5401
http://dx.doi.org/10.1177/0271678X16654496
http://dx.doi.org/10.1177/0271678X16654496
http://dx.doi.org/10.1152/jn.1944.7.6.359
http://dx.doi.org/10.1152/jn.1944.7.6.359
http://dx.doi.org/10.1152/ajpheart.00267.2016
http://dx.doi.org/10.1179/174313208X309739
http://dx.doi.org/10.1179/174313208X309739
http://dx.doi.org/10.1177/0271678X16653135
http://dx.doi.org/10.1152/physrev.00027.2014
http://dx.doi.org/10.1038/nm.2333
http://dx.doi.org/10.1089/neu.2015.4226
http://dx.doi.org/10.1177/1073858412453340
http://dx.doi.org/10.1016/j.nicl.2017.09.005
http://dx.doi.org/10.1159/000452841
http://dx.doi.org/10.1016/j.nec.2017.11.003
http://dx.doi.org/10.1093/brain/awp102
http://dx.doi.org/10.1007/s12028-022-01441-2
http://dx.doi.org/10.1038/jcbfm.2010.191
http://dx.doi.org/10.1016/j.neuron.2015.02.007
http://dx.doi.org/10.1523/JNEUROSCI.0516-14.2014

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Fabricius M, Fuhr S, Willumsen L, et al. Association of seizures with
cortical spreading depression and peri-infarct depolarisations in the
acutely injured human brain. Clin Neurophysiol 2008;119:1973-84.
Hartings JA, Bullock MR, Okonkwo DO, et al. Spreading
depolarisations and outcome after traumatic brain injury: a
prospective observational study. Lancet Neurol 2011;10:1058-64.
Tasker RC. Spreading depolarisations and traumatic brain injury: time
course and mechanisms. Lancet Neurol 2012;11:389.

Dreier JP, Major S, Pannek H-W, et al. Spreading convulsions,
spreading depolarization and epileptogenesis in human cerebral
cortex. Brain 2012;135:259-75.

Hartings JA, Strong AJ, Fabricius M, et al. Spreading depolarizations
and late secondary insults after traumatic brain injury. J Neurotrauma
2009;26:1857-66.

Eriksen N, Pakkenberg B, Rostrup E, et al. Neurostereologic lesion
volumes and spreading depolarizations in severe traumatic brain
injury patients: a pilot study. Neurocrit Care 2019;30:557-68.
Hartings JA, Andaluz N, Bullock MR, et al. Prognostic value of
spreading depolarizations in patients with severe traumatic brain
injury. JAMA Neurol 2020;77:489.

Santos E, Sanchez-Porras R, Sakowitz OW, et al. Heterogeneous
propagation of spreading depolarizations in the lissencephalic and
gyrencephalic brain. J Cereb Blood Flow Metab 2017;37:2639-43.
Kaufmann D, Theriot JJ, Zyuzin J, et al. Heterogeneous incidence
and propagation of spreading depolarizations. J Cereb Blood Flow
Metab 2017;37:1748-62.

Dreier JP, Woitzik J, Fabricius M, et al. Delayed ischaemic
neurological deficits after subarachnoid haemorrhage are associated
with clusters of spreading depolarizations. Brain 2006;129:3224-37.
Fabricius M, Fuhr S, Bhatia R, et al. Cortical spreading depression
and peri-infarct depolarization in acutely injured human cerebral
cortex. Brain 2006;129:778-90.

Strong AJ, Fabricius M, Boutelle MG, et al. Spreading and
synchronous depressions of cortical activity in acutely injured human
brain. Stroke 2002;33:2738-43.

Santos E, Davila-Rodriguez DO, Marquez-Gonzalez K, et al.
Screening spreading depolarizations during epilepsy surgery. Acta
Neurochir 2019;161:911-6.

Sueiras M, Thonon V, Santamarina E, et al. Cortical spreading
depression phenomena are frequent in ischemic and traumatic
penumbra: a prospective study in patients with traumatic brain
injury and large hemispheric ischemic stroke. J Clin Neurophysiol
2021;38:47-55.

Carney N, Totten AM, O'Reilly C, et al. Guidelines for the
management of severe traumatic brain injury, fourth edition.
Neurosurgery 2017;80:6-15.

Hartings JA. Spreading depolarization monitoring in neurocritical
care of acute brain injury. Curr Opin Crit Care 2017;23:94-102.
Herman ST, Abend NS, Bleck TP, et al. Consensus statement on
continuous EEG in critically ill adults and children, part I: indications.
J Clin Neurophysiol 2015;32:87-95.

Majidi S, Makke Y, Ewida A, et al. Prevalence and risk factors for
early seizure in patients with traumatic brain injury: analysis from
national trauma data bank. Neurocrit Care 2017;27:90-5.

Claassen J, Mayer SA, Kowalski RG, et al. Detection of
electrographic seizures with continuous EEG monitoring in critically ill
patients. Neurology 2004;62:1743-8.

Vespa PM, McArthur DL, Xu Y, et al. Nonconvulsive seizures after
traumatic brain injury are associated with hippocampal atrophy.
Neurology 2010;75:792-8.

Perucca P, Smith G, Santana-Gomez C, et al. Electrophysiological
biomarkers of epileptogenicity after traumatic brain injury. Neurobiol
Dis 2019;1283:69-74.

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Young GB, Mantia J. Continuous EEG monitoring in the intensive
care unit. Handb Clin Neurol 2017;140:107-16.

Kaminski M, Brzezicka A, Kaminski J, et al. Measures of coupling
between neural populations based on Granger causality principle.
Front Comput Neurosci 2016;10:114.

Tadel F, Baillet S, Mosher JC, et al. Brainstorm: a user-friendly
application for MEG/EEG analysis. Comput Intell Neurosci
2011;2011:879716.

Gupta V, Ambrosius W, Qian G, et al. Automatic segmentation of
cerebrospinal fluid, white and gray matter in unenhanced computed
tomography images. Acad Radiol 2010;17:1350-8.

Irimia A, Maher AS, Rostowsky KA, et al. Brain segmentation from
computed tomography of healthy aging and geriatric concussion at
variable spatial resolutions. Front Neuroinform 2019;13:9.

Fedorov A, Beichel R, Kalpathy-Cramer J, et al. 3D slicer as an image
computing platform for the quantitative imaging network. Magn
Reson Imaging 2012;30:1323-41.

3D Slicer. 3D slicer image computing platform, 2020. Available:
https://www.slicer.org/ [Accessed 05 May 2021].

Ashburner J, Friston KJ. Unified segmentation. Neuroimage
2005;26:839-51.

Hartings JA, Vidgeon S, Strong AJ, et al. Surgical management

of traumatic brain injury: a comparative-effectiveness study of 2
centers. J Neurosurg 2014;120:434-46.

Hinzman JM, Andaluz N, Shutter LA, et al. Inverse neurovascular
coupling to cortical spreading depolarizations in severe brain trauma.
Brain 2014;137:2960-72.

Jeffcote T, Hinzman JM, Jewell SL, et al. Detection of spreading
depolarization with intraparenchymal electrodes in the injured human
brain. Neurocrit Care 2014;20:21-31.

Hartings JA, Rolli ML, Lu X-CM, et al. Delayed secondary phase of
peri-infarct depolarizations after focal cerebral ischemia: relation to
infarct growth and neuroprotection. J Neurosci 2003;23:11602-10
http://www.ncbi.nIm.nih.gov/pubmed/14684862

Jarvis CR, Anderson TR, Andrew RD. Anoxic depolarization mediates
acute damage independent of glutamate in neocortical brain slices.
Cereb Cortex 2001;11:249-59.

Hertle DN, Dreier JP, Woitzik J, et al. Effect of analgesics and
sedatives on the occurrence of spreading depolarizations
accompanying acute brain injury. Brain 2012;135:2390-8.

Carlson AP, Abbas M, Alunday RL, et al. Spreading depolarization in
acute brain injury inhibited by ketamine: a prospective, randomized,
multiple crossover trial. J Neurosurg 2018:1-7.

Miiller M, Somjen GG. Inhibition of major cationic inward currents
prevents spreading depression-like hypoxic depolarization in rat
hippocampal tissue slices. Brain Res 1998;812:1-13.

Farkas E, Bari F. Spreading depolarization in the ischemic brain:
does aging have an impact? J Gerontol A Biol Sci Med Sci
2014;69:1363-70.

Lee C-Y, Chen C-C, Liou H-H. Levetiracetam inhibits glutamate
transmission through presynaptic P/Q-type calcium channels

on the granule cells of the dentate gyrus. Br J Pharmacol
2009;158:1753-62.

Surges R, Volynski KE, Walker MC. Is levetiracetam different

from other antiepileptic drugs? levetiracetam and its cellular
mechanism of action in epilepsy revisited. Ther Adv Neurol Disord
2008;1:13-24.

Avoli M, Drapeau C, Louvel J, et al. Epileptiform activity induced by
low extracellular magnesium in the human cortex maintained in vitro.
Ann Neurol 1991;30:589-96.

Blennow K, Brody DL, Kochanek PM, et al. Traumatic brain injuries.
Nat Rev Dis Primers 2016;2:16084.

Cramer SW, et al. BMJ Open 2022;12:¢061663. doi:10.1136/bmjopen-2022-061663


http://dx.doi.org/10.1016/j.clinph.2008.05.025
http://dx.doi.org/10.1016/S1474-4422(11)70243-5
http://dx.doi.org/10.1016/S1474-4422(12)70084-4
http://dx.doi.org/10.1093/brain/awr303
http://dx.doi.org/10.1089/neu.2009.0961
http://dx.doi.org/10.1007/s12028-019-00692-w
http://dx.doi.org/10.1001/jamaneurol.2019.4476
http://dx.doi.org/10.1177/0271678X16689801
http://dx.doi.org/10.1177/0271678X16659496
http://dx.doi.org/10.1177/0271678X16659496
http://dx.doi.org/10.1093/brain/awl297
http://dx.doi.org/10.1093/brain/awh716
http://dx.doi.org/10.1161/01.str.0000043073.69602.09
http://dx.doi.org/10.1007/s00701-019-03870-z
http://dx.doi.org/10.1007/s00701-019-03870-z
http://dx.doi.org/10.1097/WNP.0000000000000648
http://dx.doi.org/10.1227/NEU.0000000000001432
http://dx.doi.org/10.1097/MCC.0000000000000395
http://dx.doi.org/10.1097/WNP.0000000000000166
http://dx.doi.org/10.1007/s12028-016-0363-6
http://dx.doi.org/10.1212/01.wnl.0000125184.88797.62
http://dx.doi.org/10.1212/WNL.0b013e3181f07334
http://dx.doi.org/10.1016/j.nbd.2018.06.002
http://dx.doi.org/10.1016/j.nbd.2018.06.002
http://dx.doi.org/10.1016/B978-0-444-63600-3.00007-6
http://dx.doi.org/10.3389/fncom.2016.00114
http://dx.doi.org/10.1155/2011/879716
http://dx.doi.org/10.1016/j.acra.2010.06.005
http://dx.doi.org/10.3389/fninf.2019.00009
http://dx.doi.org/10.1016/j.mri.2012.05.001
http://dx.doi.org/10.1016/j.mri.2012.05.001
https://www.slicer.org/
http://dx.doi.org/10.1016/j.neuroimage.2005.02.018
http://dx.doi.org/10.3171/2013.9.JNS13581
http://dx.doi.org/10.1093/brain/awu241
http://dx.doi.org/10.1007/s12028-013-9938-7
http://dx.doi.org/10.1523/JNEUROSCI.23-37-11602.2003
http://www.ncbi.nlm.nih.gov/pubmed/14684862
http://dx.doi.org/10.1093/cercor/11.3.249
http://dx.doi.org/10.1093/brain/aws152
http://dx.doi.org/10.3171/2017.12.JNS171665
http://dx.doi.org/10.1016/s0006-8993(98)00812-9
http://dx.doi.org/10.1093/gerona/glu066
http://dx.doi.org/10.1111/j.1476-5381.2009.00463.x
http://dx.doi.org/10.1177/1756285608094212
http://dx.doi.org/10.1002/ana.410300412
http://dx.doi.org/10.1038/nrdp.2016.84

	Mapping spreading depolarisations after traumatic brain injury: a pilot clinical study protocol
	Abstract
	Introduction﻿﻿
	Methods and analysis
	Aim and setting
	Patients
	Patient and public involvement
	Placement of cortical electrodes
	Multimodal neuromonitoring and ECoG acquisition
	Standard of care and seizure monitoring
	Data analysis and mapping CSDs

	Ethics and dissemination
	Discussion
	CSDs and seizures
	Study limitations

	Trial status
	References


