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Abstract

Spreading depolarizations (SD) are waves of abrupt, near-complete breakdown of neuronal transmembrane ion gradi-
ents, are the largest possible pathophysiologic disruption of viable cerebral gray matter, and are a crucial mechanism of
lesion development. Spreading depolarizations are increasingly recorded during multimodal neuromonitoring in neuro-
critical care as a causal biomarker providing a diagnostic summary measure of metabolic failure and excitotoxic injury.
Focal ischemia causes spreading depolarization within minutes. Further spreading depolarizations arise for hours to days
due to energy supply-demand mismatch in viable tissue. Spreading depolarizations exacerbate neuronal injury through
prolonged ionic breakdown and spreading depolarization-related hypoperfusion (spreading ischemia). Local duration of
the depolarization indicates local tissue energy status and risk of injury. Regional electrocorticographic monitoring
affords even remote detection of injury because spreading depolarizations propagate widely from ischemic or
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metabolically stressed zones; characteristic patterns, including temporal clusters of spreading depolarizations and per-
sistent depression of spontaneous cortical activity, can be recognized and quantified. Here, we describe the experimental
basis for interpreting these patterns and illustrate their translation to human disease. We further provide consensus
recommendations for electrocorticographic methods to record, classify, and score spreading depolarizations and asso-
ciated spreading depressions. These methods offer distinct advantages over other neuromonitoring modalities and allow
for future refinement through less invasive and more automated approaches.
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Spreading depolarization, spreading depression, anoxic depolarization, asphyxial depolarization, peri-infarct depolariza-
tion, spreading ischemia, brain trauma, focal ischemia, subarachnoid hemorrhage, intracerebral hemorrhage, epilepto-
genesis, epilepsy, cerebral blood flow, brain edema, vasospasm, global ischemia, neurovascular coupling, neuroprotection,

neurocritical care, global ischemia

Received 20 April 2016; Revised 4 May 2016; Accepted 6 May 2016

Introduction

Spreading depolarization (SD) is the generic term for
pathologic waves of abrupt, sustained mass depolariza-
tion that propagate at velocities of 1.7-9.2 mm/min in
gray matter of the brain." * It originates in neurons™°
and is characterized by active propagation of an
abrupt, near-complete breakdown of the neuronal
transmembrane ion gradients, in contrast to the slow
breakdown that can be observed in any cell of the body
before death when there is severe energy depriv-
ation.”'" The concentration gradient of practically
every investigated small molecule changes between
cytoplasm and interstitial space during SD. These char-
acteristic concentration changes are the largest
observed in live tissue.” In addition, cell organelles
such as mitochondria undergo marked alterations
during SD.'*"

The other important pathological network event in
the brain is the ictal epileptiform event (IEE). IEE is the
pathophysiological correlate of convulsive and noncon-
vulsive epileptic seizures. As a rule of thumb, changes
during SD are at least five times greater than those
observed during IEE.'*!'> Because the changes of SD
are so large and diverse, numerous options exist to
measure SD in the experimental setting. For example,
SD can be detected via the abrupt extracellular concen-
tration changes of glutamate, potassium, or sodium
using microelectrodes in  vivo or in brain
slices, 31916719 the large increase in intracellular cal-
cium as measured with calcium imaging,”>>! the cellu-
lar swelling and dendritic beading as observed with
two-photon microscopy,>> >> which is associated with
shrinkage of the extracellular space,'®?*2® the local
decrease in intracellular water mobility as imaged by
diffusion-weighted  magnetic  resonance imaging
(MRI)'*!32732 or the release of free energy from the
tissue that is converted to heat (“free energy

Moreover, SD involves astro-
cytes,™**>37 provokes marked microvascular/hemo-
dynamic responses,”® *!' activates microglial cells and
inflammasome formation and induces cytokine gene
expression.*” ** Thereby, SD creates an interface of
reciprocal interaction between the three super sys-
tems—nervous, vascular, and immune—whenever the
brain is locally injured.”> This interface reaches far
beyond the actual zones of injury because of the spread-
ing nature of SD. The wide array of immense changes
involved in SD suggests that this phenomenon is among
the most fundamental processes of brain pathology.

SD is the mechanism of both pannecrotic and select-
ive neuronal lesion development in gray matter
depleted or deprived of energy, as shown in diverse
disease models and species.*’ In adequately supplied
tissue, SD could be slightly injurious,*® innocuous,*’
or even protective.*® > This selectively harmful charac-
ter and the notorious pharmacoresistance of SD in
energy-depleted tissue complicate direct therapeutic
targeting. However, SD monitoring in neurocritical
care offers unprecedented opportunities for disease
characterization and treatment stratification to tailor
targeted treatments, following the concept of
Precision (“individualized”) Medicine.>* Particular
advantages include that SD monitoring can be per-
formed at the bedside, continuously, and in real
time.>> Therefore, it should allow for targeted treat-
ment to begin earlier than with diagnosis based on
any imaging modality or laboratory test because there
are no delays associated with detection of pathology,
laboratory analyses, or patient transport.

The first part of this consensus article is devoted to
multimodal monitoring in neurocritical care of trau-
matic brain injury (TBI) and stroke patients.’® The
second part addresses basic properties of SD with a
focus on their clinical relevance. The third part dis-
cusses how newly developing ischemic zones may be

starving”).3-*
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detected in real-time even when the recording device is
located remotely from the ischemic zone. In the fourth
part, we recommend practical guidelines for the routine
monitoring of SD within the framework of the Co-
Operative Studies on Brain Injury Depolarizations
(COSBID) and multimodal neuromonitoring that
enable its use as a diagnostic summary measure for
disturbances in brain energy metabolism,> brain
lesion development,*’ prognostication,’”-* and tailored
therapy in neurocritical care.

Part |: Relevance of multimodal
monitoring in neurocritical care

A diagnostic summary measure for disturbances
in brain energy metabolism

Personalized medicine proposes the customization of
healthcare by tailoring medical decisions, practices,
and/or products to the individual patient. In this
model, treatment-responsive modifiable biomarkers of
injury serve as diagnostic summary measures to enable
iterative tailored therapy.

Powerful diagnostic summary measures exist for
practically every organ. The brain, however, poses par-
ticular challenges because time from onset of an insult
to damage is shorter than in other tissues, and brain
structure and physiology are exceedingly complex. The
brain is also less accessible to point-of-care diagnostic
procedures and interventions since it lies beneath the
skull and is normally isolated from peripheral
circulation.

An important biomarker would measure disturb-
ances of energy supply and metabolism in pathologic
conditions of the brain such as global ischemia, hypo-
glycemia, TBI, and stroke, the leading cause of major
disability and third leading cause of death in the
world.**®" Acute disturbances of brain energy metab-
olism in a fully conscious patient can often be detected
via history and neurological exam by the treating phys-
ician;'> however, in patients with reduced consciousness
from injuries or sedatives, neurologic assessments often
fail to detect secondary injury. Thus, diagnosis of sec-
ondary injury is often delayed in the intensive care set-
ting, and treatment is not provided at the appropriate
time despite the availability of suitable interventions.®>

Diagnostic summary measures are useful precisely
for these situations. The ideal measure of disturbed
brain energy metabolism should: (a) be available at
the bedside in real-time to allow for intervention
before tissue damage occurs; (b) have high sensitivity
and specificity with minimal interference from other
signals; (c) be non- or minimally invasive to reduce
the risk of side-effects; (d) be procedurally simple to
implement and durable, with minimal possibility of

failure from patient movements or manipulations; (e)
include automated analysis to minimize human work-
load and allow pre-specified diagnostic criteria to trig-
ger an alarm; and (f) respond rapidly to treatment and
reflect treatment efficacy in real-time. While candidate
summary measures should strive to achieve these ideal
requirements within realistic limits, their development
takes time and necessitates progressive incremental
advances. Monitoring of the brain should thus be
regarded as a modular or building-block construct in
which individual parts/concepts are continually added
and refined, while failed or obsolete ones are removed.

Multimodal monitoring of the brain

Multimodal continuous bed-side monitoring has
already long been applied routinely in neurocritical
care. The modalities most widely used at present are
intracranial pressure (ICP), cerebral perfusion pressure
(CPP), oxygen availability (local tissue partial pressure
of oxygen [p;O,]), and scalp electroencephalography
(EEG).%® Only recently have electrographic approaches
been extended to include intracranial electrocorticogra-
phy (ECoG) as a method to monitor SD. The focus of
the present article is therefore on SD, but it is empha-
sized that SD is only one promising element in concert
with others to build and improve effective diagnostics
through multimodal neuromonitoring. Given that the
different modalities are not mutually exclusive but may
actually be complementary,* here we describe the
state-of-the-art recording and analysis of SDs within
the framework of multimodal monitoring in neurocri-
tical care.

Neurocritical care as a systems process

It is beyond the scope of the present article to discuss
the other measures of multimodal monitoring in detail.
Instead, the reader is referred to the following
reviews.®>*> "% Nonetheless, it may be mentioned that
each of those modalities faces several fundamental chal-
lenges for advancing application: (a) What exactly are
they measuring: cause or effect? (b) How, where, and
when should they be recorded to extract the most clin-
ically relevant information? (¢) What are the most rele-
vant thresholds or derived summary measures for
treatment and prognosis? (d) What are the appropriate
interventions to restore physiology? and (¢) Does moni-
toring or associated intervention impact outcome?®?
In general, the philosophy behind patient monitor-
ing in critical care is that clinical outcome should be
improved through an iterative, bidirectional modula-
tion to restore diagnostic summary measures to a
physiological range, unless there are good reasons to
allow a set point adjustment. But this approach is
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intrinsically difficult because the clinician seeking better
outcomes has to choose among many individual inter-
ventions, each modifying several monitored variables.
Furthermore, many complex interactions make it hard
to distinguish unequivocally if the changes observed in
multimodal monitoring are a consequence of feedback
mechanisms (both physiological and pathological), or
the clinical interventions themselves. In this context,
simple causal reasoning becomes difficult because diag-
nosis influences therapy and therapy influences diagno-
sis, leading to circular arguments.

Thus, the compound value of the current concept of
neurocritical care and emergency medicine may be
revealed in a historical perspective from decade to
decade, but the search for single diagnostic or thera-
peutic measures responsible for improvement is at best
exceedingly difficult, and at worst may be misguided.
For example, the general value of neurocritical care and
emergency medicine is supported by a weighted lin-
ear regression analysis that revealed a decline in case-
fatality rate of aneurysmal subarachnoid hemorrhage
(aSAH) by 8% per decade between 1960 and 1992.
There was also an increase in the proportion of patients
who recovered independent function.®” Mortality of
TBI declined in a similar fashion at a rate of 9% per
decade from 1970 to 1990.7° However, the controversies
begin when single modalities of modern management
are considered, such as ICP control in TBI and aSAH.
On one hand, the only randomized controlled trial on
ICP monitoring in patients with severe TBI failed.”!
Yet, Gerber et al.”? observed that adherence to the
Brain Trauma Foundation guidelines in New York
State between 2001 and 2009 was associated with fur-
ther decline in the 2-week case-fatality rate from 22%
to 13%. The authors mainly attributed this improve-
ment to vigorous ICP control, consistent with the gen-
eral view in the field that ICP control cannot be
dispensed with.%3-63-66.73

Increased ICP can cause tissue damage by brain her-
niation and severe reduction in regional cerebral blood
flow (rCBF). Hence, common sense alone dictates that
ICP should remain below a certain threshold. However,
the threshold is likely a graded one, may vary for indi-
vidual patients, and may be a function of time in add-
ition to absolute level.”* Further questions are how best
to maintain the physiologic range and whether the
benefits outweigh the costs. In the clinic, the pillar of
ICP control is effective sedation, but sedation often
necessitates intubation and ventilation. Each day of
mechanical ventilation increases the risk of pneumo-
nia,”> which is in turn associated with worse outcome
in TBI and stroke including aSAH.”® " Unfortunately,
neither modulation of the yet largely enigmatic mech-
anisms of the central nervous system (CNS)-injury
induced immunodepression syndrome (CIDS) nor

preventive antibiotic treatment seem to be viable
options for the prevention of pneumonia. CIDS predis-
poses stroke and TBI patients to pneumonia,** ™ but
may protect the brain through inhibition of autoaggres-
sion; administration of preventive antibiotics failed to
improve functional outcome in patients with
stroke.®**%7 This illustrates how diagnostic measures
can result in therapeutic decisions that solve one prob-
lem but may create others. The net gain or loss
on the intervention is accordingly complex and often
difficult to interpret. This example involving ICP con-
trol is particularly interesting because the original prob-
lem is intracranial whereas the new one, that is,
pneumonia, is extracranial, and the whole process
involves not only one but several disciplines, including
neurointensivists, neurosurgeons, anesthetists, infec-
tious disease specialists, immunologists, hospital
hygienists, and nurses.

These brief sketches introduce another more general
problem that arises from the ever-increasing complexity
of monitoring, interventions, and complications: the
intensity of labor and resource utilization and asso-
ciated risk of human error in neurocritical care. The
list of potential complications alone is impressive. For
example, aSAH was found to be associated with
around 20 relevant intracranial and more than 30 rele-
vant extracranial complications.”®”” On top of this,
there are numerous side effects of a wide range of medi-
cations. In order to maintain overview and to allow
comparative studies, it is therefore mandatory to
employ simple, logical, and practically useful standards
and recommendations that are updated periodically at
the level of professional societies and local institutions.
The second goal of this article is therefore to establish
current standards and recommendations for monitor-
ing of SDs in neurocritical care.

Such standards of monitoring brain pathology may
complement alternate representations of complex data
sets®® with the ultimate ambitious goal of a whole-
system approach to neurocritical care. Such an
approach removes some obstacles by replacing a
“black box” that only shows outputs devoid of context,
with information about the evolution of disease pro-
cess, the homeostatic responses, and therapeutic inter-
ventions, along with means to tease apart the effects of
these interactions. Ideally, this information would be
quantitative. Then, monitoring would imply construct-
ing a dynamical model of the patient-pathology-
intervention triad, which carries three consequences.
First, finding such a model would benefit from avail-
able formal methods to describe, analyze, predict, and
ultimately control the system under study. Second,
model-based observation is in itself a natural platform
for discovery (hypothesis generation and testing). And
third, a unified model of patient, disease process, and
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selective interventions is the very realization of perso-
nalized medicine. In a practical sense, this process of
model building makes data analysis a continuous and
parallel activity to acquiring the data. “Monitoring”
would not just mean ‘“‘data acquisition” anymore, it
would become synonymous with selecting a subset of
well-understood quantities to guide clinical decision
making, case-by-case.

Part 2: Basic properties of SD in the clinic
Spectrum of diseases

There is unequivocal electrophysiological evidence that
SDs occur abundantly in the human brain in numerous
diseases such as TBI,>"* 2 spontaneous intracerebral
hematoma (ICH),”*?*** aSAH,*® delayed cerebral
ischemia (DCI) after aSAH>-**?>%¢ and malignant
hemispheric ischemic stroke (MHS).*” Further, ima-
ging studies of changes in rCBF or its surrogates and
magnetoencephalography strongly suggested that SD is
the pathophysiological correlate of the migraine
aura.**?* 1% In migraineurs, it may trigger migraine
headache.'>10 104

Signatures of SD in the human brain

SD propagates in gray matter of the human brain at a
rate between 1.7 and 9.2 mm/min as assessed by laser
speckle imaging of rCBF and imaging of the intrinsic
optical signal (I0S) in the operating room.* In neuro-
critical care, long-term monitoring of SD can be
achieved with direct current ECoG (DC-ECoG), the
same technique commonly used in preclinical studies.
The designation of DC-ECoG is equivalent to full-
band, indicating that the recording amplifier does not
filter any low frequency components of the voltage
signal and is therefore compatible with measuring to
a theoretical limit of 0 Hz, known as the DC offset.
Practically, DC shifts or potentials are synonymous
with slow potentials and refer to low frequency signals
<0.05Hz. In DC-ECoG then, SD is observed as a large
negative slow potential, or DC shift, in the frequency
range of <0.05Hz, that occurs with sequential onset at
adjacent recording sites (Figures 1 and 2).°"?3195 This
negative DC shift emanates from differences in depolar-
ization between soma and dendrites.'*®

In electrically active tissue, SD wusually causes
spreading depression of spontaneous activity'®”

Step A

Fullband DC/AC-ECoG

|

Step B o
DC AC

—

—_—

Filter

——* ~50/60 Hz

Step c \\Filter

Frequency (Hz)

+ 1. Identification of SD DC/AC-ECoG electrode 4 [ i
- 0

@ + 1. Identification of SD DC/AC-ECoG electrode 4 [ -
1 0

> p——

Fullband signal (0 - Nyquist fr.)

{mv)

2. Assessment of DC-shift duration

Low-pass filtering (0 - 45 Hz)

(mV)

2, Assessment of DC-shift duration

Band-pass filtering (0.01 - 45 Hz)

1. Identification of 50 Near-DC/AC-ECoG electrode 4 A200
[ s

3
2000

Band-pass filtering (0.5 - 45 Hz)

3. Spreading depression
AC-ECoG electrode 4

10 20 30 40 50

Time (min)

Figure |. The full-band ECoG signal contains information on both the negative DC shift that identifies SD and the SD-induced
depression of activity. In subdural ECoG recordings using a DC amplifier; SD is observed as a characteristic, abruptly developing
negative shift of the slow potential. Note that negative is up for ECoG recordings shown in all figures. The negative DC shift is
necessary and sufficient for identification of SD, and the duration of the negativity is a measure of the metabolic and excitotoxic burden
imposed on tissue by SD (steps A and B). In recordings with an AC amplifier with lower frequency limit of 0.01 Hz, the negative DC
shift is distorted but is observed in the near-DC frequency band between 0.01 and 0.05 Hz as a multi-phasic slow potential change that
serves to identify SD (step C). The depressive effect of SD on spontaneous activity is assessed in the higher frequency band between
0.5 and 45 Hz (step D). ECoG frequencies are given on a logarithmic scale in the left panel. Note that the upper frequency limit of the
full-band signal depends on the sampling rate, f;, and the bandwidth merely ranges from 0 to the Nyquist frequency, 0.5 x f.
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Spreading depolarization (SD) causes spreading depression in electrically active tissue (A)
whereas it cannot cause spreading depression in electrically inactive tissue (= isoelectric SD) (B)
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Figure 2. Spreading depolarization causes spreading depression in electrically active (a) but not in electrically inactive (b) tissue
(=isoelectric SD). Recordings of a 53-year-old female with a World Federation of Neurosurgical Societies (WFNS) grade 5, Fisher
grade 3 aSAH due to rupture of a middle cerebral artery (MCA) aneurysm. (a) SD is observed as an abrupt, large negative DC shift in
raw ECoG recordings (band-pass: 0—45 Hz, traces 3—-6). The DC shift shows a sequential onset in adjacent electrodes because it
spreads in the tissue at a rate between 1.7 and 9.2 mm/min (oblique arrows).* To illustrate the principle of a band-pass filter a circuit
diagram of an analog filter is shown between traces 6 and 7 (C = capacity, L =inductance, R = ohmic resistance, V;, =input, and
Voue = output voltage). A digital band-pass filter with lower frequency limit of 0.5 Hz and upper frequency limit of 45 Hz is applied to
the full-band ECoG to separate the spontaneous activity from lower frequencies on the one hand and ambient AC electrical noise at
50/60 Hz on the other (traces 7—10). Spreading depression is observed as a rapid rundown of spontaneous activity. Note that the
spreading depression in traces 7—10 outlasts the DC shift durations in traces 3—6 at all recording electrodes. The recordings in (a)
suggest that the cortical region underlying the electrode strip is more or less adequately supplied with energy. This is based on at least
five arguments: (i) the negative DC shifts are relatively short-lasting at all recording sites (traces 3—6); (ii) the presence of spontaneous
activity before SD indicates that rCBF must be above ~15-23 mL/100 g/min before SD (traces 7—10)'%; (iii) spontaneous activity
quickly recovers from spreading depression at all recording sites; (iv) p;O; is within the normal range as recorded with an intra-
parenchymal oxygen sensor (Licox®, Integra Lifesciences Corporation, Plainsboro, NJ, USA) (trace 2) and shows a predominantly
hyperoxic response to SD (brown bar); and (v) CPP is stable within the normal range before, during and after the SD (trace 1). (b)
During the following night, the patient developed a cluster of recurrent SDs with persistent spreading depression of activity.
Accordingly, the SDs (traces 3—6) now occur in electrically inactive tissue (traces 7—10). Such SDs are denoted with the adjective
“isoelectric.” The comparison of the SDs (DC shifts in traces 3—6) between (a) and (b) illustrates that SDs associated with and without
spreading depression (traces 7—10) are “of the same nature” as already pointed out by Ledo in 1947.'% However, the prolongation of
the negative DC shifts of the clustered SDs in (b) (cf. particularly SD2) compared to the isolated SD in (a) indicates that there is now
some degree of energy compromise in the recording area. Note also that the response of p;O, to SD has changed from (a) to (b).
Each episode of SD in electrode 3 is now associated with an initial decrease of p;O, (brown bars) and subsequent increases are
reduced or absent in (b) in contrast to the isolated SD in (a).”*”® Between traces 6 and 7, a scheme of the standard subdural electrode
strip is shown.

because the sustained depolarization exceeds the inacti-
vation threshold for the action potential generating
channels.''® At a given point in the tissue, the depres-

calcium accumulation, (b) extracellular adenosine accu-
mulation, and/or (c) Na,K-ATPase activation
(Figures 1 and 2(a)).""" "' Spontaneous activity of

sion nevertheless outlasts the depolarization, suggesting
that it is maintained by other mechanisms that affect
synaptic function such as: (a) intracellular zinc and

the brain within the alternating current (AC) range
exceeding 0.5 Hz has an amplitude of at least an order
of magnitude smaller than the giant DC shift of SD.



1602

Journal of Cerebral Blood Flow & Metabolism 37(5)

High-pass filtering at ~0.5 Hz is therefore necessary to
separate the spontaneous activity from lower frequen-
cies to assess changes during SD. Often, as shown in
Figures 1 and 2(a), a band-pass filter with a lower fre-
quency limit of 0.5Hz and an upper frequency limit of
45Hz is used to additionally remove 50/60 Hz ambient
AC electrical noise. A typical sampling rate in such
clinical recordings is 200 Hz.

Theoretically, SD could also be measured by micro-
electrodes sensitive to any of the neurotransmitters,
ions, metabolites, or signaling molecules that change
in the extracellular space during SD. Glutamate is of
particular interest because of its role in the concept of
excitotoxicity, and the extracellular rise in glutamate is
synchronous with the onset, sustainment, and reso-
lution of the negative DC shift of SD.'® However, glu-
tamate can only be measured long-term in the clinic by
microdialysis, and currently used microdialysis is infer-
ior to ECoG because the temporal resolution is 720,000
times lower.'">'"® Yet, rapid sampling microdialysis
could offer new solutions. Rapid sampling technology
revealed, for example, an abrupt increase in extracellu-
lar lactate and a decrease in glucose as part of the meta-
bolic signatures of SD in patients with TBI.''"-!!®

Differentiation between SD and IEE in the clinic

In human ECoG recordings, IEE and SD are easily
distinguished because the negative DC shift of SD is
several times larger than the negative DC shift of an
IEE.>®® Moreover, ictal epileptiform field potentials
are characterized by rhythmic discharges, whereas SD
typically causes depression of spontanecous activity
(Figures 1 and 2(a)). IEEs can spread at either a
similar rate to SDs or at a much faster rate of around
90 mm/min.”® Spreading convulsion is a peculiar hybrid
phenomenon between IEE and SD, characterized by
epileptiform field potentials on the tailing end of the
DC shift instead of the usually triggered spreading
depression (Figure 3(d)).*->"8

Similar to SDs, IEEs often occur in patients with
severe cerebral injuries in both the acute and subacute
period.'”> However, SDs are more common than
IEEs.*®!'" The estimated incidence of IEEs in continu-
ous EEG or ECoG recordings during the first week
after the initial insult can be as high as 23% in
TBL'? 38% in aSAH,**'*>'** 31% in ICH,'* and
27% in ischemic stroke.'® SDs in the acute and sub-
acute period were recorded in about 56% of patients
with TBL>"° 60-70% of patients with ICH,>%*
70-80% of patients with aSAH,”>*® and practically
100% of patients with MHS.*°” The human findings
agree with experimental and theoretical studies
that both IEEs and SDs can result from an acute
increase in neuronal excitability and/or an energy

supply-demand mismatch.''*'?7"13! Accordingly, prop-
erly monitored patients with acute status epilepticus
often show not only IEEs but also SDs, though there
is great variability in spatio-temporal patterning of
these activities.!'” By contrast, chronically increased
excitability causes IEEs but has an inhibitory effect
on SDs in animals."?* 3

Whether SDs have a role in epileptogenesis is not yet
clear. Epileptogenesis is the long-lasting plastic process
with early interictal electrophysiological changes that
ultimately leads to the delayed development of chronic
epilepsy.'*> 13 This process is still poorly understood.
One of its key features is a strikingly selective loss of
certain neuron types. SDs facilitate neuronal death and,
interestingly, early SDs showed a significant association
with the development of late epilepsy in patients with
aSAH.’® SDs in the early aftermath of brain injury
could thus potentially serve as causal biomarkers of
epileptogenesis, but this deserves further study.
Table 1 gives a few simple definitions that may be help-
ful in the standardization of further clinical research on
the relationship between SDs, IEEs, and epileptogen-
esis after acute cerebral injuries.

Normal and inverse hemodynamic response to SD

The normal hemodynamic response to SD in naive,
healthy tissue of most investigated species including
humans*®?*!4" consists of a prominent short-lasting
hyperemia (cf. rCBF at optode 3 in Figure 4) followed
by a mild, long-lasting oligemia.'>' Closer inspection
shows even four hemodynamic phases of SD as
reviewed recently.'*! SD causes neither significant cel-
lular energy shortage nor any histologically obvious
cellular damage in adequately perfused tissue when
the neurovascular coupling is intact*”'>? although
tissue hypoxia may develop in distant territories of cor-
tical capillaries because the cerebral metabolic rate of
oxygen (CMRO,) markedly rises during SD.?*'*!

By contrast, SD can trigger severe focal ischemia in
animals in moderately ischemic or even adequately per-
fused tissue when neurovascular coupling is impaired
and the hemodynamic response to SD is inverted. In
this case, SD induces initial, severe microvascular con-
striction, instead of vasodilatation, which persists as
long as the tissue remains depolarized.>3%3%141.154-157
This type of focal ischemia propagates together with
the neuronal depolarization wave and is therefore
referred to as spreading ischemia.>'>® Strictly speak-
ing, the term spreading ischemia only describes the SD-
induced initial perfusion deficit (cf. rCBF at optode 5 in
Figure 4) when it leads to a prolonged negative DC
shift (cf. DC/AC-ECoG at electrode 5 in Figure 4).>'*

Across tissue, hemodynamic responses to SD often
show a continuum from an inverse ischemic response to
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Figure 3. Instructions how to identify SDs and score depression durations. (a) This illustrates the routine calculations based on
monopolar recordings. Raw monopolar ECoG recordings of two neighboring electrodes are shown in the upper two traces (band-
pass: 0—45 Hz). The negative DC shift of SD is assessed in these recordings. Near-DC/AC-recordings can be derived from the raw
recordings using a digital band-pass filter between 0.01 and 45 Hz (traces 3 and 4) and AC-ECoG recordings using a digital bandpass
filter between 0.5 and 45 Hz (traces 5 and 6) (also compare Figure |). Spreading depression is observed in the AC-ECoG recordings as
a rapidly developing reduction in the amplitudes of spontaneous activity which spreads together with SD between adjacent recording
sites. The squared spontaneous activity is also called AC-ECoG power. The power in contrast to the simple AC-ECoG signals can be
used as a measure to quantify local brain activity over time because there are no negative and positive values that neutralize each
other. The integral of the power is based on a method of computing time integrals over a sliding window according to a time decay
function. This mathematical procedure provides a smoothed curve easing visual assessment of changes in AC-ECoG power. The
method has become standard to score depression durations of SD*>°""?7 and is also useful in the screening for IEEs.*®"'? Depression
durations of SD are scored beginning at the initial decrease in the integral of power and ending at the start of the recovery phase (cf.
*). The caveat is added that the interrater reliability of this method is high in our experience but there remains a certain degree of
subjectivity. Table 2 gives the formulas for the calculations in LabChart (ADInstruments, Oxford, UK). (b) SD-induced depression
durations can be scored in either each of the six monopolar ECoG channels as in (a) or each of the five bipolar ones as in (b) to
determine the longest recorded depression duration of all channels for each SD in minutes. Bipolar recordings have the theoretical
advantage that they are more robust in the clinical setting because the external reference can get lost during patient movements or
nursing procedures. However, this can be prevented when the external reference is secured with collodion-saturated gauze. Although
depression period assessments can vary considerably between the two configurations, they were not consistently greater or lesser for
either; addition of a second active electrode in the bipolar derivation could either augment or dilute effects observed in a single active
electrode.'?® TDDDs were similar between mono- and bipolar recordings. This suggests that there is in general no advantage of
bipolar versus monopolar recordings in assessing either the degree or duration of spreading depression. SPCs are even more
distorted in bipolar than in monopolar recordings but they are still sufficient to identify SDs. (c) The local recovery from SD requires
activation of energy-dependent membrane pumps such as Na, K-ATPases. A short-lasting DC shift thus indicates that there is enough
ATP to fuel the local membrane pumps for the recovery from SD at the recording site. This feature renders the local negative DC shift
duration a useful measure for: (i) the local tissue energy status and (ii) the local risk of injury (excitotoxicity) at the recording site.
Accordingly, the upper two traces indicate that the tissue is more energy compromised at electrode 5 than 2 because the negative DC
shift of SD is longer (gray lines). Note that despite the prolonged recovery phase the initial DC deflection still occurs rapidly. The local
information on the energy status is lost when only the near-DC is recorded as in traces 3 and 4. SPCs in near-DC/AC recordings thus
merely sesrsvlefjgfzaln identifier of SD. (d) A spreading convulsion is an SD in which epileptic field potentials arise on the tailing end of the
DC shife.”> ™"
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Table 1. Pragmatic definitions for the assessment of ECoG-recorded SDs, IEEs, and IIC in neurocritical care.

Term

Definition

Definition of SD-related variables

Spreading depolarization (SD)

Negative DC shift

Negative ultraslow
potential (NUP)

Isoelectric SD
Spreading convulsion
SD Cluster

Spreading depression
of activity

Nonspreading
depression of activity

Persistent spreading
depression of activity

Generic term for all waves of abrupt, sustained near-complete breakdown of the neuronal trans-
membrane ion gradients and mass depolarization that propagate at ~1.5-9.5 mm/min in gray
matter of the brain

A characteristic, abruptly developing negative shift of the slow potential recorded with a DC
amplifier, often followed by a longer lasting positivity. The negative DC shift is necessary and
sufficient for identification of SD, and the duration of the negativity is a measure of the local
metabolic and excitotoxic burden imposed on tissue by SD. In recordings with an AC amplifier
with lower frequency limit of 0.01 Hz, the negative DC shift is distorted but is observed as a
multi-phasic slow potential change (SPC) that serves to identify SD

A very long-lasting, shallow negativity of the DC potential with superimposed SDs. Experimentally
associated with incomplete recovery of the typical ion changes after SDs and hence with
developing neuronal injury. NUP may indicate that only a fraction of neurons in the tissue have
repolarized at the recording site and that the remaining fraction is persistently depolarized

SD that occurs in electrically inactive tissue (no spreading depression is possible)

SD in which epileptic field potentials arise on the tailing end of the DC shift>®'0%!2!

Current working definition of a cluster is the occurrence of at least three SDs occurring within
three or fewer consecutive recording hours'3’

SD-induced reduction in amplitudes of spontaneous activity that runs between adjacent electrodes

Observed as a simultaneous arrest of spontaneous activity in neighboring electrodes under severe
energy compromise before the occurrence of SD (left panel of Figure 8).">'%® Because the term
is applied specifically in diagnosis of interrupted energy supply, the following criteria have to be
fulfilled additionally: (i) invasive measurements of arterial pressure prove global arrest of the
circulation or (ii) local p;O; has fallen to a critical level before nonspreading depression develops.
If tissue is reperfused in time, nonspreading depression is not followed by SD

A state of persistently depressed AC-band or high-frequency electrical activity induced and main-
tained by an SD or a series of repetitive SDs

Normal hemodynamic response Similar to the electrophysiological signals of SD, also the hemodynamic responses show remarkable

to SD

correspondence between humans on the one hand and both rats and pigs on the
other, 4098105140142 Tho ot prominent feature of the normal hemodynamic response to SD is
the pronounced hyperemia. This is variably followed by a mild, long-lasting oligemia.”

Inverse hemodynamic response A severe vasoconstriction triggered by SD that causes a steep and almost instantaneous decrease in

(spreading ischemia) to SD

local perfusion. In a vicious circle, the perfusion deficit prevents neuronal repolarization and
prolongs the release of vasoconstrictors.'*'** In human recordings, spreading ischemia is
identified by severe SD-induced hypoperfusion together with a prolonged negative DC shift of
SD.%*? Durations of the DC shift and initial hypoperfusion should be determined. Importantly,
hemod)l'gla?:izc responses to SD are not binary, but exist on a continuum between normal and
inverse "

Definition of IEE related variables

Seizure

Status epilepticus

Ictal epileptiform
event (IEE)

Ictal-interictal
continuum (IIC)

The definition of a clinical seizure follows the current guidelines of the International League Against
Epilepsy (ILAE)'#®

Refers to convulsive IEEs lasting longer than 5 min or if 2 or more convulsive IEEs occur without a
return to baseline in between, or nonconvulsive |IEEs for continuous ictal-appearing patterns
lasting >30 min or ictal patterns present more than 50% during > 1 hr of recording'*~'*®

Defined as any spikes, sharp-waves, or sharp-and-slow wave complexes lasting for 10s or more at
either a frequency of at least 3/s or a frequency of at least |/s with clear evolution in frequency,
morphology, or recording sites of the electrode strip,”®'?>'*? which is visible as an increase in
the AC-ECoG power and the integral of the power.*® May occur with or without an overt clinical
correlate.

Repetitive generalized or focal spikes, sharp-waves, spike-and-wave or sharp-and-slow wave com-
plexes lasting for 10s or more with a frequency between | and 3/s without clear evolution in
frequency, morphology, or location'2%'4?

(continued)
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Table I. Continued

Term Definition

Onset seizure/IEE/IIC
Early seizure/IEE/IIC
Late seizure

Postinjury epilepsy

Clinical seizure/IEE/IIC within 12 hr of the initial insult
Clinical seizure/IEE/IIC between 12 hr and |4 days after the initial insult
Seizure later than 14 days after the initial insult

The definition of epilepsy largely follows the current guidelines of the ILAE:

At least two unprovoked (or reflex) seizures occurring >24 hr apart later than |4 days after the
initial insult OR one unprovoked (or reflex) seizure and a probability of further seizures similar
to the general recurrence risk (at least 60%) after two unprovoked seizures, occurring over the
next 10 years (the latter is generally assumed to apply to the post-injury, post-neurocritical care

patient population with neuroimaging-documented lesion

)ISO

an increasingly normal hyperemic response or the other
way round, as shown, for example, from optodes 3 to 4
to 5 in Figure 4.%° This results from local variations in
condition-related augmentation or, respectively, damp-
ing of various SD-induced vasoeffectors along the path
of the wave.>'*! Causative conditions include not only
changes in the milieu of the interstitial fluid*® but also
the basal level of rCBF."”” Experimentally, spreading
ischemia can be the sole cause of widespread cortical
infarcts.' In the ischemic penumbra, it contributes to
lesion progression.*®!**16% In the clinic, it was identi-
fied in patients with aSAH, TBI, and MHS
(Figure 4).49%-161

Notably, spreading ischemia might explain at least a
fraction of the CPP-independent drops in pyO; in
patients with aSAH and TBI (p;O, in Figures 2(b)
and 4).'%19 In the interpretation of p;O, however,
it should be borne in mind that decreases might be
observed when the rCBF response is still quite normal
because of the marked increase in CMRO, imposed
by SD.9596.151.155

Peculiarities of SD in ischemia

Focal cerebral ischemia is one of the most crucial
among the many triggers of SD.>!9%:164165 Tynically,
the first SD starts in the ischemic core at one or more
points in the tissue 2-5min after the onset of ische-
mia,'07-108:156.160.166.167 Ny taply, SD does not mark
the onset of cell death, but rather starts the clock on
the countdown to cell death. Specifically, it marks the
onset of the toxic disturbance in neuronal homeostasis
that initiates the cascades leading to cell death.'>!¢* If
these disturbances outlast a threshold duration, the so-
called commitment point, neurons will die.'" This
implies that neurons can survive SD in the ischemic
core if the tissue is reperfused and repolarizes before
the commitment point.lé“’lég’169 Conversely, however,
neurons will die if the commitment point is reached,
even if there is subsequent reperfusion, repolarization,
and some recovery of spontaneous activity.'®*!%®

The mechanism of cell death is predominantly necrosis
when neurons experience very long-lasting depolariza-
tion of around 30-60 min or longer (Figure 5). This
shifts toward apoptosis and, hence, to slower death
within the necrotic-apoptotic continuum when there
is local reperfusion and recovery from SD after the
commitment point but before ~30-60 min.'**'7" The
commitment point also depends crucially on the abso-
lute local level of perfusion and differs between different
types of neurons.'”!

The initial SD that occurs in severely ischemic tissue
is often denoted with the adjective “anoxic”.'”
Notably, anoxic SD spreads in a similar fashion to
SD in nonischemic tissue but it may start from multiple
points in the tissue."**'*"'7* From a focal ischemic
core, the anoxic SD then spreads against the gradients
of oxygen, glucose, and perfusion into the adequately
supplied surrounding tissue. The full continuum of SD
is observed in this single initial wave, and also in sub-
sequent spontaneous SDs.*’ The continuum entails
changing characteristics of the wave determined by
the local conditions of the tissue. Most importantly,
the duration of the depolarization and near-complete
breakdown of ion homeostasis, as indicated by the
negative DC shift, varies from persistent in the ischemic
core to short-lasting in the periphery, since repolariza-
tion requires activation of energy-dependent membrane
pumps such as Na,K-ATPases.'* Short-lasting DC
shifts thus indicate enough ATP at the recording site
to fuel repolarization. This feature renders the negative
DC shift duration a useful measure for (a) the tissue
energy status and (b) the risk of injury (excitotoxicity)
at the recording site (Figures 3 and 5).!-16:21.95.108.115

The concept of the SD continuum is critical to clin-
ical monitoring since many SDs observed in patients
have intermediate characteristics, as opposed to the
two extremes of SD in either severely ischemic or
normal tissue.'> It is also important because there are
large variations in mechanistic aspects and pharmaco-
logical sensitivity of SDs along the continuum, as dic-
tated by local tissue conditions, and these have



1606

Journal of Cerebral Blood Flow & Metabolism 37(5)

(@ - @ DC/AC-ECOG electrode 3 [ 2° <
— W M- E
3.5 mm/min B
SD DCIAC-ECoG electrode 4 [ 25 <
—t £
5.6 mm/min \‘ sD - _gs
DCJ/AC-ECoG electrode 5 L~y
e E
. 0 E
AC-ECoG electrode 3 _ gno
s
=
Z AC-ECOG electrode 4  oog
RN esrratmdem RN 3
=
“ - 600
AC-ECoG electrode 5 p -600 __
3
@ L 600
rCBF optode 3 = 200
RSOSSNSO s
-0
/ rCBF optode 4~ 7. 2
e e Y <
- 0
\ rCBF optode 5 _ ., _
=
-0
PO, 70 :Ei
NS E
cp 0 £
g ~ [ 100 :E’
E
I L) L) L) | 0 -.E-
0 10 20 30 40
Time (min)
(b) Spreading Cortical Spreading
’depolarization repolarization depolarization
Sodium pump @ Spreading Sodium pump @ Spreading
failure ischemia activation hyperemia
Energy l Energy l
mismatch match

Figure 4. Spreading hyperemia versus spreading ischemia in

response to SD. Recordings of a 47-year-old male with WFNS grade 4,

Fisher grade 3 aSAH due to rupture of an anterior communicating artery aneurysm, recording on day 9 after the initial bleeding. (2)
The upper three traces show the large negative DC shift that indicates SD. The SD propagates from electrode 4 to electrode 3 at a
rate of 3.5 mm/min and to electrode 5 at 5.6 mm/min assuming an ideal linear spread along the strip (band-pass: 0—45 Hz). Traces 4-6
show the spreading depression of spontaneous activity in response to SD (band-pass: 0.5—45 Hz). Traces 7-9 give the responses of
rCBF to SD as measured with optodes neighboring electrodes 3-5 using laser-Doppler flowmetry.” Trace ten depicts piO, in
proximity to electrode 5 whereas trace | | shows CPP which remains within the normal range. The event is interesting since SD
causes spreading hyperemia at optode 3 (= normal hemodynamic response). Accordingly, the negative DC shift is short-lasting at
electrode 3. In contrast, spreading ischemia is coupled to the SD at optode 5 (= inverse hemodynamic response). Accordingly, the
negative DC shift is longer-lasting and spreading depression of activity is more pronounced and longer-lasting at electrode 5 than at
electrode 3. p;O, shows a hypoxic response to SD. Note that the SD starts at electrode 4 but a full-blown inverse response is only

observed at optode/electrode 5. (b) As illustrated in the left

panel (refers to the situation at electrode/optode 5 in (a), spreading

(continued)
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implications for the efficacy of therapeutic targeting.
For a more comprehensive account of the differences
that arise along the SD continuum, we refer the reader
to the following perspectives, '+!>-20:43:104.115.1757180

Part 3: Remote detection
of new ischemic zones

Clusters of SD

Following the first SD minutes after onset of an ischemic
insult, further SDs develop in the ischemic penumbra in
a recurring pattern that creates the characteristic pattern
of temporal clustering (Figures 2(b), 6, and 7).
Recording of an SD cluster signals newly developing
ischemic damage not only when the recording device is
located in the ischemic zone, but also when it is located
remotely, since SDs also invade surrounding adequately
perfused tissue (Figure 8).'0%107-115-163.1797182 The recyr.
rent SDs spread not only concentrically from the ische-
mic zone, but they can also cycle around the center if
there is a permanently depolarized core.*!
Experimental evidence suggests that hypoperfusion or
even increase in CMRO, by functional activation may
be sufficient to trigger recurrent SDs.'®* During their
course, they recruit further tissue into death, but the
cumulative local duration of the negative DC shifts
rather than the sheer number of SDs correlated with
the dynamics of infarct growth'®® and the final infarct
size in animals.'8%!8¢

SD clusters are also typically observed in the human
brain in patients with aSAH, ICH, TBI, or MHS
(Figure 6).>>391:9497.116 1 patients with aSAH, they
correlated with the advent of DCI and it was found
that they can be associated with new transient or per-
manent neurological deficits such as aphasia or hemi-
paresis.'>*> As a rule of thumb, negative DC shifts of
such clusters become shorter with greater distance from
the ischemic center (Figure 7). Nevertheless, relatively
short-lasting negative DC shifts as in Figure 6 may still
be compatible with development of subsequent damage
at the recording site. Whether or not damage develops
may also depend on whether the DC shifts are

superimposed on a negative ultraslow potential
(NUP). For example, it can be seen at electrodes 5
and 6 in Figure 6 that the DC potential returns to
baseline after the first SD of the cluster but then it
becomes mildly negative shortly thereafter (* in
Figure 6). During later course of the cluster, the DC
potential remains within this mildly negative range at
electrodes 5 and 6, and subsequent SDs are superim-
posed on the NUP. By contrast, no such NUP is
observed at electrode 3, which is more distal from the
ischemic center as indicated by the SD spread from
electrode 6 to 3. In animals, NUPs are associated
with incomplete recovery of the typical ion changes
of SD.10:36:105.165 ¢ ¢ assumed, therefore, that the
NUP indicates that only a fraction of neurons in the
tissue has repolarized at the recording site and that the
remaining fraction is persistently depolarized.

SD-induced persistent spreading
depression of activity

Spontaneous electrical activity can only be maintained
in tissue if rCBF is above the range of ~15-23mL/
100 g/min."®” An abrupt decrease of rCBF below this
range inevitably causes arrest of spontaneous activity
within several tens of seconds well before ischemia
induces SD (left panel in Figure 8). This arrest of spon-
tanecous activity develops simultaneously (= non-
spreading depression) in all tissue with a critical rCBF
reduction and is associated with neuronal hyperpolar-
ization, in stark contrast to spreading depres-
sion. > 108188189 Bor 9 more comprehensive account of
nonspreading depression, we refer the reader to a recent
review.!> Importantly, the first ischemia-induced SD
cannot initiate spreading depression in the ischemic
core and inner penumbra because these zones have
already been subject to nonspreading depression and
activity cannot be further depressed. In other words,
the local occurrence of spreading depression of spon-
taneous activity indicates that the level of rCBF is
above ~15-23mL/100g/min and the tissue is not
severely ischemic in the moment when SD invades it
(Figures 5-7).

Figure 4. Continued

ischemia results from a vicious circle in which the sustained neuronal depolarization triggers a perfusion deficit by severe vasocon-
striction. The perfusion deficit leads to energy depletion. The energy depletion causes failure of neuronal and glial membrane pumps.
The failure of the membrane pumps prevents cortical repolarization. Therefore, the release of vasoconstrictors persists which
maintains the process.”'**'** The prolonged negative DC shift is the necessary electrophysiological criterion that defines spreading
ischemia.>>? An initial hypoperfusion in response to SD can hence not be rated as a spreading ischemia if is not accompanied by a
prolonged negative DC shift. On the right, a scheme of the normal hemodynamic response to SD is shown for comparison (refers to
the situation at electrode/optode 3 in (a)). Note that normal and inverse hemodynamic responses to SD do not follow an all-or-
nothing principle but show a continuum toward increasing pathology.'** It may also be added that a hyperemic response to SD does

not preclude that the respective SD damages the tissue at the recording site.

105,153
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Figure 5. Evolution of a brain infarct early after aSAH. Thirty-eight-year-old male with WFNS grade 5, Fisher grade 3 aSAH due to
rupture of an anterior communicating artery aneurysm. (a) In the left panel, SD of moderate duration is shown that occurred on day |
after the initial bleeding. Note the negative DC shift propagating from electrode 6 to 5 in traces 5 and 6 (green arrow). The DC shift is
accompanied by spreading depression followed by recovery of the activity in traces 7 and 8 (green arrow). The upper two traces show
MAP (intraarterial line in the radial artery) and CPP (= MAP-ICP [intraventricular measurement]). Trace 3 gives rCBF as measured
with laser-Doppler flowmetry (PeriFlux System 5000, Perimed AB, Jarfilla, Sweden) at a distance of 3 cm from electrode 5. Note the
slight increase of rCBF around the time point of SD appearance (upwards pointing red arrow = normal hemodynamic response).
Trace 4 displays p;O, as measured with an intraparenchymal oxygen sensor at a distance of about 2 cm from electrode 5.
Autoregulation seems disturbed since the small decrease of MAP and CPP at the end of the recording episode causes a simultaneous
decrease in rCBF and p;O,. From the beginning, p;O, is below the normal range. However, the true value may be somewhat
underestimated by the Licox® sensor because Clark-type polarographic probes consume oxygen.I72 In the right panel, it seems that
disturbance of autoregulation causes a serious problem shortly after the preceding SD in the left panel. MAP rapidly falls from 120 to
75 mmHg and CPP from 105 to 60 mmHg (downwards pointing black arrow). Although these values are still in the normal range, rCBF
falls simultaneously by about 30% and pO, falls below the detection limit. About 40s after p;O, has reached the lower detection limit
SD starts in electrode 6 in a distance of about 3 cm from the oxygen sensor and spreads to electrode 5 at a rate of 2.1 mm/min (traces
5 and 6). In contrast to the preceding SD in the left panel, the negative DC shift only recovers | hr later (stars in traces 5 and 6) after
MAP, CPP, rCBF, and p;O, have spontaneously recovered to prior levels. Interestingly, the SD in the right panel is associated with
spreading depression of activity in a similar fashion to the preceding SD (traces 7 and 8). This indicates that rCBF must still have been
above ~15-23 mL/100 g/min at electrodes 5 and 6 when the SD invaded the underlying cortex.'”” Most likely, the SD triggered
spreading ischemia in this region. Otherwise it would be difficult to explain why the DC shift was prolonged to such an extent.
Accordingly, rCBF at a distance of 3 cm from electrode 5 now shows a decrease in rCBF around the time point of SD appearance
(downwards pointing arrow = inverse hemodynamic response). Another suspicious decrease in rCBF is seen 20 min later. Note also
that spreading depression of activity in traces 7 and 8 is now persistent in contrast to the previous spreading depression in the left
panel. (b) From left to right: the computed tomography (CT) scan on admission (day 0) shows the initial intracerebral hemorrhage.
The red arrow indicates the later position of electrode 6. No evidence of ischemic damage is found in this area on day 0. The next CT
was performed 2 days after the event in (a). The red arrow points to electrode 6 of the subdural recording strip. An electrode artifact

precludes assessment of the recording area in the second CT. However, new infarcts in the territory of the left anterior cerebral
(continued)
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With greater distance from the inner ischemic pen-
umbra, nonspreading depression is less and less com-
plete and SD therefore induces increasing degrees of
spreading depression.’” Spreading depression thus
causes the zone of electrically inactive tissue to
expand beyond the inner ischemic penumbra.
Experimental evidence in fact suggests that the zone

surrounding, adequately perfused tissue (right panel
in Figure 8). As SDs originating in the ischemic zone
repetitively invade the surrounding tissue, as explained
above, they keep a belt of adequately perfused tissue
around this ischemic zone in a state of depressed elec-
trical activity. This effect was first described in an
experimental model in which ischemia was locally
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Figure 6. Persistent spreading depression of spontaneous activity can be associated with short-lasting, very stereotypical SDs. Fifty-
seven-year-old male with WFNS grade |, Fisher grade 3 aSAH due to rupture of an MCA aneurysm. Traces |-5 give the raw ECoG
recordings (band-pass: 0—45 Hz) at electrodes 2—-6 showing the propagation of stereotypical negative DC potential shifts across the
cortex indicating a cluster of SDs (oblique arrows). Traces 6—10 display the changes in spontaneous activity in the AC-ECoG
recordings (band-pass: 0.5—45 Hz). Note that the first SD is an isoelectric SD at electrode 6 but a spreading depression at electrodes
2-5. From one SD to the next, the isoelectricity then expands in the tissue so that the third SD is only a spreading depression at
electrode 2 but an isoelectric SD at electrodes 3—6. In other words, spreading depression causes the zone of electrically inactive tissue
to grow. Experimental evidence in fact suggests that the zone of electrically inactive tissue can even expand into surrounding,
adequately perfused tissue. This view is supported here by the observation that, for example, the third negative DC shift at electrode
3 is indistinguishable from the second one although the third SD is an isoelectric SD but the second SD a spreading depression at
electrode 3. Another interesting detail is that electrodes 5 and 6 are significant for a shallow negative DC shift between the recurrent
SDs (¥). This could represent a NUP as explained in the text. Modified with permission from Oliveira-Ferreira et al.'®

Figure 5. Continued

artery and right temporal lobe are observed. The third picture shows a fluid attenuated inversion recovery (FLAIR) MRI on day 9. In
addition to the territorial infarct in the left anterior cerebral artery territory, cortical necroses in the right frontal recording area,
anterior cortex neighboring the interhemispheric cleft, insular and parietotemporal cortex are observed. The fourth picture gives the
FLAIR image at 7 months depicting the widespread brain infarcts including the recording area. At this time point the patient showed
severe left-sided hemiparesis and lower moderate disability on the extended Glasgow Outcome Scale.
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vasoconstrictor endothelin-1 (ET-1).'% rCBF and
ECoG were recorded both in the cranial window of
ET-1 application and at a second window remote
from the ischemic zone, where persistent depression
developed as a result of invading SDs. The same
effect is also evidenced in the middle cerebral artery
occlusion (MCAQO) model as seen, for example, in
Figure 2 in the article by Dijkhuizen et al.'®* and
Figures 1(c) and 4 in the article by Hartings et al.'”
Clinical observations are consistent with these
experimental results. In patients, clusters of SDs often
lead to persistent depression of electrical activity
(Figure 6), and several lines of evidence suggest that
these patterns develop in nonischemic cortex. First, in

a large majority of these cases, the depression starts in a
spreading rather than nonspreading manner (Figures 6
and 7), demonstrating that SD, rather than pre-existing
ischemia, is the cause of depression. Second, most of
these SDs in electrically inactive tissue have DC shifts
of short duration, similar to SDs that induce spreading
depression in spontaneously active tissue
(Figure 6).”"'°° Third, p;O, preceding SD was similar
and differences in p;O, responses to SD were only
subtle between SDs in electrically inactive tissue and
SDs in electrically active tissue.* Fourth, the N-
methyl-D-aspartate receptor (NMDAR) antagonist
ketamine was sufficient to block clusters of SDs in elec-
trically inactive tissue, such that spontaneous activity
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Figure 7. Development of a very prolonged negative DC shift during a cluster of recurrent SDs. Fifty-one-year-old female with
WENS grade 5, Fisher grade 3 aSAH due to rupture of an MCA aneurysm.

Traces |—4 show the raw ECoG (band-pass: 0—45 Hz) of electrodes 3—-6. Note the long-lasting negative DC shift propagating from
electrodes 6 to 4 which develops out of the cluster and lasts for 90 min at electrode 6. Traces 5-8 give the corresponding changes of
the AC-ECoG activity (band-pass: 0.5-45 Hz). Note that the depression durations become progressively longer with each SD until a
persistent depression of AC-ECoG activity develops simultaneously with the very prolonged negative DC shifts. Traces 9 and |0 show
recordings of rCBF using optodes close to electrodes 3 and 4. In trace 10, note that rCBF displays a prolonged decrease followed by a
delayed hyperemia in response to the long-lasting SD at electrode 4 (cf. * in traces 2 and 10). This rCBF response fulfills the criteria of
spreading ischemia. By contrast, in trace 9, the rCBF responses to the last SDs are characterized by increases, and the corresponding
SDs in trace | (electrode 3) are shorter-lasting. p;O, is shown in trace || and CPP in trace 12. CPP remains within the normal range
and does not provide an explanation for the local events. However, p;O, is below |5 mmHg which is defined as the threshold of
compromised p,;O, following current guidelines.I87 Note that a decline of p;O, starts with the fourth SD while CPP remains stable
(cf. “x” in traces 4 and |). The recorded SDs start from electrode 6 and the prolongation of the negative DC shifts was most
pronounced at this electrode. Consistently, electrode 6 was closer to a large intracerebral hemorrhage which showed progression of
the perilesional edema in serial neuroimages. Modified with permission from Oliveira-Ferreira et al.'%®
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Figure 8. Pathophysiology of focal cerebral ischemia. In the experimental literature, the ischemic core has been roughly defined
by a perfusion level below ~15mL/100 g/min, the inner penumbra (ip) by a perfusion level below ~20 mL/100 g/min and the outer
penumbra (op) by a perfusion level below ~55mL/100 g/min (a).'®” The first electrophysiological change in response to ischemia
is nonspreading depression of activity'® which is complete in core and inner penumbra about 30—40s after the onset of ischemia
(c, left panel). At this time point, ischemia has not induced SD yet. The first SD starts in the ischemic core at one or more points in the

tissue typically 2-5 min after the onset of ischemia.'®® In the core, the negative DC shift is usually persistent but its duration

becomes progressively shorter-lasting along its path in the tissue while the SD spreads against the gradients of oxygen, glucose and
perfusion into the adequately supplied surrounding tissue (b, right panel). With greater distance from the inner ischemic penumbra,
nonspreading depression is less and less complete and SD therefore induces increasing degrees of spreading depression.'® Spreading
depression thus causes the zone of electrically inactive tissue to expand beyond the inner ischemic penumbra. Experimental evidence
suggests that the zone of electrically inactive tissue even grows into surrounding, adequately perfused tissue (c, right panel). Following
the first SD after onset of an ischemic insult, further SDs develop in the ischemic zone in a recurring pattern that creates the

characteristic pattern of temporal clustering. A subdural electrode strip may thus detect newly developing ischemic zones via

(i) clustered SDs and/or (ii) impaired recovery of spontaneous activity even if the recording device is placed remotely from the
ischemic zone. In the figure, electrodes | and 2 would show a cluster of isoelectric SDs although the strip is located outside of
the ischemic zone.
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returned.**!”! If inactivity had been ischemia-induced
nonspreading depression rather than SD-induced per-
sistent spreading depression, the activity should not
have returned after blockade of the cluster. Also, the
NMDAR antagonist would not have been sufficient to
block the cluster in more severely energy deprived
tissue, as shown in animal studies'®” !> and a case
report.95

Persistent SD-induced depression of electrical activ-
ity causes a large increase of the total depression dur-
ation of the respective recording day (cf. below). This
variable demonstrated the strongest association with
patient outcome among various quantitative measures
of SD burden.>*%*

Isoelectric SDs

SDs in electrically inactive tissue are denoted with the
adjective “isoelectric” (Figures 2(b), 6, and 7). The con-
cept above suggests that isoelectric SDs can be recorded
both in tissue with and without local energy depriv-
ation. Nevertheless, isoelectric SDs indicate that there
is energy deprivation somewhere in the tissue, even if
not at the recording site (Figure 8). Consistent with this
interpretation, isoelectric SDs were associated with a
highly significant eightfold increase in the risk of
unfavorable outcome at 6 months in a prospective,
observational multicenter study of patients with TBI,
in contrast to SDs in electrically active tissue.’’

These findings suggest that, in addition to the cluster-
ing of SDs,*>!''® the recording of isoelectric SDs*>**! or
SDs with significantly prolonged depression dur-
ations>>>*% has great value to remotely detect newly
developing ischemic zones. Remote diagnosis of new
ischemic zones is of particular relevance to patients
with acute brain injury because the exact location of
future developing pathology is usually unknown when
the neurosurgeon implants neuromonitoring devices. It
is also a particular advantage of ECoG over other neu-
romonitoring modalities, such as microdialysis and p;O,
measurements, that measure only local conditions and
may not detect clinically important changes developing
elsewhere in an injured lobe or hemisphere.''®

Part 4: Recommendations of the
COSBID study group on how
to record, score, and classify SDs

Subdural ECoG recordings and minimally invasive
alternatives: Technical aspects

The current gold standard for monitoring SDs in the
clinic is ECoG with a linear subdural platinum electrode
strip. The one most widely used contains six platinum
contacts with 4.2 mm? exposed surface spaced at 10 mm

along the strip (Wyler, 5 mm diameter, Ad-Tech, Racine,
WI, USA). The strip is placed subdurally on the surface
of the cortex to monitor viable tissue at risk for second-
ary injury. In patients with aSAH the strip is targeted to
the vascular territory of the aneurysm-carrying ves-
sel?38:93:96.196 pecause it is often covered with blood
and, thus, a predilection site for DCL"71%® 1n TBI,
the strip is placed on peri-contusional cortex or sub-
jacent to an evacuated subdural hematoma,>’-?0-21:161:199
in ICH on perihematomal cortex”* and in MHS on peri-
infarct cortex.**” Ground is provided by a platinum
needle (Technomed Europe, Maastricht, Netherlands
or Grass Technologies, Warwick, RI, USA) or
Ag/AgCl scalp electrode, or more simply, a self-adhesive
Ag/AgCl patch electrode on the shoulder.'®"!*® For DC
referential recordings, a platinum needle or Ag/AgCl
sticky electrode is placed for a reference, usually on the
mastoid or frontal apex away from muscle attachments.
Recordings are usually performed for up to 14 days in
aSAH and 7 days in other conditions.

The tail of the electrode strip is tunneled subcutane-
ously beneath the scalp and exited 2-3 cm from the cra-
niotomy scalp incision. It should then be coiled and
sutured to the scalp to provide strain relief and guard
against accidental displacement. When the strip is
implanted after craniotomy, the previously removed
bone flap may be re-secured with a titanium clamp or
plating system followed by standard wound closure
paying special attention not to place any sutures
around the electrode. Notably, the neurosurgeon
should be aware of the following pitfalls: (a) gentle trac-
tion may not be sufficient to remove the strip after the
monitoring period when the strip is trapped/pinched by
the bone flap or the titanium fixation, or the subcutane-
ous tunnel is too tight; (b) a cerebrospinal fluid (CSF)-
fistula may develop. Therefore, the following precau-
tions should be taken: (a) sufficient bone should be
removed with an osteotome or rongeur where the tail
of the strip exits and through which the strip is with-
drawn by gentle traction at the end of monitoring; (b)
the tail of the strip should exit the craniotomy and scalp
in line with the electrode strip and not be curved or bent
at an angle; (c¢) no plating hardware should be used next
to the location of the strip; and (d) the subcutaneous
tunnel should be prepared sufficiently long and dilated,
for example, with a Halsted-Mosquito clamp. To avoid
a CSF-fistula, an additional fully penetrating skin suture
should be performed at half-distance from the scalp exit
point and a sufficient amount of absorbable hemostatic
gelatin sponge should be placed under the bone flap,
particularly in the area of the strip. Antibiotic treatment
beyond standard preoperative prophylaxis is not
recommended.

Analysis of 30 patients with severe aSAH who
received a subdural strip for ECoG recordings and 30
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control patients showed no evidence that procedures of
the ECoG study led to any significant impairment
of patients as assessed during clinical course and
follow-up examination after 6 months. In particular,
the subdural strip did not lead to any increased rate
of hemorrhage or local damage of brain tissue as
assessed through serial neuroimaging studies by a neu-
roradiologist or meningitis/ventriculitis.””

For patients who do not require craniotomy for
treatment of their injuries, it is also possible to place
a subdural electrode strip through a burr hole. This has
been routinely practiced in aSAH patients undergoing
endovascular coil embolization at German neurosurgi-
cal centers for almost a decade,”’>'® and for even
longer in patients with intractable epilepsy.??*>"!
Another option is to monitor with an intraparenchymal
electrode array (Spencer, 1.1 mm diameter, Ad-Tech,
Racine, WI, USA) that can be tunneled from a burr
hole or placed through a multi-lumen bolt, as is cus-
tomary practice for ICP and p4O, monitoring.?**?%
Such intraparenchymal sensors show a good safety pro-
file. In a case series of 61 patients with acute brain
injury undergoing invasive parenchymal brain monitor-
ing, including use of depth electrodes, hemorrhage, and
infections were rare.”®* The risk of a CSF-fistula is
lower with a depth electrode compared to a subdural
strip.

Yet, subdural strips also have advantages over intra-
parenchymal devices that inevitably cause minor necro-
sis at the insertion site. Histological and
immunohistochemical analysis of brain tissue surgically
resected from epilepsy patients suggested, for example,
that depth eclectrodes cause upregulation of active
inflammatory cell types and extravasation of plasma
proteins, indicating significant local disruption of the
blood-brain barrier (BBB), in an area that is 30 times
the area of the physical insult.’*> Subdural electrode
strips not only avoid this local insult, which might influ-
ence measured signals, but also permit recording from a
larger cortical area. A study in this issue found that
monitoring only a single cortical location, as with an
intraparenchymal depth array, may fail to capture 43%
of SDs that occur in a broader area of subdural strip
monitoring.'*® Further, DC potential measurements
with intraparenchymal electrodes might be strongly
influenced by the large and complex SD-triggered
changes in pH and p;O,, which are less pronounced
in the microenvironment of the cortical surface away
from neurons. For example, pH typically changes by
about 0.5 units”'” and p,O, by up to 30 mmHg in the
cortex during SD,”>?*!®! and such changes generate
large and complex interfering voltage shifts on plat-
inum electrodes. Caution is however warranted regard-
ing both subdural and parenchymal implants in
patients receiving antiplatelet agents or having low

platelet counts or dysfunctional platelets or other rea-
sons for a bleeding diathesis.

Although Ag/AgCl and calomel electrodes are ideal
for recording low-frequency potentials due to their
resistive and nonpolarizing character, their toxicity pre-
cludes use for invasive recordings in patients.”’
Platinum electrodes by contrast are polarizable, and it
has been assumed that this capacitive behavior distorts
low frequency and DC potentials. Thus, clinical ECoG
monitoring has been accomplished mainly with AC-
coupled amplifiers with a 0.01-0.02 Hz lower frequency
limit. It has only more recently become clear that DC-
coupled amplifiers can be used for continuous ECoG
monitoring as well, with the great advantage that DC
shift durations can be measured, as discussed here and
shown in the figures.!®>%3:19¢-207 The surprisingly high
fidelity in recording these slow potentials is explained
by the large contact area of electrodes and the high
input impedance of amplifiers.>*® The practical experi-
ence of DC recordings suggests that they are a suitable
substitute for AC techniques and are fully consistent
with the present recommendations.'°

Nonetheless, it would be worthwhile to explore
better electrode materials for invasive human applica-
tions and, beyond subdural recordings, noninvasive
technologies such as continuous scalp EEG should be
further advanced.”® Although correlates of SD were
clearly identified in continuous scalp EEG recordings
when performed simultaneously with subdural
EC0G, %! scalp EEG alone is not yet sufficient to
reliably diagnose SDs and further studies of the com-
bined technologies are strongly recommended. Scalp
EEG may hold particular promise for noninvasive
monitoring of SD if it is combined with other noninva-
sive technologies, such as near-infrared spectroscopy or
diffuse correlation spectroscopy, that measure rCBF or
its surrogates.”!!?!2

Terminology. In the following and Table 1, we provide a
set of terms that describe the various patterns of activ-
ity related to SD, based solely on observations from
human recordings,'” and without implied meaning,
assumption of underlying mechanisms, or presumed
effect on the tissue. We recommend use of these neutral
terms and classifications as a common clinical language
and to objectively evaluate hypotheses concerning the
application of SD monitoring. In our opinion, terms
such as spreading depression-like depolarization, peri-
infarct depolarization, or brain injury depolarization
have their historical place, but are either nonspecific
or overly specific with connotations that may hinder
objective analysis of the clinical data. Specifically,
they obscure the fact that all SDs belong to the same
class of waves which exist on a continuum and occur
across a wide variety of clinical conditions.'>*



1614

Journal of Cerebral Blood Flow & Metabolism 37(5)

It is also emphasized that there are striking neuro-
biological differences between ‘“‘depression” and
“depolarization” as explained above. In fact, depressed
activity can be associated with either neuronal depolar-
ization (spreading depression) or neuronal hyperpolar-
ization (nonspreading depression).'®® Although the
terms depression and depolarization are often used
interchangeably, awareness of the distinction between
them is the key to understanding their divergent clinical
implications. Furthermore, SD can occur without
spreading depression, but not vice versa. Therefore,
the term spreading depression should only be used if
spreading depression of spontaneous activity is actually
recorded.

Anoxic, asphyxial, and aglycemic SD are special
cases at the extreme end of the SD continuum.
Historically, they refer to the initial SD that is triggered
by the corresponding insult, such as vascular occlusion
and consequent severe ischemia in the case of anoxic
SD.!73:213:214 1 such cases, energy compromise causes
nonspreading depression of activity up to minutes
before it causes SD, as explained above and shown in
the left panel of Figure 8. However, anoxia/ischemia
may also occur during SD in a manner that is distinct
in both mechanism and electrophysiologic signature.
Specifically, if the hemodynamic response to SD is
inverted, SD can cause a severe ischemia (and hence,
anoxia) that begins only affer the onset of SD.* In such
cases, SD can induce spreading depression of activity in
the electrically active tissue that it invades (Figure 5).
Notably, the mechanisms responsible for anoxia/ische-
mia in these two conditions are very different, and for
this reason we discourage use of anoxic SD or terms
alike because they are ambiguous. Rather, we advocate
properly describing and quantifying electrophysio-
logical variables including the DC shift duration and
amplitude and the depression pattern of a given SD to
distinguish these conditions in an objective manner. In
addition, invasive measurements of arterial pressure
and local tissue p;O, can be informative by providing
evidence of global arrest of the circulation and tissue
anoxia, respectively. Further, serial neuroimages of
delayed infarction in the recording area may provide
post hoc evidence that SDs occurred in conjunction
with severe focal hypoxia/ischemia. Figure 5 gives a
good example for the complexity of such events.

Practical recommendations on how to record, score,
and classify SDs

Box 1 summarizes the work flow of the basic analysis as
explained below.

SD is used as the generic term for all waves in the
human ECoG characterized by an abrupt, negative DC
shift with sequential onset in adjacent electrodes

(Figures 5 and 7).°>%° Assessment of the raw DC shift
can only be achieved if the amplifier is DC-coupled,
that is, has no lower frequency limit. With an AC-
coupled amplifier with lower frequency limit of 0.01
or 0.02 Hz, the cortical DC shift of SD is distorted by
the filtering'”?'® but is still recorded as a stereotyped
slow potential change (SPC) that serves as a hallmark
signature of SD.*™?!> The AC-recorded SPC thus
merely serves as an identifier of SD,>® whereas the
unfiltered DC shift also allows assessment of the local
duration of SD and is a useful measure for (a) the tissue
energy status and (b) the risk of injury (excitotoxicity)
at the recording site, as explained above
(Figure 3(c))."21-9%:105.108.115 Hereafter, use of the term
DC shift should be understood to refer also to SPC
when AC-coupled amplifiers are used.

After recording, ECoG data are reviewed with the
use of software such as LabChart (ADInstruments,
Oxford, UK), a flexible platform that provides filtering
and other signal processing functions and allows mul-
tiple display views. Here, DC shifts and depression dur-
ations can be observed in either monopolar (= unipolar
= referential) (Figure 3(a) and (c)) or bipolar record-
ings (Figure 3(b)). In the bipolar ECoG montage, elec-
trode 2 is subtracted from clectrode 1, electrode 3 from
2, and so on. In the monopolar montage each electrode
is referenced to an ipsilateral subdermal platinum elec-
trode. Monopolar recordings are superior to bipolar
recordings when local information on individual elec-
trodes is of interest. In particular, the duration of DC
shifts can only be reasonably evaluated in monopolar
recordings. However, bipolar recordings provide a safe-
guard in the clinical setting in case the external refer-
ence for monopolar recordings is displaced during
patient movements or nursing procedures. SD-induced
depression durations and isoelectric SDs can be
assessed in both bipolar and monopolar recordings,
which is fortunate because these variables are import-
ant for diagnosis of new ischemic zones, as explained
above. While bipolar recordings have been the most
commonly used clinical standard, monopolar assess-
ment of depression durations may be more useful for
direct comparison to DC shifts.!*

SD-induced spreading depression is observed
between neighboring electrodes as a more or less rap-
idly developing, propagating reduction in the raw amp-
litude of spontaneous activity in the 0.5-45 Hz band, or
any derived measure based on amplitude. Our conven-
tion has been to review the raw signal alongside a leaky
integral of the total power of the bandpass filtered (AC-
ECoG) data and measure depression duration based on
the latter (Figure 3(a) and (b)). Table 2 provides simple
commands in LabChart to set digital filters and calcu-
late power of the spontaneous activity and leaky inte-
gral of the power based on the raw data.”>
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I. Scoring of the ECoG traces

In each LabChart file mark onset and end of the recording and any longer interruptions.

v

Optional: assessment of baseline values of the integral of power, CPP, MAP, and ICP at regular intervals
(e.g., calculate mean values of these parameters in LabChart over 10 min periods every4 hat 1, 5, 9 AM
and 1, 5, 9 PM unless an SD or IEE occurs within 1 h around this period; a label (LabChart comment) may
describe the predominant type of activity such as, e.g., (i) flat, (i) burst suppression, (jii) burst suppression/
delta, (iv) delta, (v) delta/theta, (vi) theta/alpha, (vii) alpha according to standard EEG definitions).

Example of scoring an SD in LabChart:

(a) mark the time period between the onsets of first and second negative DC shift of each SD in the
monopolar recordings of the full-band signal (provides the onset of SD and the delay between first and
second DC shift as well as CPP, MAP, and ICP levels during this time period). A label (LabChart
comment) should differentiate between (i) SD in electrically active tissue (=spreading depression), (ii) SD
in electrically inactive tissue (=isoelectric SD in at least 1 ECoG trace) and (jii) spreading convulsion.

(c) mark the duration of the longest DC shift among the monopolar channels recorded by a DC-coupled
amplifier.

(b) mark the duration of the depression periods in either the mono- or bipolar channels of the integral of
power (in addition, this allows calculating the decline in integral of power (in %) during spreading
depression). Only depressions observed to be induced by SD are included. For each SD, the duration is
measured in min for each channel (Figure 3A and 3B). Among all depression durations in individual
channels, the longest is then determined for each SD. If, as a result of successive SDs, there is temporal
overlap between depression periods on different channels, the overlapping period is only counted once.

v

Scoring of IEE: mark the duration of the increase in the integral of power from the first to the last spike,
sharp-wave or sharp-and-slow wave complex in either the monopolar or bipolar channels of the integral of
power (in addition to the measurement of the duration, this allows the calculation of the increase in integral
of power (in %) during IEE). A label (LabChart comment) should describe the type of IEE.

Il. Post-processing

Determine date and time of the initial insult. The first 24h period is denoted as 'day 0', the second 24h period
as 'day 1' and so on.

|
v

(a) Calculate the total depression duration of each day (TDDD) (value after normalization to the time of valid
recordings during that 24h period based on the longest depression period of each SD).

(b) Determine the peak total depression duration per recording day (PTDDD) as the longest TDDD among
all recording days.

(c) Calculate numbers and peak numbers of SDs ((i) spreading depressions, (ii) isoelectric SDs, (jii)
spreading convulsions) per recording day in analogous fashion.

I
h 4

(a) Calculate the total duration of IEE of each day (value after normalization of valid recordings during that
24 period) based on the longest IEE durations among all channels).

(b) Determine the peak total duration of IEE among all recording days in analogy to the PTDDD above.
(c) Calculate numbers and peak number of IEEs per recording day in analogous fashion.

Box I. Basic analysis of baseline activity, SDs and IEEs in neurocritical care.

Accepted minimal standards for scoring an event as
SD requires either: (a) when using a DC-coupled
system, an event which has a characteristic DC shift
associated with spreading depression of spontaneous

activity even if DC shift and spreading depression are
restricted to a single channel; or (b) that there are char-
acteristic, time-shifted DC changes (Figures 1-7) in two
or more adjacent channels occurring within 10 min of
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Table 2. Basic analysis of SDs/settings in LabChart software (ADInstruments).

Task

Description of the traces Arithmetic calculation in LabChart

Identification of SDs through DC shifts
that propagate between adjacent rec-
ording sites (Figures | and 3)

Assess DC shift duration'?®

Assess spontaneous activity, IEEs, 1IC, and
identify SD-induced spreading
depressions

Intermediate step (changes of power and
integral of the power in % are almost
interchangeable but the power is less
sensitive to artifacts; thus, the power can
be used to estimate changes in AC-ECoG
activity over time in % (during spreading
depressions, |EEs, etc.) to avoid missing
values when artifacts preclude the use of
the integral of the power)

Quantify the decline in AC-ECoG activity
during spreading depression in % and
measure spreading depression duration
as explained in Figure 3(a) and (b)

Definition of days post-injury

Total SD-induced depression durations per
recording days (TDDD)

Peak total SD-induced depression duration
of a recording day (PTDDD)

Assess isolated SDs and clusters

Assess isoelectric SDs

Assess spreading convulsions

Assess |IEEs

Raw DC-ECoG or near-DC-
ECoG with 0.01 Hz frequency
limit

Raw DC-ECoG

Raw ECoG filtered at 0.5-45 Hz
to observe spontaneous
activity

Power of the AC-ECoG signal at
frequencies between
0.5 and 45 Hz

No calculation

No calculation

bandpass(rch[no],0.5,45) [English version]a
bandpass(rch[no];0,5;45) [German version]

bandpass(rch[no],0.5,45)"2 [English]a
bandpass(rch[no];0,5;45)"2 [German]

Integral of power of the ECoG
signal at frequencies between
0.5 and 45 Hz

integrate(bandpass(rch[no];0,5;45)"2;"decay”’;60)a
integrate(bandpass(rch[no];0,5;45)"2; decay”’;60)

The first 24 hr period after the initial insult is denoted as “day 0,” the second 24 hr
period as “day 1” and so on*®

The sum of the longest depression durations of all individual SDs during each 24 hr
period is calculated. If there is temporal overlap between depression periods of
successive SDs on different electrodes, the overlapping period is only counted once.
TDDD is defined as the value after normalization to the total time of valid
recordings during that 24 hr period. For instance, if 240 min (4 hr) of total depres-
sion duration are recorded in 22 hr of a 24 hr period, the normalized TDDD is
262 min [(4/22) x 24 x 60].

Longest TDDD among all recording days in a given patient

For each SD, the time interval to the preceding SD should be determined. Current
working definition of a cluster is the occurrence of at least three SDs occurring
within three or fewer consecutive recording hours. '3’

Identification of SDs in electrically inactive tissue requires the combined evaluation of
the negative DC shift in the DC-ECoG and the lack of spontaneous activity before
the onset of SD in the AC-ECoG (bandpass: 0.5-45 Hz) (Figure 2(b)).

Requires the combined evaluation of the negative DC shift in the DC-ECoG and the
identification of epileptic field potentials on the tailing end of the DC shift®®'%*!?! in
the AC-ECoG (bandpass: 0.5-45 Hz) (Figure 3(d))

Determine the duration of each IEE from first to last epileptiform event using the raw
ECoG filtered at 0.5-45 Hz. Calculate the total |IEE duration of each recording day

and the peak total |EE duration of all recording days in analogy to the TDDDs and
the PTDDD for SDs.

After scoring the patient recording, total numbers of SDs (spreading depressions plus isoelectric SDs plus spreading convulsions),
spreading depressions alone, isoelectric SDs alone, spreading convulsions alone and IEEs can be calculated. Importantly, these
numbers should be normalized or reported with respect to the duration of valid recording. It is recommended, for instance, to
calculate numbers per recording day and peak number per recording day, as for TDDD and PTDDD above. These summary
measures can then be examined in relation to baseline injuries, neurologic exam, interventions, serial neuroimaging-assessed lesion
development, patient outcome, late epilepsy, or other clinical measures.

Minimal requirements to diagnose SD: (i) Characteristic DC shift with associated spreading depression of spontaneous activity on a
single channel if acquired with a DC-coupled amplifier, OR (ii) nonsimultaneous characteristic DC shift/SPC occurring in two or
more electrodes within 10 min of each other; in addition, spreading depression of activity should be observed in at least one
channel unless the tissue is electrically inactive, OR (iii) similar pattern of DC shift/SPC as recorded at a different time in the same
patient. Depression of activity or shape of DC shift/SPC may be more irregular or artifact laden.

?Note that the punctuation may vary according to the country settings.
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each other; in addition, spreading depression of activity
should be observed in at least one channel if the tissue is
electrically active.

Identification of SDs is usually straightforward after
training to distinguish the characteristic waveforms from
other confounding physiologic or artifactual changes.'*
In cases of doubt, it is often useful to screen all record-
ings of a given patient because SDs have been observed
to frequently repeat in a stereotyped pattern. Some
events following the same pattern may be more easily
identified as SD than others. Once the pattern is under-
stood it is easier to see all SDs. If the same pattern of DC
shifts is observed to repeat, an event may even be scored
as SD if the above criteria are not as readily visible (e.g.,
artifact interferes with the DC shift on one or more
channels). Diagnostic accuracy can further be improved
in difficult cases when typical responses of p;O, or rCBF
to SD are available (Figures 2, 4, and 7). However, if
significant doubt remains we strongly recommend that
questionable events are not scored as SDs to avoid false
positives. DC shifts that occur simultaneously across all
leads, or those occurring with instantancous changes
rather than smooth contours, should never be con-
sidered SD.

Events should be scored as a new event if a subse-
quent DC shift at a given electrode can be scored as an
independent event per the criteria above. This may be
particularly relevant in quickly recurrent events, and
since repeated events and clusters are important prog-
nostic factors, they should be accurately recorded.
Currently, NUPs are not routinely scored due to diffi-
culty in differentiating from drift in DC systems.

For each SD, the depression durations are calculated
in minutes for each channel, as shown in Figure 3(a)
and (b). Only depressions observed to be induced by
SD are included. Among all depression durations in
individual channels, the longest is then determined for
each SD. Subsequently, the total depression duration of
each 24 hr period following the initial insult is calcu-
lated as the sum of the longest depression durations
of all individual SDs during that 24 hr period. If there
is temporal overlap between depression periods of suc-
cessive SDs on different electrodes, the overlapping
period is only counted once. The first 24 hr period is
usually denoted as ““day 0,” the second 24 hr period as
“day 1,” and so on.*® Subsequently, the total depres-
sion duration of each day (TDDD) is defined as the
value after normalization to the total time of valid
recordings during that 24 hr period.®* For instance, if
240 min (4 h) of total depression duration are recorded
in 22hr of a 24 hr period, the normalized TDDD is
262min [(4/22) x 24 x 60]. The peak total depression
duration per recording day (PTDDD) is then defined
as the longest TDDD among all recording days in a
given patient.

The basic ECoG analysis also dichotomizes between
SDs in electrically active tissue that receive the epithet
“spreading depression” and SDs measured in a zone of
electrically inactive tissue, denoted with the adjective
“isoelectric.”®! Even if the DC shift arises from electric-
ally inactive tissue in only one channel, the SD is docu-
mented as being isoelectric (e.g., Figure 6). Definitions
of IEE and ictal-interictal continuum (IIC) are given in
Table 1. If epileptiform field potentials arise on the
tailing end of the DC shift this should be documented
as “‘spreading convulsion” which is a historical term
based on van Harreveld and Stamm (Figure
3(d)).*® 19121 1f 4 spreading convulsion occurs in iso-
electric tissue it may also be documented as ““isoelectric
SD”* depending on the scope of the study. The caveat is
added that pulse artifacts are often observed during the
DC shift of isoelectric SDs and should not be mistaken
for epileptiform field potentials.®®

After scoring the patient recording, total numbers of
SDs (spreading depressions plus isoelectric SDs plus
spreading convulsions), spreading depressions alone,
isoelectric SDs alone, spreading convulsions alone,
and IEEs can be calculated. Importantly, these num-
bers should be normalized or reported with respect to
the duration of valid recording. It is recommended, for
instance, to calculate numbers per recording day and
peak number per recording day, as for TDDD and
PTDDD above. These summary measures can then be
examined in relation to baseline injuries, neurologic
exam, interventions, serial neuroimaging-assessed
lesion development, patient outcome, late epilepsy, or
other clinical measures.

Nonspreading depression is observed as a simultan-
eous arrest of spontaneous activity in neighboring elec-
trodes. However, the criteria of nonspreading
depression are only fulfilled if either invasive measure-
ments of arterial pressure prove a global arrest of the
circulation or local measurements of p;O, indicate
severe tissue hypoxia/ischemia. Otherwise, the nature
of this ECoG pattern remains ambiguous.

A basic neuromonitoring protocol should also
include, at least, recordings of arterial pressure, ICP,
CPP, and body or brain temperature that can be
reviewed together with ECoG data. Particularly with
high-resolution (waveform) recordings, these variables
can assist in deciphering cause and effect of multivariate
physiologic changes, and are further helpful in identifi-
cation of ECoG artifacts. Baseline values can also be
documented at regular intervals to chart the course of
neuromonitoring variables in relation to SDs. p;O,
recordings with a sensor based on either polarography
or luminescence quenching are also inform-
ative.®*?121% When the sensor is located next to the
electrode strip, p;O» responses to SD should be exam-
ined in a small range of <6 min around time points of
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SD appearance.”® The p,O, level immediately preced-
ing SD and at least amplitude and duration of the ini-
tial change of pyO, in response to SD should be
analyzed. The initial change of p;O, can show either
a decrease, no change or an increase.”>” The pPiO2
level immediately preceding SD was previously defined
as the mean p;O; level in the 5 min period prior to each
SD.'"® Simultaneously, CPP, mean arterial pressure
(MAP) and ICP can also be documented.

Conclusion

After many decades of frustration, it has turned out to
be surprisingly simple to record SDs from the human
brain with minimally invasive technology.®*> Now it
is time to make use of one of the most phylogenetically
preserved and fundamental pathological phenomena of
the brain to advance understanding of human dis-
ease.”?*??! For this purpose, the recommendations pro-
posed here have been developed based on our
cooperative studies for more than a decade. Further
insight into clinical application, less invasive approaches,
and automation of procedures are likely to render SD
monitoring an increasingly potent tool for real-time
diagnosis of disturbed brain energy metabolism and
lesion development in neurocritical care.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by Deutsche
Forschungsgemeinschaft (DFG DR 323/6-1), the
Bundesministerium fiir Bildung und Forschung (Center for
Stroke Research Berlin, 01 EO 0801; BCCN 01GQ1001C
B2), and Era-Net Neuron 01EWI212 to Dr Dreier,
NeuroCure SESAH (EXC 257/2) to Drs Dreier and
Heinemann, and DFG DR 323/5-1 to Drs Dreier, Woitzik,
Vajkoczy, Sakowitz, Graf, Vatter, and Friedman. This work
was supported by the Mayfield Education and Research
Foundation to Dr Hartings and the Hungarian Scientific
Research Fund (Grant No. K111923 to Farkas), the Bolyai
Janos Research Scholarship of the Hungarian Academy of
Sciences (BO/00327/14/5) to Dr Farkas, and the National
Institutes of Health (NS083858) to Dr Kirov. Dr Sahuquillo
is a recipient of a grant from the Fondo de Investigacion
Sanitaria (Instituto de Salud Carlos III) (FIS PI108/0480) co-
financed by the European Regional Development Fund
(ERDF). This work was also supported by the Toyota
Foundation to Drs Fabricius and Friberg. Dr Boutelle is sup-
ported by Wellcome Trust/UK Dept of Health under the
HICF Scheme (WT094912/HICF-1010-080).

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

JP Dreier and JA Hartings drafted and finalized the manu-
script and approved the manuscript before submission. All
other authors contributed to the manuscript and approved
the manuscript before submission.

References

1. Somjen GG. Mechanisms of spreading depression and
hypoxic spreading depression-like  depolarization.
Physiol Rev 2001; 81: 1065-1096.

2. Dreier JP. The role of spreading depression, spreading
depolarization and spreading ischemia in neurological
disease. Nat Med 2011; 17: 439-447.

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

4. Woitzik J, Hecht N, Pinczolits A, et al. Propagation of
cortical spreading depolarization in the human cortex
after malignant stroke. Neurology 2013; 80: 1095-1102.

5. Peters O, Schipke CG, Hashimoto Y, et al. Different
mechanisms promote astrocyte Ca®* waves and spread-
ing depression in the mouse neocortex. J Neurosci 2003;
23: 9888-9896.

6. Chuquet J, Hollender L and Nimchinsky EA. High-reso-
lution in vivo imaging of the neurovascular unit during
spreading depression. J Neurosci 2007; 27: 4036-4044.

7. Hansen AJ and Zeuthen T. Extracellular ion concentra-
tions during spreading depression and ischemia in the rat
brain cortex. Acta Physiol Scand 1981; 113: 437-445.

8. Kraig RP and Nicholson C. Extracellular ionic variations
during spreading depression. Neuroscience 1978; 3:
1045-1059.

9. Mutch WA and Hansen AJ. Extracellular pH changes
during spreading depression and cerebral ischemia: mech-
anisms of brain pH regulation. J Cereb Blood Flow Metab
1984; 4: 17-27.

10. Windmuller O, Lindauer U, Foddis M, et al. Ion changes
in spreading ischaemia induce rat middle cerebral artery
constriction in the absence of NO. Brain 2005; 128:
2042-2051.

11. Somjen GG. Irreversible hypoxic (ischemic) neuron
injury. In: Somjen GG (ed.) [lons in the brain.
New York: Oxford University Press, 2004, pp.338-372.

12. Zhou N, Gordon GR, Feighan D, et al. Transient swel-
ling, acidification, and mitochondrial depolarization
occurs in neurons but not astrocytes during spreading
depression. Cereb Cortex 2010; 20: 2614-2624.

13. Bahar S, Fayuk D, Somjen GG, et al. Mitochondrial and
intrinsic optical signals imaged during hypoxia and
spreading depression in rat hippocampal slices. J
Neurophysiol 2000; 84: 311-324.

14. Heinemann U and Lux HD. Ceiling of stimulus induced
rises in extracellular potassium concentration in the cere-
bral cortex of cat. Brain Res 1977; 120: 231-249.

15. Dreier JP and Reiffurth C. The stroke-migraine depolar-
ization continuum. Neuron 2015; 86: 902-922.



Dreier et al.

1619

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hinzman JM, DiNapoli VA, Mahoney EJ, et al.
Spreading depolarizations mediate excitotoxicity in the
development of acute cortical lesions. Exp Neurol 2015;
267: 243-253.

Lehmenkuhler A. Spreading depression—cortical reac-
tions: disorders of the extracellular microenvironment.
EEG-EMG  Zeitschrift  fur  Elektroenzephalographie,
Elektromyographie und verwandte Gebiete 1990; 21: 1-6.
Vyskocil F, Kritz N and Bures J. Potassium-selective
microelectrodes used for measuring the extracellular
brain potassium during spreading depression and
anoxic depolarization in rats. Brain Res 1972; 39:
255-259.

Tang YT, Mendez JM, Theriot JJ, et al. Minimum con-
ditions for the induction of cortical spreading depression
in brain slices. J Neurophysiol 2014; 112: 2572-2579.
Dietz RM, Weiss JH and Shuttleworth CW. Zn>* influx
is critical for some forms of spreading depression in brain
slices. J Neurosci 2008; 28: 8014-8024.
Eikermann-Haerter K, Arbel-Ornath M, Yalcin N, et al.
Abnormal synaptic Ca(2+) homeostasis and morphology
in cortical neurons of familial hemiplegic migraine type 1
mutant mice. Ann Neurol 2015; 78: 193-210.

Murphy TH, Li P, Betts K, et al. Two-photon imaging of
stroke onset in vivo reveals that NMDA-receptor inde-
pendent ischemic depolarization is the major cause of
rapid reversible damage to dendrites and spines.
J Neurosci 2008; 28: 1756-1772.

Takano T, Tian GF, Peng W, et al. Cortical spreading
depression causes and coincides with tissue hypoxia. Nat
Neurosci 2007; 10: 754-762.

Risher WC, Andrew RD and Kirov SA. Real-time pas-
sive volume responses of astrocytes to acute osmotic and
ischemic stress in cortical slices and in vivo revealed by
two-photon microscopy. Glia 2009; 57: 207-221.

Risher WC, Ard D, Yuan J, et al. Recurrent spontaneous
spreading depolarizations facilitate acute dendritic injury
in the ischemic penumbra. J Neurosci 2010; 30:
9859-9868.

Perez-Pinzon MA, Tao L and Nicholson C. Extracellular
potassium, volume fraction, and tortuosity in rat hippo-
campal CAl1, CA3, and cortical slices during ischemia.
J Neurophysiol 1995; 74: 565-573.

Mazel T, Richter F, Vargova L, et al. Changes in extra-
cellular space volume and geometry induced by cortical
spreading depression in immature and adult rats. Physiol
Res 2002; S1(Suppl 1): S85-S93.

Vorisek I and Sykova E. Ischemia-induced changes in the
extracellular space diffusion parameters, K+, and pH in
the developing rat cortex and corpus callosum. J Cereb
Blood Flow Metab 1997; 17: 191-203.

Budde MD and Frank JA. Neurite beading is sufficient to
decrease the apparent diffusion coefficient after ischemic
stroke. Proc Natl Acad Sci USA 2010; 107: 14472-14477.
de Crespigny A, Rother J, van Bruggen N, et al.
Magnetic resonance imaging assessment of cerebral
hemodynamics during spreading depression in rats.
J Cereb Blood Flow Metab 1998; 18: 1008—1017.

de Crespigny AJ, Rother J, Beaulieu C, et al.
Rapid monitoring of diffusion, DC potential, and blood

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

oxygenation changes during global ischemia. Effects of
hypoglycemia, hyperglycemia, and TTX. Stroke 1999;
30: 2212-2222.

Umesh Rudrapatna S, Hamming AM, Wermer MJ, et al.
Measurement of distinctive features of cortical spreading
depolarizations with different MRI contrasts. NMR
Biomed 2015; 28: 591-600.

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.

Tasaki I and Byrne PM. Demonstration of heat produc-
tion associated with spreading depression in the amphib-
ian retina. Biochem Biophys Res Commun 1991; 174:
293-297.

Urbach A, Brueckner J and Witte OW. Cortical spread-
ing depolarization stimulates gliogenesis in the rat
entorhinal cortex. J Cereb Blood Flow Metab 2015; 35:
576-582.

Largo C, Cuevas P, Somjen GG, et al. The effect of
depressing glial function in rat brain in situ on ion
homeostasis, synaptic transmission, and neuron survival.
J Neurosci 1996; 16: 1219-1229.

Risher WC, Croom D and Kirov SA. Persistent astroglial
swelling accompanies rapid reversible dendritic injury
during stroke-induced spreading depolarizations. Glia
2012; 60: 1709—1720.

Shin HK, Dunn AK, Jones PB, et al. Vasoconstrictive
neurovascular coupling during focal ischemic depolariza-
tions. J Cereb Blood Flow Metab 2006; 26: 1018-1030.
Dreier JP, Korner K, Ebert N, et al. Nitric oxide scaven-
ging by hemoglobin or nitric oxide synthase inhibition by
N-nitro-L-arginine induces cortical spreading ischemia
when K+ is increased in the subarachnoid space.
J Cereb Blood Flow Metab 1998; 18: 978-990.

Lauritzen M. Pathophysiology of the migraine aura. The
spreading depression theory. Brain 1994; 117: 199-210.
Chang JC, Shook LL, Biag J, et al. Biphasic direct cur-
rent shift, haemoglobin desaturation and neurovascular
uncoupling in cortical spreading depression. Brain 2010;
133: 996-1012.

Jander S, Schroeter M, Peters O, et al. Cortical spreading
depression induces proinflammatory cytokine gene
expression in the rat brain. J Cereb Blood Flow Metab
2001; 21: 218-225.

Karatas H, Erdener SE, Gursoy-Ozdemir Y, et al.
Spreading depression triggers headache by activating
neuronal Panx1 channels. Science 2013; 339: 1092—-1095.
Walsh JG, Muruve DA and Power C. Inflammasomes in
the CNS. Nat Rev Neurosci 2014; 15: 84-97.

Hartings JA, Shuttleworth CW, Kirov SA, et al.
The continuum of spreading mass depolarizations in
acute cortical lesion development: redefining Ledo’s
legacy. J Cereb Blood Flow Metab 2016; in press.
Herreras O and Somjen GG. Effects of prolonged eleva-
tion of potassium on hippocampus of anesthetized rats.
Brain Res 1993; 617: 194-204.

Nedergaard M and Hansen AJ. Spreading depression is
not associated with neuronal injury in the normal brain.
Brain Res 1988; 449: 395-398.



1620

Journal of Cerebral Blood Flow & Metabolism 37(5)

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Berger M, Speckmann EJ, Pape HC, et al. Spreading
depression enhances human neocortical excitability
in vitro. Cephalalgia 2008; 28: 558-562.

Kobayashi S, Harris VA and Welsh FA. Spreading
depression induces tolerance of cortical neurons to ische-
mia in rat brain. J Cereb Blood Flow Metab 1995; 15:
721-7217.

Matsushima K, Hogan MJ and Hakim AM. Cortical
spreading depression protects against subsequent focal
cerebral ischemia in rats. J Cereb Blood Flow Metab
1996; 16: 221-226.

Plumier JC, David JC, Robertson HA, et al. Cortical
application of potassium chloride induces the low-mole-
cular weight heat shock protein (Hsp27) in astrocytes.
J Cereb Blood Flow Metab 1997; 17: 781-790.
Yanamoto H, Miyamoto S, Tohnai N, et al. Induced
spreading depression activates persistent neurogenesis in
the subventricular zone, generating cells with markers for
divided and early committed neurons in the caudate puta-
men and cortex. Stroke 2005; 36: 1544-1550.

Otori T, Greenberg JH and Welsh FA. Cortical spreading
depression causes a long-lasting decrease in cerebral
blood flow and induces tolerance to permanent focal
ischemia in rat brain. J Cereb Blood Flow Metab 2003;
23: 43-50.

NRC (National Research Council) Committee on a
Framework for Developing a New Taxonomy of
Disease. Toward precision medicine: building a knowledge

network for biomedical research and a new taxonomy of

disease. Washington, DC: The National Academies Press,
2011.

Dreier JP, Woitzik J, Fabricius M, et al. Delayed ischae-
mic neurological deficits after subarachnoid haemorrhage
are associated with clusters of spreading depolarizations.
Brain 2006; 129: 3224-3237.

Maas Al, Menon DK, Steyerberg EW, et al.
Collaborative European NeuroTrauma Effectiveness
Research in Traumatic Brain Injury (CENTER-TBI): a
prospective longitudinal observational study.
Neurosurgery 2015; 76: 67-80.

Hartings JA, Bullock MR, Okonkwo DO, et al.
Spreading depolarisations and outcome after traumatic
brain injury: a prospective observational study. Lancet
Neurol 2011; 10: 1058-1064.

Dreier JP, Major S, Pannek HW, et al. Spreading con-
vulsions, spreading depolarization and epileptogenesis in
human cerebral cortex. Brain 2012; 135: 259-275.
Donnan GA, Fisher M, Macleod M, et al. Stroke. Lancet
2008; 371: 1612-1623.

Feigin VL. Stroke epidemiology in the developing world.
Lancet 2005; 365: 2160-2161.

Vasiliadis AV and Zikic M. Current status of stroke epi-
demiology in Greece: a panorama. Neurologia i neurochir-
urgia polska 2014; 48: 449-457.

Saltman AP, Silver FL, Fang J, et al. Care and outcomes
of patients with in-hospital stroke. JAMA Neurol 2015;
72: 749-755.

Citerio G, Oddo M and Taccone FS. Recommendations
for the use of multimodal monitoring in the neurointen-
sive care unit. Curr Opin Crit Care 2015; 21: 113-119.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Winkler MKL, Dengler N, Hecht N, et al. Oxygen avail-
ability and spreading depolarizations provide comple-
mentary prognostic information in neuromonitoring of
aneurysmal subarachnoid hemorrhage patients. J Cereb
Blood Flow Metab2016; in press.

Helbok R, Olson DM, Le Roux PD, et al. Intracranial
pressure and cerebral perfusion pressure monitoring in
non-TBI patients: special considerations. Neurocrit Care
2014; 21(Suppl 2): S85-S94.

Stocchetti N, Le Roux P, Vespa P, et al. Clinical review:
neuromonitoring — an update. Crit Care 2013; 17: 201.
Le Roux P, Menon DK, Citerio G, et al. Consensus sum-
mary statement of the International Multidisciplinary
Consensus Conference on Multimodality Monitoring in
Neurocritical Care: a statement for healthcare profes-
sionals from the Neurocritical Care Society and the
European Society of Intensive Care Medicine. Intensive
Care Med 2014; 40: 1189-1209.

Claassen J and Vespa P, Participants in the International
Multi-disciplinary Consensus Conference on
Multimodality Monitoring. Electrophysiologic monitor-
ing in acute brain injury. Neurocrit Care 2014; 21(Suppl
2): S129-S147.

Hop JW, Rinkel GJ, Algra A, et al. Case-fatality rates
and functional outcome after subarachnoid hemorrhage:
a systematic review. Stroke 1997; 28: 660-664.

Stein SC, Georgoff P, Meghan S, et al. 150 years of treat-
ing severe traumatic brain injury: a systematic review of
progress in mortality. J Neurotrauma 2010; 27:
1343-1353.

Chesnut RM, Temkin N, Carney N, et al. A trial of
intracranial-pressure monitoring in traumatic brain
injury. N Engl J Med 2012; 367: 2471-2481.

Gerber LM, Chiu YL, Carney N, et al. Marked reduction
in mortality in patients with severe traumatic brain
injury. J Neurosurg 2013; 119: 1583-1590.

Yuan Q, Wu X, Cheng H, et al. Is intracranial pressure
monitoring of patients with diffuse traumatic brain injury
valuable? An  observational multicenter  study.
Neurosurgery 2016; 78: 361-369.

Guiza F, Depreitere B, Piper I, et al. Visualizing the pres-
sure and time burden of intracranial hypertension in
adult and paediatric traumatic brain injury. Intensive
Care Med 2015; 41: 1067-1076.

Drenckhahn C, Windler C, Major S, et al. Complications
in aneurysmal subarachnoid hemorrhage patients with
and without subdural electrode strip for electrocortico-
graphy. J Clin Neurophysiol 2016; 33: 250-259.
Solenski NJ, Haley EC Jr, Kassell NF, et al. Medical
complications of aneurysmal subarachnoid hemorrhage:
a report of the multicenter, cooperative aneurysm study.
Participants of the Multicenter Cooperative Aneurysm
Study. Crit Care Med 1995; 23: 1007-1017.

Wartenberg KE, Schmidt JM, Claassen J, et al. Impact
of medical complications on outcome after subarach-
noid hemorrhage. Crit Care Med 2006; 34: 617-623;
quiz 624.

Finlayson O, Kapral M, Hall R, et al. Risk factors, inpa-
tient care, and outcomes of pneumonia after ischemic
stroke. Neurology 2011; 77: 1338-1345.



Dreier et al.

1621

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kesinger MR, Kumar RG, Wagner AK, et al. Hospital-
acquired pneumonia is an independent predictor of poor
global outcome in severe traumatic brain injury up to 5
years after discharge. J Trauma Acute Care Surg 2015; 78:
396-402.

Dirnagl U, Klehmet J, Braun JS, et al. Stroke-induced
immunodepression: experimental evidence and clinical
relevance. Stroke 2007; 38(2 Suppl): 770-773.

Perry L and Love CP. Screening for dysphagia and aspir-
ation in acute stroke: a systematic review. Dysphagia
2001; 16: 7-18.

Sarrafzadeh A, Schlenk F, Meisel A, et al
Immunodepression after aneurysmal subarachnoid hem-
orrhage. Stroke 2011; 42: 53-58.

Woiciechowsky C, Asadullah K, Nestler D, et al.
Sympathetic activation triggers systemic interleukin-10
release in immunodepression induced by brain injury.
Nat Med 1998; 4: 808-813.

Meisel C, Schwab JM, Prass K, et al. Central nervous
system injury-induced immune deficiency syndrome.
Nat Rev Neurosci 2005; 6: 775-786.

Harms H, Prass K, Meisel C, et al. Preventive antibac-
terial therapy in acute ischemic stroke: a randomized con-
trolled trial. PLoS One 2008; 3: e2158.

Westendorp WF, Vermeij JD, Vermeij F, et al.
Antibiotic therapy for preventing infections in patients
with acute stroke. Cochrane Database Syst Rev 2012; 1:
CDO008530.

Westendorp WF, Vermeij JD, Zock E, et al. The
Preventive Antibiotics in Stroke Study (PASS): a prag-
matic randomised open-label masked endpoint clinical
trial. Lancet 2015; 385: 1519-1526.

Ibrahim GM and Macdonald RL. The network topology
of aneurysmal subarachnoid haemorrhage. J Neurol
Neurosurg Psychiatry 2015; 86: 895-901.

Strong AJ, Fabricius M, Boutelle MG, et al. Spreading
and synchronous depressions of cortical activity in
acutely injured human brain. Stroke 2002; 33: 2738-2743.
Fabricius M, Fuhr S, Bhatia R, et al. Cortical spreading
depression and peri-infarct depolarization in acutely
injured human cerebral cortex. Brain 2006; 129:
778-790.

Hartings JA, Watanabe T, Bullock MR, et al. Spreading
depolarizations have prolonged direct current shifts and
are associated with poor outcome in brain trauma. Brain
2011; 134: 1529-1540.

Mayevsky A, Doron A, Manor T, et al. Cortical spread-
ing depression recorded from the human brain using a
multiparametric monitoring system. Brain Res 1996;
740: 268-274.

Schiefecker AJ, Beer R, Pfausler B, et al. Clusters of cor-
tical spreading depolarizations in a patient with intracer-
ebral hemorrhage: a multimodal neuromonitoring study.
Neurocrit Care 2015; 22: 293-298.

Helbok R, Schiefecker AJ, Friberg C, et al. Spreading
depolarizations in patients with spontaneous intracereb-
ral hemorrhage — association with perihematomal edema
progression. J Cereb Blood Flow Metab 2016; in press.
Dreier JP, Major S, Manning A, et al. Cortical spreading
ischaemia is a novel process involved in ischaemic

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

damage in patients with aneurysmal subarachnoid
haemorrhage. Brain 2009; 132: 1866-1881.

Bosche B, Graf R, Ernestus RI, et al. Recurrent spread-
ing depolarizations after SAH decrease oxygen avail-
ability in human cerebral cortex. Ann Neurol 2010; 67:
607-617.

Dohmen C, Sakowitz OW, Fabricius M, et al. Spreading
depolarizations occur in human ischemic stroke with
high incidence. Ann Neurol 2008; 63: 720-728.
Hadjikhani N, Sanchez Del Rio M, Wu O, et al.
Mechanisms of migraine aura revealed by functional
MRI in human visual cortex. Proc Natl Acad Sci USA
2001; 98: 4687-4692.

Olesen J, Larsen B and Lauritzen M. Focal hyperemia
followed by spreading oligemia and impaired activation
of rCBF in classic migraine. Ann Neurol 1981; 9:
344-352.

Bowyer SM, Aurora KS, Moran JE, et al
Magnetoencephalographic fields from patients with
spontaneous and induced migraine aura. Ann Neurol
2001; 50: 582-587.

Dahlem MA and Hadjikhani N. Migraine aura: retract-
ing particle-like waves in weakly susceptible cortex.
PLoS One 2009; 4: e5007.

Woods RP, Tacoboni M and Mazziotta JC. Brief report:
bilateral spreading cerebral hypoperfusion during spon-
taneous migraine headache. N Engl J Med 1994; 331:
1689-1692.

Pietrobon D and Moskowitz MA. Pathophysiology of
migraine. Annu Rev Physiol 2013; 75: 365-391.

Charles AC and Baca SM. Cortical spreading depres-
sion and migraine. Nat Rev Neurol 2013; 9: 637-644.
Oliveira-Ferreira Al, Milakara D, Alam M, et al.
Experimental and preliminary clinical evidence of an
ischemic zone with prolonged negative DC shifts sur-
rounded by a normally perfused tissue belt with persist-
ent electrocorticographic depression. J Cereb Blood
Flow Metab 2010; 30: 1504-1519.

Canals S, Makarova I, Lopez-Aguado L, et al.
Longitudinal depolarization gradients along the soma-
todendritic axis of CA1 pyramidal cells: a novel feature
of spreading depression. J Neurophysiol 2005; 94:
943-951.

Hossmann KA. Viability thresholds and the penumbra
of focal ischemia. Ann Neurol 1994; 36: 557-165.

Ledo AAP. Further observations on the spreading
depression of activity in the cerebral cortex.
J Neurophysiol 1947; 10: 409-414.

Ledo AAP. Spreading depression of activity in the cere-
bral cortex. J Neurophysiol 1944; 7: 359-390.

Kager H, Wadman WJ and Somjen GG. Conditions for
the triggering of spreading depression studied with com-
puter simulations. J Neurophysiol 2002; 88: 2700-2712.
Carter RE, Seidel JL, Lindquist BE, et al. Intracellular
7Zn2+ accumulation enhances suppression of synaptic
activity following spreading depolarization. J Neurochem
2013; 125: 673-684.

Lindquist BE and Shuttleworth CW. Adenosine recep-
tor activation is responsible for prolonged depression of



1622

Journal of Cerebral Blood Flow & Metabolism 37(5)

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

synaptic transmission after spreading depolarization in
brain slices. Neuroscience 2012; 223: 365-376.

Pomper JK, Haack S, Petzold GC, et al. Repetitive
spreading depression-like events result in cell damage
in juvenile hippocampal slice cultures maintained in nor-
moxia. J Neurophysiol 2006; 95: 355-368.

Major S, Petzold GC, Reiffurth C, et al. A role of the
sodium pump in spreading ischemia in rats. J Cereb
Blood Flow Metab 2016; in press.

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; in press.
Sakowitz OW, Santos E, Nagel A, et al. Clusters of
spreading depolarizations are associated with disturbed
cerebral metabolism in patients with aneurysmal sub-
arachnoid hemorrhage. Stroke 2013; 44: 220-223.
Feuerstein D, Manning A, Hashemi P, et al. Dynamic
metabolic response to multiple spreading depolariza-
tions in patients with acute brain injury: an online
microdialysis study. J Cereb Blood Flow Metab 2010;
30: 1343-1355.

Parkin M, Hopwood S, Jones DA, et al. Dynamic
changes in brain glucose and lactate in pericontusional
areas of the human cerebral cortex, monitored with
rapid sampling on-line microdialysis: relationship with
depolarisation-like events. J Cereb Blood Flow Metab
2005; 25: 402-413.

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: 1973-1984.
Hartings JA, Li C, Hinzman JM, et al. Direct-current
electrocorticography for clinical neuromonitoring of
spreading depolarizations. J Cereb Blood Flow
Metab 2016; in press.

van Harreveld A and Stamm JS. Spreading cortical con-
vulsions and depressions. J Neurophysiol 1953; 16:
352-366.

Claassen J, Perotte A, Albers D, et al. Nonconvulsive
seizures after subarachnoid hemorrhage: multimodal
detection and outcomes. Ann Neurol 2013; 74: 53-64.
Vespa PM, McArthur DL, Xu Y, et al. Nonconvulsive
seizures after traumatic brain injury are associated with
hippocampal atrophy. Neurology 2010; 75: 792-798.
Claassen J, Hirsch LJ, Frontera JA, et al. Prognostic
significance of continuous EEG monitoring in patients
with poor-grade subarachnoid hemorrhage. Neurocrit
Care 2006; 4: 103-112.

Vespa PM, O’Phelan K, Shah M, et al. Acute seizures
after intracerebral hemorrhage: a factor in progressive
midline shift and outcome. Neurology 2003; 60:
1441-1446.

Jordan KG. Emergency EEG and continuous EEG
monitoring in acute ischemic stroke. J Clin
Neurophysiol 2004; 21: 341-352.

Mody I, Lambert JD and Heinemann U. Low extracel-
lular magnesium induces epileptiform activity and
spreading depression in rat hippocampal slices. J
Neurophysiol 1987; 57: 869-888.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Avoli M, Drapeau C, Louvel J, et al. Epileptiform activ-
ity induced by low extracellular magnesium in the
human cortex maintained in vitro. Ann Neurol 1991;
30: 589-596.

Wei Y, Ullah G and Schiff SJ. Unification of neuronal
spikes, seizures, and spreading depression. J Neurosci
2014; 34: 11733-11743.

Ullah G, Wei Y, Dahlem MA, et al. The role of cell
volume in the dynamics of seizure, spreading depression,
and anoxic depolarization. PLoS Comput Biol 2015; 11:
e1004414.

Hubel N and Dahlem MA. Dynamics from seconds to
hours in Hodgkin—Huxley model with time-dependent
ion concentrations and buffer reservoirs. PLoS
Comput Biol 2014; 10(12): ¢1003941.

Koroleva VI, Vinogradova LV and Bures J. Reduced
incidence of cortical spreading depression in the course
of pentylenetetrazol kindling in rats. Brain Res 1993;
608: 107-114.

Maslarova A, Alam M, Reiffurth C, et al. Chronically
epileptic human and rat neocortex display a similar
resistance against spreading depolarization in vitro.
Stroke 2011; 42: 2917-2922.

Tomkins O, Friedman O, Ivens S, et al. Blood—brain
barrier disruption results in delayed functional and
structural alterations in the rat neocortex. Neurobiol
Dis 2007; 25: 367-377.

Hunt RF, Boychuk JA and Smith BN. Neural circuit
mechanisms of post-traumatic epilepsy. Front Cell
Neurosci 2013; 7: 89.

Chauviere L, Doublet T, Ghestem A, et al. Changes in
interictal spike features precede the onset of temporal
lobe epilepsy. Ann Neurol 2012; 71: 805-814.

Huneau C, Benquet P, Dicuset G, et al. Shape features
of epileptic spikes are a marker of epileptogenesis in
mice. Epilepsia 2013; 54: 2219-2227.

Friedman A and Heinemann U. Role of blood-brain
barrier dysfunction in epileptogenesis. In: Noebels JL,
Avoli M, Rogawski MA, et al. (eds) Jasper’s basic mech-
anisms of the epilepsies, 4th edn. Bethesda, MD:
National Center for Biotechnology Information (US),
2012, pp.1-12.

Hertle DN, Dreier JP, Woitzik J, et al. Effect of anal-
gesics and sedatives on the occurrence of spreading
depolarizations accompanying acute brain injury.
Brain 2012; 135(Pt 8): 2390-2398.

Santos E, Scholl M, Sanchez-Porras R, et al. Radial,
spiral and reverberating waves of spreading depolariza-
tion occur in the gyrencephalic brain. Neuroimage 2014;
99: 244-255.

Ayata C and Lauritzen M. Spreading depression,
spreading depolarizations, and the cerebral vasculature.
Physiol Rev 2015; 95: 953-993.

Offenhauser N, Windmuller O, Strong AJ, et al. The
gamut of blood flow responses coupled to spreading
depolarization in rat and human brain: from hyperemia
to prolonged ischemia. Acta Neurochir Suppl 2011;
110(Pt 1): 119-124.

Dreier JP, Windmuller O, Petzold G, et al. Ischemia
caused by inverse coupling between neuronal activation



Dreier et al.

1623

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

and cerebral blood flow in rats. In: Tomita M, Kanno 1
and Hamel E (eds) Brain activation and CBF control.
Amsterdam: Elsevier, 2002, pp.487-492.

Dreier JP, Petzold G, Tille K, et al. Ischaemia triggered
by spreading neuronal activation is inhibited by vaso-
dilators in rats. J Physiol 2001; 531(Pt 2): 515-526.
Proposal for revised classification of epilepsies and epi-
leptic syndromes. Commission on Classification and
Terminology of the International League Against
Epilepsy. Epilepsia 1989; 30: 389-399.

Lowenstein DH and Alldredge BK. Status epilepticus. N
Engl J Med 1998; 338: 970-976.

Betjemann JP and Lowenstein DH. Status epilepticus in
adults. Lancet Neurol 2015; 14: 615-624.

Foreman B, Claassen J, Abou Khaled K, et al.
Generalized periodic discharges in the critically ill: a
case-control study of 200 patients. Neurology 2012; 79:
1951-1960.

Chong DJ and Hirsch LJ. Which EEG patterns warrant
treatment in the critically ill? Reviewing the evidence for
treatment of periodic epileptiform discharges and
related patterns. J Clin Neurophysiol 2005; 22: 79-91.
Fisher RS, Acevedo C, Arzimanoglou A, et al. ILAE
official report: a practical clinical definition of epilepsy.
Epilepsia 2014; 55: 475-482.

Piilgaard H and Lauritzen M. Persistent increase in
oxygen consumption and impaired neurovascular cou-
pling after spreading depression in rat neocortex.
J Cereb Blood Flow Metab 2009; 29: 1517-1527.

Sonn J and Mayevsky A. Effects of brain oxygenation
on metabolic, hemodynamic, ionic and electrical
responses to spreading depression in the rat. Brain Res
2000; 882: 212-216.

Dreier JP, Kleeberg J, Alam M, et al. Endothelin-1-
induced spreading depression in rats is associated with
a microarea of selective neuronal necrosis. Exp Biol Med
(Maywood) 2007; 232: 204-213.

Strong AJ, Anderson PJ, Watts HR, et al. Peri-infarct
depolarizations lead to loss of perfusion in ischaemic
gyrencephalic cerebral cortex. Brain 2007; 130(Pt 4):
995-1008.

Bere Z, Obrenovitch TP, Bari F, et al. Ischemia-induced
depolarizations and associated hemodynamic responses
in incomplete global forebrain ischemia in rats.
Neuroscience 2014; 260: 217-226.

Farkas E, Bari F and Obrenovitch TP. Multi-modal
imaging of anoxic depolarization and hemodynamic
changes induced by cardiac arrest in the rat cerebral
cortex. Neuroimage 2010; 51: 734-742.

Feuerstein D, Takagaki M, Gramer M, et al. Detecting
tissue deterioration after brain injury: regional blood
flow level versus capacity to raise blood flow. J Cereb
Blood Flow Metab 2014; 34: 1117-1127.

Dreier J, Korner K, Back T, et al. Cortical spreading
ischemia (CSI): a novel phenomenon induced by cortical
spreading depression (CSD), NOS inhibition and ele-
vated extracellular potassium. Soc Neurosci Abstr
1995; 21(Pt 1): 225.

Dreier JP, Ebert N, Priller J, et al. Products of hemolysis
in the subarachnoid space inducing spreading ischemia

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

in the cortex and focal necrosis in rats: a model for
delayed ischemic neurological deficits after subarach-
noid hemorrhage? J Neurosurg 2000; 93: 658—666.

Bere Z, Obrenovitch TP, Kozak G, et al. Imaging
reveals the focal area of spreading depolarizations and
a variety of hemodynamic responses in a rat microem-
bolic stroke model. J Cereb Blood Flow Metab 2014; 34:
1695-1705.

Hinzman JM, Andaluz N, Shutter LA, et al. Inverse
neurovascular coupling to cortical spreading depolariza-
tions in severe brain trauma. Brain 2014; 137(Pt 11):
2960-2972.

Seule M, Keller E, Unterberg A, et al. The hemo-
dynamic response of spreading depolarization observed
by near infrared spectroscopy after aneurysmal sub-

arachnoid hemorrhage. Neurocrit Care 2015; 23:
108-112.
Stiefel MF, Udoetuk JD, Spiotta AM, et al

Conventional neurocritical care and cerebral oxygen-
ation after traumatic brain injury. J Neurosurg 2006;
105: 568-575.

Nozari A, Dilekoz E, Sukhotinsky I, et al. Microemboli
may link spreading depression, migraine aura, and
patent foramen ovale. Ann Neurol 2010; 67: 221-229.
Dreier JP, Kleeberg J, Petzold G, et al. Endothelin-1
potently induces Leao’s cortical spreading depression
in vivo in the rat: a model for an endothelial trigger of
migrainous aura? Brain 2002; 125(Pt 1): 102-112.
Symon L, Branston NM and Strong AJ. Extracellular
potassium activity, evoked potential and rCBF during
experimental cerebral ischaemia in the baboon. Acta
Neurol Scand Suppl 1977; 64: 110-111.

Jarvis CR, Anderson TR and Andrew RD. Anoxic
depolarization mediates acute damage independent of
glutamate in neocortical brain slices. Cereb Cortex
2001; 11: 249-259.

Ayad M, Verity MA and Rubinstein EH. Lidocaine delays
cortical ischemic depolarization: relationship to electro-
physiologic recovery and neuropathology. J Neurosurg
Anesthesiol 1994; 6: 98-110.

Memezawa H, Smith ML and Siesjo BK. Penumbral
tissues salvaged by reperfusion following middle cere-
bral artery occlusion in rats. Stroke 1992; 23: 552-559.
Charriaut-Marlangue C, Margaill I, Represa A, et al.
Apoptosis and necrosis after reversible focal ischemia:
an in situ DNA fragmentation analysis. J Cereb Blood
Flow Metab 1996; 16: 186-194.

Dreier JP, Victorov 1V, Petzold GC, et al.
Electrochemical failure of the brain cortex is more dele-
terious when it is accompanied by low perfusion. Stroke
2013; 44: 490-496.

Ndubuizu O and LaManna JC. Brain tissue oxygen con-
centration measurements. Antioxid Redox Signal 2007;
9: 1207-1219.

Bures J and Buresova O. Die anoxische
Terminaldepolarisation als Indikator der Vulnerabilitét
der GroBhirnrinde bei Anoxie und Ischdmie. Pfligers
Arch 1957; 264: 325-334.

Aitken PG, Tombaugh GC, Turner DA, et al. Similar
propagation of SD and hypoxic SD-like depolarization



1624

Journal of Cerebral Blood Flow & Metabolism 37(5)

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

in rat hippocampus recorded optically and electrically.
J Neurophysiol 1998; 80: 1514-1521.

Rungta RL, Choi HB, Tyson JR, et al. The cellular
mechanisms of neuronal swelling underlying cytotoxic
edema. Cell 2015; 161: 610-621.

van den Maagdenberg AM, Pietrobon D, Pizzorusso T,
et al. A Cacnala knockin migraine mouse model with
increased susceptibility to cortical spreading depression.
Neuron 2004; 41: 701-710.

Hansen AJ and Lauritzen M. The role of spreading
depression in acute brain disorders. An Acad Bras
Cienc 1984; 56: 457-479.

van den Maagdenberg AM, Pizzorusso T, Kaja S, et al.
High cortical spreading depression susceptibility and
migraine-associated symptoms in Ca(v)2.1 S218L mice.
Ann Neurol 2010; 67: 85-98.

Eikermann-Haerter K, Lee JH, Yuzawa I, et al
Migraine mutations increase stroke vulnerability by
facilitating ischemic depolarizations. Circulation 2012;
125: 335-345.

Eikermann-Haerter K, Lee JH, Yalcin N, et al
Migraine prophylaxis, ischemic depolarizations, and
stroke outcomes in mice. Stroke 2015; 46: 229-236.
Lapilover EG, Lippmann K, Seda S, et al. Peri-infarct
blood-brain barrier dysfunction facilitates induction of
spreading depolarization associated with epileptiform
discharges. Neurobiol Dis 2012; 48: 495-506.
Dijkhuizen RM, Beekwilder JP, van der Worp HB, et al.
Correlation between tissue depolarizations and damage
in focal ischemic rat brain. Brain Res 1999; 840:
194-205.

Nakamura H, Strong AJ, Dohmen C, et al. Spreading
depolarizations cycle around and enlarge focal ischae-
mic brain lesions. Brain 2010; 133(Pt 7): 1994-2006.
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: 1117-1131.

Hartings JA, Rolli ML, Lu XC, et al. Delayed second-
ary phase of peri-infarct depolarizations after focal cere-
bral ischemia: relation to infarct growth and
neuroprotection. J Neurosci 2003; 23: 11602-11610.
Mies G, lijima T and Hossmann KA. Correlation
between peri-infarct DC shifts and ischaemic neuronal
damage in rat. Neuroreport 1993; 4: 709-711.

Bratton SL, Chestnut RM, Ghajar J, et al. Guidelines for
the management of severe traumatic brain injury. X. Brain
oxygen monitoring and thresholds. J Neurotrauma 2007,
24(Suppl 1): S65-S70.

Hochachka PW, Buck LT, Doll CJ, et al. Unifying
theory of hypoxia tolerance: molecular/metabolic
defense and rescue mechanisms for surviving oxygen
lack. Proc Natl Acad Sci USA 1996; 93: 9493-9498.
Tanaka E, Yamamoto S, Kudo Y, et al. Mechanisms
underlying the rapid depolarization produced by depriv-
ation of oxygen and glucose in rat hippocampal CAl
neurons in vitro. J Neurophysiol 1997; 78: 891-902.
Hartings JA, Tortella FC and Rolli ML. AC electrocor-
ticographic correlates of peri-infarct depolarizations

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

during transient focal ischemia and reperfusion.
J Cereb Blood Flow Metab 2006; 26: 696-707.
Sakowitz OW, Kiening KL, Krajewski KL, et al.
Preliminary evidence that ketamine inhibits spreading
depolarizations in acute human brain injury. Stroke
2009; 40: e519—¢22.

Aitken PG, Balestrino M and Somjen GG. NMDA
antagonists: lack of protective effect against hypoxic
damage in CALl region of hippocampal slices. Neurosci
Lett 1988; 89: 187-192.

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

Hernandez-Caceres J, Macias-Gonzalez R, Brozek G,
et al. Systemic ketamine blocks cortical spreading depres-
sion but does not delay the onset of terminal anoxic
depolarization in rats. Brain Res 1987; 437: 360-364.
Lauritzen M and Hansen AJ. The effect of glutamate
receptor blockade on anoxic depolarization and cortical
spreading depression. J Cereb Blood Flow Metab 1992;
12: 223-229.

Drenckhahn C, Winkler MKL, Major S, et al.
Correlates of spreading depolarizations in human scalp
electroencephalography. Brain 2012; 135(Pt 3): 853-868.
Stoltenburg-Didinger G and Schwarz K. Brain lesions
secondary to subarachnoid hemorrhage due to ruptured
aneurysms. In: Cervos-Navarro J and Ferszt R (eds)
Stroke and microcirculation. New York: Raven Press,
1987, pp.471-4380.

Schatlo B, Dreier JP, Glasker S, et al. Report of selective
cortical infarcts in the primate clot model of vasospasm
after subarachnoid hemorrhage. Neurosurgery 2010; 67:
721-728; discussion 728-729.

Hartings JA, Strong AJ, Fabricius M, et al. Spreading
depolarizations and late secondary insults after trau-
matic brain injury. J Neurotrauma 2009; 26: 1857-1866.
Bruce DA and Bizzi JW. Surgical technique for the
insertion of grids and strips for invasive monitoring in
children with intractable epilepsy. Child’s Nerv Syst
2000; 16: 724-730.

Eross L, Bago AG, Entz L, et al. Neuronavigation and
fluoroscopy-assisted subdural strip electrode position-
ing: a simple method to increase intraoperative accuracy
of strip localization in epilepsy surgery. J Neurosurg
2009; 110: 327-331.

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

Waziri A, Claassen J, Stuart RM, et al. Intracortical
electroencephalography in acute brain injury. Ann
Neurol 2009; 66: 366-377.

Stuart RM, Schmidt M, Kurtz P, et al. Intracranial
multimodal monitoring for acute brain injury: a single
institution review of current practices. Neurocrit Care
2010; 12: 188-198.

Liu JY, Thom M, Catarino CB, et al. Neuropathology
of the blood-brain barrier and pharmaco-resistance in
human epilepsy. Brain 2012; 135(Pt 10): 3115-3133.



Dreier et al.

1625

206.

207.

208.

209.

210.

211.

212.

213.

Tallgren P, Vanhatalo S, Kaila K, et al. Evaluation of
commercially available electrodes and gels for recording
of slow EEG potentials. Clin Neurophysiol 2005; 116:
799-806.

Hartings JA, Wilson JA, Look AC, et al. Full-band
electrocorticography of spreading depolarizations in
patients with aneurysmal subarachnoid hemorrhage.
Acta Neurochir Suppl 2013; 115: 131-141.

Ikeda A, Nagamine T, Yarita M, et al. Reappraisal of
the effect of electrode property on recording slow poten-
tials. Electroencephalogr Clin Neurophysiol 1998; 107:
59-63.

Claassen J, Mayer SA and Hirsch LJ. Continuous EEG
monitoring in patients with subarachnoid hemorrhage.
J Clin Neurophysiol 2005; 22: 92-98.

Hartings JA, Wilson JA, Hinzman JM, et al. Spreading
depression in continuous electroencephalography of
brain trauma. Ann Neurol 2014; 76: 681-694.

Kohl M, Lindauer U, Dirnagl U, et al. Separation of
changes in light scattering and chromophore concentra-
tions during cortical spreading depression in rats. Opt
Lett 1998; 23: 555-557.

Selb J, Boas DA, Chan ST, et al. Sensitivity of near-
infrared spectroscopy and diffuse correlation spectros-
copy to brain hemodynamics: simulations and experi-
mental findings during hypercapnia. Neurophotonics
2014; 1(1): 015005.

Marshall WH. Spreading cortical depression of Leao.
Physiol Rev 1959; 39: 239-279.

214.

215.

216.

217.

218.

219.

220.

221.

Astrup J and Norberg K. Potassium activity in cerebral
cortex in rats during progressive severe hypoglycemia.
Brain Res 1976; 103: 418-423.

Hartings JA, Watanabe T, Dreier JP, et al. Recovery of
slow potentials in AC-coupled electrocorticography:
application to spreading depolarizations in rat and
human cerebral cortex. J Neurophysiol 2009; 102:
2563-2575.

Wolf S, Horn P, Frenzel C, et al. Comparison of a new
brain tissue oxygenation probe with the established
standard. Acta Neurochir Suppl 2012; 114: 161-164.
Oddo M and Bosel J. Monitoring of brain and systemic
oxygenation in neurocritical care patients. Neurocrit
Care 2014; 21(Suppl 2): S103-S120.

Ramakrishna R, Stiefel M, Udoetuk J, et al. Brain
oxygen tension and outcome in patients with aneurys-
mal subarachnoid hemorrhage. J Neurosurg 2008; 109:
1075-1082.

Huschak G, Hoell T, Hohaus C, et al. Clinical evalu-
ation of a new multiparameter neuromonitoring device:
measurement of brain tissue oxygen, brain temperature,
and intracranial pressure. J Neurosurg Anesthesiol 2009;
21: 155-160.

Rodgers CI, Armstrong GA, Shoemaker KL, et al.
Stress preconditioning of spreading depression in the
locust CNS. PLoS One 2007; 2: e1366.

Rounds HD. KCl1-induced ‘spreading depression’ in the
cockroach. J Insect Physiol 1967; 13: 869-872.



