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Abstract

Focal brain injury is common in patients with aneurysmal subarachnoid hemorrhage
(aSAH). Intracerebral hemorrhage (ICH), early cerebral infarction (ECI) and delayed cer-
ebral infarction are the main etiologies. They contribute to poor functional outcome. Neu-
roimaging is the gold standard to demonstrate the extent of cerebral damage. However,
it lacks the ability of real-time neuromonitoring. Electrocorticography (ECoG) is an inno-
vative technique that may close this gap, as it detects spreading depolarizations (SD),
the electrophysiological correlate of the initial, still reversible phase of neuronal cytotoxic

gray matter edema.

Using serial magnetic resonance imaging (MRI) and ECoG, we studied focal brain
injury in 205 patients enrolled in the prospective, diagnostic phase Il study DISCHARGE-
1 (Depolarizations in ISCHemia after subARachnoid hemorrhaGe-1). Volumes of ECI,
ICH and delayed cerebral infarction were manually quantified on neuroimages and cor-
related with (i) parameters derived from ECoG recordings, (ii) parameters of proximal
vasospasm derived from angiography or transcranial Doppler-sonography (TCD) and (iii)

volumes of extravascular blood quantified on the initial computed tomography (CT) scan.

In a pilot study on ECI, we included 23 patients of the DISCHARGE-1 cohort with
rupture of an anterior communicating artery (ACoA) aneurysm. The group with frontal ECI
and/or ICH were significantly more likely to show SD on ECoG compared to those patients
without early frontal brain injury. In the main study DISCHARGE-1, 162 out of 180 patients
demonstrated focal brain damage. On average, ECI+ICH accounted for 46+73ml of tissue
loss and delayed cerebral infarction accounted for 36£80ml. The predefined 60-min cut-
off for the ECoG-parameter ‘peak total spreading depolarization-induced depression du-
ration’ (PTDDD) indicated delayed ipsilateral infarction with 76% sensitivity and 59%
specificity. In a secondary analysis, a new 180-min cut-off indicated delayed ipsilateral
infarction with 62% sensitivity and 83% specificity. In a sub-study, we further investigated
whether SD plays a causal role in the development of delayed cerebral infarction. The
statistical path analysis showed that SD mediated the detrimental effect of extravascular
blood resulting in delayed cerebral infarction independently of angiographic vasospasm.

This work has diagnostic and therapeutic implications. First of all, ECoG sufficiently
detected focal brain injury in real-time after aSAH. The results may encourage further

researchers to implement ECoG monitoring into a clinical setting. Second, the volume of



delayed cerebral infarction accounted for 42.6% of the total focal brain damage. This
large amount of tissue loss emphasizes the need for effective treatments targeting de-
layed cerebral infarction. Future therapies should not only target angiographic vasospasm

but also SD to improve patient outcome.

Zusammenfassung

Fokale Hirnschadigungen sind bei Patienten mit aneurysmatischer Subarachnoidalblu-
tung (aSAH) haufig. Intrazerebrale Blutungen (ICH), frihe zerebrale Infarkte (ECI) und
verzogerte zerebrale Infarkte sind die Hauptursachen. Sie tragen zu einem schlechten
Outcome bei. Die Bildgebung ist der Goldstandard fur den Nachweis von Hirnschadigun-
gen. Allerdings ist ein Echtzeitmonitoring dadurch nicht moglich. Die Elektrokortikogra-
phie (ECoG) ist eine innovative Technik, die diese Liicke schlielfen kdnnte, da sie Sprea-
ding Depolarizations (SD) erfasst, das elektrophysiologische Korrelat der anfanglichen,

noch reversiblen Phase des neuronalen zytotoxischen Odems der grauen Substanz.

Anhand von seriellen Magnetresonanztomographien (MRI) und EGoG untersuch-
ten wir fokale Hirnschadigungen bei 205 Patienten, die an der prospektiven, diagnosti-
schen Phase-llI-Studie DISCHARGE-1 (Depolarizations in ISCHemia after subARach-
noid hemorrhaGe-1) teilnahmen. Die Volumina von ECI, ICH und verzogerten zerebralen
Infarkten wurden manuell auf MRT- oder Computertomographie- (CT) Bildern quantifiziert
und mit (i) Parametern aus ECoG Aufzeichnungen, (ii) Parametern aus Angiographie o-
der transkranieller Doppler-Sonographie (TCD) und (iii) extravaskularen Blutvolumina

aus der initialen CT korreliert.

In einer Pilotstudie zur ECI schlossen wir 23 Patienten der DISCHARGE-1 Kohorte
mit Ruptur eines Aneurysmas der Arteria communicans anterior (ACoA) ein. Die Gruppe
mit frontaler ECI| und/oder ICH wies im Vergleich zu den Patienten ohne frihe frontale
Hirnschadigung signifikant haufiger SDs auf. In DISCHARGE-1 hatten 162 von 180 Pati-
enten eine fokale Hirnschadigung. Im Durchschnitt entfielen 46£73ml des Gewebever-
lusts auf ECI+ICH und 36+80ml auf verzogerte zerebrale Infarkte. Der vordefinierte 60-
minutige Cut-off fir den ECoG-Parameter "Peak total spreading depolarization-induced

depression duration" (PTDDD) zeigte einen verzdgerten ipsilateralen Infarkt mit 76%



Sensitivitat und 59% Spezifitdt an. In einer sekundaren Analyse zeigte ein neuer 180-
minatiger Cut-off einen verzdgerten ipsilateralen Infarkt mit 62% Sensitivitat und 83%
Spezifitat an. In einer weiterfUhrenden Studie untersuchten wir, ob SDs eine kausale
Rolle bei der Entwicklung von verzogerten zerebralen Infarkten spielen. Die statistische
Pfadanalyse zeigte, dass SD die schadliche Wirkung von extravaskularem Blut, die zu
einem verzogerten zerebralen Infarkt fuhrt, unabhangig von angiographischen Gefaf3-

spasmen vermittelt.

Diese Arbeit hat diagnostische und therapeutische Implikationen. Mittels ECoG
konnten fokale Hirnschadigungen in Echtzeit nach aSAH erkannt werden. Die Ergebnisse
kénnten Forscher dazu ermutigen, die ECoG-Uberwachung in den klinischen Alltag zu
integrieren. Das Volumen des verzdgerten Hirninfarkts machte 42.6% der gesamten fo-
kalen Hirnschadigung aus. Diese Menge an Gewebeverlust unterstreicht die Notwendig-
keit wirksamer Therapien, die auf den verzégerten Hirninfarkt abzielen. Zukiinftige The-
rapien sollten nicht nur auf den angiographischen Vasospasmus, sondern auch auf SDs

abzielen, um das Ergebnis der Patienten zu verbessern.
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1 Introduction

Subarachnoid hemorrhage (SAH) is a severe subtype of stroke. The worldwide incidence
is 8 out of 100.000 persons per year, with some regional variations (1). It affects patients
at a relatively young age (median 55 years). The proportion of women is 1.6 times higher
compared to men (2). Further risk factors include smoking, alcohol intake, a history of
hypertension, a family history of SAH and a Japanese or Finnish ethnicity (2). SAH only
accounts for 5% of all strokes but it is responsible for 27% of all years of potential life lost
under the age of 65 due to stroke (3). The burden is comparable to the more common
causes ischemic stroke (39%) and intracerebral hemorrhage (34%) (3). The case fatality
is about 40 — 50% in population-based studies (4, 5). Rupture of an intracranial aneurysm
is the cause in 85% of all patients with SAH. Non-aneurysmal perimesencephalic SAH

accounts for 10% and other causes are rare (2).

1.1 Early brain injury

As Bebin and Currier pointed out, SAH is not itself a cause of death. There must be dam-
age to the brain (6). In fact, SAH causes one of the most severe brain injuries in acute
neurology. Aneurysmal SAH (aSAH) is unique insofar as injury occurs in two different
phases, termed early brain injury and delayed cerebral ischemia (DCI). Early brain injury
summarizes all harmful events that are directly related to the initial bleeding within the
first 48 hours. When an intracranial aneurysm ruptures, blood pours into the subarachnoid
space, intracranial pressure rises rapidly and generates transient global cerebral ische-
mia (7). As a result, early dysfunction of the blood-brain-barrier is found that contributes
to the development of global cerebral edema in 20% of the patients (8, 9). The bleeding
may also destruct the brain parenchyma indirectly through the formation of an occlusive
hydrocephalus or through mass effects resulting in herniation. In addition to global dam-
age to the brain, focal injury also occurs in the early period due to early cerebral infarction
(ECI) and intracerebral hemorrhage (ICH). Diffusion-weighted imaging (DW!I) reveals fo-
cal ECI in 51% [confidence interval (Cl): 24 — 77%] of all cases (10). ICH is found in 24%
of all cases (11). All in all, Broderick and colleagues stressed the importance of early
brain injury in their population-based study where 22 out of 38 (61%) deaths from aSAH
occurred within the first 2 days (12).
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1.2 DCI

The second phase of brain injury spans from Day 3 to Day 14. At this stage, the aneurysm
has been secured by surgical clip ligation or endovascular coiling and the patient has
been transferred to the intensive care unit. The neurological status of the patient may
deteriorate in this phase because of manifold intracranial or systemic complications. DCI
is the most significant in-hospital complication that contributes to major morbidity after
aSAH (13, 14). It may present clinically as a delayed neurological deficit (DND), defined
as new onset of a focal neurological deficit or a decrease of consciousness by at least
two points on the Glasgow Coma Scale, and/or it may present radiologically as delayed
cerebral infarction on computed tomography (CT). DCI develops in one third of the pa-
tients if the diagnosis is based on clinical assessment and CT (7). Using magnetic reso-
nance imaging (MRI), the incidence of delayed cerebral infarction is even higher. DWI
demonstrated delayed cerebral infarction in 47% (Cl: 35 — 59%) of the patients (10). The
higher proportion of patients with delayed cerebral infarcts might be explained by the high

sensitivity of DWI.

1.3 Proximal vasospasm and spreading depolarization (SD)

The pathophysiology of focal brain injury secondary to aSAH is subject of an ongoing
debate (15). In 1951, Ecker and Riemenschneider provided a first theory for the occur-
rence of DCI. Using angiography, they demonstrated proximal vasospasm of the major
cerebral arteries in patients with aSAH (16). Vasospasm usually appears on angiography
from Day 3, peaks around Day 6 to 8 and subsides by Day 12 (17). In 1984, the introduc-
tion of transcranial Doppler-sonography (TCD) in patients with aSAH provided an indirect
and noninvasive assessment of proximal vasospasm by measuring mean blood flow ve-
locities (mbfv). In the 21th century, the concept of vasospasm received a major setback
due to the results of the CONSCIOUS (Clazosentan to overcome neurological ischemia
and infarction occurring after subarachnoid hemorrhage) trials (18-20). The endothelin
receptor antagonist Clazosentan reduced vasospasm in a dose-dependent manner but
had no significant effect on the incidence of delayed cerebral infarcts or functional out-
come. Since then, further pathomechanisms have been discussed. One of the most prom-
ising theories dates back to discoveries made by neurophysiologist Leao in 1944 (21). It

is nowadays summarized by the generic term ‘spreading depolarization’ (SD).
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In animal experiments, ischemic injury of cerebral gray matter is practically always
accompanied by the occurrence of SDs (22). SD is a wave that slowly propagates with a
velocity of 2 — 9mm/min in the cortex. It is characterized by a near-complete breakdown
of the transmembrane ion-gradients of neurons and astrocytes. Importantly, SD induces
silencing of spontaneous electrical brain activity, called ‘spreading depression’. Using
electrocorticography (ECoG), SD is observed as a negative shift of the direct current (DC)
potential. The spectrum of SDs varies from transient depolarization waves with full recov-
ery of the affected tissue, to clusters of recurrent depolarizations, to a terminal wave with
a long-lasting DC shift termed negative ultraslow potential (23). In 2002, the first robust
method was introduced that afforded the recording of SDs in humans with traumatic brain
injury (24). Since then, SDs have also been found in 70 — 80% of patients with aSAH (25,
26). In these pilot studies, the occurrence of SDs was linked to the development of DND
and delayed cerebral infarction. However, SD is not only an accompanying phenomenon
of ischemic injury in the cerebral gray matter, which may be used as a diagnostic bi-
omarker. SD is also a pathomechanism, since SD, if too long, leads to intoxication of
neurons and, in addition, can trigger extreme vasoconstriction and ischemia via an im-
paired neurovascular response, which spreads together with SD in the cerebral cortex (=

spreading ischemia) (27).

1.4 Objective

Based on this background, we hypothesized that SD is both, (i) a biomarker and (ii) a
pathomechanism of developing focal brain injury in humans after aSAH. To address these
two fundamental questions, we first had to characterize the focal brain injury. This was
the primary objective of this work. We quantified (i) ICH, (ii) ECI and (iii) delayed cerebral
infarction using serial MRI or, if not available, CT imaging. We then asked whether SD
indicates the occurrence of ECI (28), the occurrence of delayed cerebral infarction (29)
and whether extravascular blood products trigger SDs resulting in delayed cerebral in-
farction independently of proximal vasospasm (30). For this purpose, we also quantified

(iv) the volume of extravascular blood on the initial CT scan.
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2 Methods

21 Patient selection

For the first part of this work (28), patients with aSAH prospectively enrolled in the
COSBID (Co-Operative Studies on Brain Injury Depolarizations) study at Campus Benja-
min Franklin and Campus Virchow Klinikum, Charité University Medicine Berlin, Ger-
many, were retrospectively screened for inclusion. First, the COSBID database was
searched for patients with aSAH from an anterior communicating artery (ACoA) aneu-
rysm, and second, for the availability of an early postoperative MRI scan within 48 hours
after aneurysm treatment. Third, patients were screened for the availability of continuous
ECoG recordings from the initial placement of the electrodes up to 96 hours after the
bleeding onset. As of April 2016, 23 patients met the inclusion criteria. All patients were
also participants of the DISCHARGE-1 (Depolarizations in ISCHemia after subARachnoid
hemorrhaGe-1) trial.

The second part of this work contributed to the DISCHARGE-1 trial (29). This pro-
spective, single-arm diagnostic phase Il trial is embedded in COSBID as mentioned ear-
lier. Two hundred five patients with aSAH were recruited at six participating centers from
September 2009 to April 2018. Sixty-six patients were allocated at Campus Benjamin
Franklin and 64 patients at Campus Virchow Klinikum of the Charité University Medicine
Berlin. Twenty-six patients were allocated at the University of Bonn, 23 at the University
of Frankfurt, 17 at the University of Cologne and 13 at the University of Heidelberg. One
hundred eighty patients were included in the final analysis. A detailed description of the
study flow, inclusion and exclusion criteria can be found in the original publication (29).

For the third part of this work (30), the DISCHARGE-1 cohort was retrospectively
screened for inclusion. Patients were included if a preoperative CT scan was performed
and if at least one MRI or CT scan was available in the delayed period (>132 hours up to
14 days after bleeding onset). Exclusion criteria were: (i) a missing preoperative CT
(n=18), (ii) a preoperative CT with a slice thickness of <3mm or >6mm (n=3), (iii) inter-
ventional complications causing cerebral infarction (n=3), (iii) major periprocedural re-
bleedings of more than 10ml (n=8), (iv) early death (n=10), (v) and malignant early brain
injury (n=2). One hundred thirty-six out of 180 patients were eligible and included in the

final analysis.



Methods 8

All studies were approved by the local ethics committee (EA4/022/09 and confirma-
tion of the Charité ethics committee of May 3, 2018 that the research is covered by the
ethics vote EA4/022/09) and conducted in accordance with the Declaration of Helsinki.
Informed consent was obtained either from the patient or from a legal representative if

not possible from the patient due to the clinical state.

2.2 Study design

Screening for enrollment in the DISCHARGE-1 trial began when a patient was seen in
the emergency department within 72 hours after the onset of aSAH. If included in the

study, the patient underwent a standardized protocol of diagnostic procedures (Figure 1).
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Figure 1: lllustration of the diagnostic procedures in DISCHARGE-1 (Depolarizations in ISCHemia
after subARachnoid hemorrhaGe-1). (Figure adapted from Figure 1A in Dreier et al., 2022 (29))
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In the Discharge-1 trial, clinical data (indicated in yellow), neuromonitoring data (indicated in red),
and neuroimaging data (indicated in blue) were collected according to a standardized diagnostic
protocol. On admission, the Rosen-Macdonald score (RMS) was collected, which includes the
World Federation of Neurosurgical Societies (WFNS) grade, age, history of hypertension, blood
pressure on admission, aneurysm size, aneurysm location, clot thickness on the initial CT and
the presence of early angiographic vasospasm (31). After surgical or endovascular treatment of
the aneurysm, the patient was transferred to the intensive care unit. The National Institutes of
Health Stroke Scale (NIHSS) was documented daily and the Glasgow Coma Scale (GCS) every
6 hours. A delayed neurological deficit (DND) was defined as a new focal neurological deficit or
a decrease in consciousness of at least 2 points on the GCS scale. Around day 14 and after 7
months, functional outcome was assessed using the modified Rankin Scale (mRS) and the ex-
tended Glasgow Outcome Scale (eGOS). During surgical treatment of the aneurysm, the elec-
trode strip for electrocorticography (ECoG) was implanted via craniotomy or, in the case of endo-
vascular treatment, via a burr hole. Recording started in the intensive care unit and was continued
until day 14. Furthermore, daily transcranial Doppler-sonography (TCD) measurements of the
major cerebral arteries were performed. Screening for proximal vasospasm was complemented
by digital subtraction angiography (DSA) around day 7. The initial computed tomography (CT)
was used to establish the diagnosis. When necessary for planning surgical therapy or endovas-
cular coiling, DSA was subsequently performed. After the intervention, another CT scan was per-
formed to localize the electrode strip. During the course of treatment, the patient received a CT
scan if her/his clinical condition worsened or if she/he developed a DND (dashed circles). Mag-
netic resonance imaging (MRI) was used to demonstrate early and delayed brain damage. For
this purpose, an early MRI was performed within 24-48 hours after the surgical or endovascular
intervention (MRI 1). The second and third MRI were performed during the delayed period around
day 7 and day 14, respectively. The fourth MRI was performed at 7 months, if the patient was still

alive and able to undergo the examination.

More than 40 researchers were involved in the data collection and analysis of the
DISCHARGE-1 trial and of the related sub-studies. My contribution was the quantitative
analysis of the MRI and CT dataset. The methodology is described in detail in section
2.3. The analyses of the ECoG recordings, the TCD and the digital subtraction angi-
ography (DSA) data were performed by other group members. The methodology is briefly

described in section 2.4.
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2.3 Quantitative neuroimage analysis

For the first part of this work (28), ECI and ICH were characterized and subsequently
quantified on early post-interventional MRI (MRI 1). Because the brain region in the im-
mediate vicinity of the source of bleeding was of primary interest, quantification was lim-
ited to the vascular territories of the anterior cerebral arteries (ACA) in the frontal lobe.
ECI was defined as a hyperintense signal on DWI with corresponding signal reductions
on the apparent diffusion coefficient (ADC) map. ICH was defined as a hypointense signal
in the cerebral parenchyma on T2*-weighted images. Quantification was performed using
Clusterize. Clusterize is a semi-automatic software that is based on a region-growing al-
gorithm. It was validated in stroke patients (32). Clusterize allows manual correction of
the segmented regions of interest after the region-growing process. In addition, the
amount of extravasated blood was rated on the initial CT using the semiquantitative mod-
ified Hijdra Sum Score (mHSS) (33).

For the second part of this work (29), delayed cerebral infarction was quantified on
MRI 2 and 3 in addition to ECI on MRI 1 and ICH on the initial CT (Table 1). Clusterize
could not be used for this purpose because the software could not distinguish between
ECI and a new delayed infarct on MRI 2 and 3. Therefore, a separate manual approach
was developed since no established methods were readily available. Validation was per-
formed by comparison with a semi-automated approach (8). Quantification was per-
formed according to published recommendations (34). Elaborate descriptions are given
in the original publication (29). In brief, ICH was assessed and quantified on the initial CT.
Periprocedural rebleeding was evaluated on the initial postoperative CT. ECI was defined
as in the pilot study (28). ICH and ECI were then combined to form the new variable
‘volume of early focal brain injury’. Delayed cerebral infarction was defined as a new hy-
perintense lesion on DWI with corresponding ADC reductions on MRI 2 or 3, that was not
visible on MRI 1. The lesion volumes on MRI 2 and MRI 3 were added to form the variable
‘volume of delayed cerebral infarction’. Quantification was performed by manual delinea-

tion of lesions using the MRICron software (https://www.nitrc.org/projects/mricron). To

determine the shortest distance between the lesions and the electrodes, all images were
coregistered to the T1-weighted images of MRI 1. Neuroimage analysis was performed
blinded to clinical and neuromonitoring data.

For the third part of this work (30), intracranial hemorrhage was segmented on the

CT scan at admission into 6 predefined classes in the ipsilateral hemisphere to the ECoG
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electrodes (Table 2). We chose 6 segmentation classes instead of an overall approach
since we were interested in the location-specific vulnerability of the brain concerning the
blood distribution. The volumes of hemorrhage were manually delineated using ITK-Snap

(http://www.itksnap.org/pmwiki/pmwiki.php). We chose ITK-SNAP because the drawing

tool allows more precise region-of-interest drawings compared to MRIcron's drawing tool.
In MRIcron, a region-of-interest is created by drawing the boundary of the region of inter-
est, whereas in ITK-SNAP, a region-of-interest is drawn pixel by pixel. Quantification of
hemorrhage volumes was performed in a blinded fashion nine months after the analysis
of delayed cerebral infarction. In contrast to DISCHARGE-1, ipsilateral delayed cerebral
infarction was further segmented into 5 classes (Table 2). This segmentation allowed an
accurate analysis between delayed cerebral infarcts and potential mediators of delayed
infarcts. For example, the association between delayed middle cerebral artery (MCA) in-

farcts and angiographic vasospasm in the MCA could be studied.

Table 1: Variables of the manual neuroimage analysis in DISCHARGE-1 (29). (own table)

Variable Image modality Image se- Segmentation classes Quantification
quence software
ICH CT on admis- CT Ipsi-, contralateral hemi- MRIcron
sion sphere, infratentorial
ECI MRI 1 0or CT DWI, FLAIR, Ipsi-, contralateral hemi- MRIcron
(CT) sphere, infratentorial
Delayed cerebral MRI 2 and 3 or DWI, FLAIR, Ipsi-, contralateral hemi- MRIcron
infarction CT (CT) sphere, infratentorial

CT: computed tomography, DISCHARGE-1: Depolarizations in ISCHemia after subARachnoid hemor-
rhaGe-1, DWI: diffusion-weighted imaging, ECI: early cerebral infarction, FLAIR: fluid-attenuated inver-

sion recovery, ICH: intracerebral hemorrhage, MRI: magnetic resonance imaging.

24 ECoG, DSA and TCD analysis

ECoG analysis was carried out in accordance with the recommendations of the COSBID
group (35). First, SDs were identified as an abrupt negative DC shift in the full band ECoG
signal. SDs were differentiated if they developed in electrically active tissue or not (isoe-
lectric SD). SDs, which were less than 1 hour apart, were denoted as clustered SDs.
Second, SD-induced spreading depression was observed in the filtered ECoG signal at
0.5 — 45Hz as a reduction in the amplitudes of spontaneous electrical brain activity. The

total SD-induced depression duration (TDDD) was calculated for every recording day by
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summation of the depression duration of each SD within that day. Furthermore, the num-

ber of SDs of any type, the number of isoelectric SDs and the number of clustered SDs

were determined for every recording day. Finally, peak values of a recording day were

determined for the 4 SD-parameters: (i) the peak total SD-induced depression duration

(PTDDD), (ii) the peak number of SDs of any type (peaksp), (iii) the peak number of iso-

electric SDs (peakisosp) and (iv) the peak number of clustered SDs (peakcussp). These

four peak values were determined for the early period (Day 0 — 3), the delayed period
(Day 4 — 14) and the entire period (Day 0 — 14).

Table 2: Neuromonitoring and neuroimaging variables in the substudy of DISCHARGE-1 (30).

(own table)
Variable Explanation Modality Quantifica-
tion software

bloodconvex Subarachnoid blood volume on the cerebral convex-  CT on admission ITK-SNAP
ity ipsilateral to the ECoG electrodes

bloodinter Subarachnoid blood volume in the interhemispheric CT on admission ITK-SNAP
fissure

bloodsyivian Subarachnoid blood volume in the Sylvian fissure ip-  CT on admission ITK-SNAP
silateral to the ECoG electrodes

bloodbasal Subarachnoid blood volume in the basal cisterns ipsi- CT on admission ITK-SNAP
lateral to the ECoG electrodes

ICH Intracerebral hemorrhage in the ipsilateral hemi- CT on admission ITK-SNAP
sphere to the ECoG electrodes

IVH Intraventricular hemorrhage ipsilateral to the ECoG CT on admission ITK-SNAP
electrodes

DClaca Delayed infarct volume in the cortical territory of the MRl or CT inthe MRIcron
ACA ipsilateral to the ECoG electrodes delayed period

DClmca Delayed infarct volume in the cortical territory of the MRl or CT in the MRIcron
MCA ipsilateral to the ECoG electrodes delayed period

DClerca Delayed infarct volume in the cortical territory of the MRl or CT in the MRIcron
PCA ipsilateral to the ECoG electrodes delayed period

DClwatershes  Delayed infarct volume in the territory of the cortical MRl or CT inthe MRIcron
watershed zones delayed period

DClgeep Delayed infarct volume below the cortex, including MRI or CT inthe MRIcron

perforator infarcts, singular white matter infarcts with-
out cortical involvement, and anterior choroidal artery

infarcts

delayed period



Methods 13

Variable Explanation Modality Quantifica-

tion software

PTDDDde- Peak value of a recording day for the total cumulative ECoG LabChart-8
layed SD-induced depression durations during the delayed

period
peaksp-de- Peak number of SDs of any type of a recording day ECoG LabChart-8
layed during the delayed period
peakisosp-de- Peak number of isoelectric SDs of a recording day ECoG LabChart-8
layed during the delayed period
peakclussp- Peak number of clustered SDs of a recording day ECoG LabChart-8
delayed during the delayed period
mbfvaca Peak mean blood flow velocity of the ACA TCD None
mbfvmca Peak mean blood flow velocity of the MCA TCD None
mbfveca Peak mean blood flow velocity of the PCA TCD None
DSAA1 Digital subtraction angiography score of the A1-seg- DSA OsiriX

ment of the ACA (1 = no, 2 = mild, 3 = moderate, 4 =

severe vasospasm)

DSAa2 Digital subtraction angiography score of the A2-seg- DSA OsiriX
ment of the ACA

DSAwm1 Digital subtraction angiography score of the M1-seg- DSA OsiriX
ment of the MCA

DSAm2 Digital subtraction angiography score of the M2-seg- DSA OsiriX
ment of the MCA

DSAp1 Digital subtraction angiography score of the P1-seg-  DSA OsiriX
ment of the PCA

DSAp: Digital subtraction angiography score of the P2-seg- DSA OsiriX

ment of the PCA

ACA: anterior cerebral artery, CT: computed tomography, DISCHARGE-1: Depolarizations in ISCHe-
mia after subARachnoid hemorrhaGe-1, DSA: digital subtraction angiography, ECoG: electrocorti-
cography, MCA: middle cerebral artery, PCA: posterior cerebral artery, SD: spreading depolarization,

MRI: magnetic resonance imaging, TCD: transcranial Doppler-sonography.

Assessment of angiographic vasospasm followed the widely-used grading score
in no (<11% = 1), mild (11 — 33% = 2), moderate (34 — 66% = 3) and severe (67 — 100%
= 4) vascular narrowing (36). The semi-quantitative analysis included the A1- and A2-
segment of the ACA, the M1- and M2-segment of the MCA and the P1- and P2-segment
of the posterior cerebral artery (PCA). If an initial DSA was available, it was used for

comparison with the DSA performed around day 7. An ipsilateral DSA score (DSAS) was
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then calculated for every patient by dividing the total score achieved by the number of
vessels assessed.

TCD of the cerebral arteries was performed daily during neurocritical care. Peak
values of the mbfv were determined from daily measurements for the ACA (mbfvaca),
MCA (mbfvmca) and PCA (mbfveca).

2.5 Statistics

Descriptive data are given in the text as median and interquartile range (1st quartile — 3th
quartile) unless otherwise specified. Group-wise comparison of categorical data were car-
ried out using Fisher’s exact test for small sample sizes or using the Chi-squared test for
large sample sizes. The Mann-Whitney U-test was used for group comparison of ordinal
or continuous data.

We performed receiver operating characteristic (ROC) analysis with a predefined
cutoff of 60 minutes to test the main hypothesis of DISCHARGE-1 (29) that the SD-pa-
rameter ‘PTDDDugelayed’ predicts delayed cerebral infarction in the ipsilateral hemisphere
to the ECoG electrodes with a sensitivity of >60% and a specificity of >80%. In a second-
ary analysis, a new cutoff for PTDDDdelayed Was derived. ROC analysis was also carried
out for the DSAS and the ipsilateral mbfvmca and their performances were compared to
PTDDDugelayed. Moreover, we performed association analyses to investigate the relation-
ship between diagnostic variables (SD-variables, DSAS, mbfvmca) and the primary end
point parameters ‘early focal brain injury’ and ‘delayed cerebral infarction’. In a first step,
we carried out logarithmic transformations so that the data approximately conformed to
normality. In a second step, we used Pearson correlation for a bivariate association anal-
ysis. The same procedure was applied in the prognostic part of DISCHARGE-1 (29).
Functional outcome after 7 months was set as the secondary endpoint parameter and the
diagnostic variables and the volumes of focal brain damage were potential predictors.

For the third study (30), the data were not transformed. Spearman correlation was
used to explore the association between blood variables, potential mediators (SD-varia-
bles, angiographic vasospasm, TCD-variables), and infarct variables. In a second step
principal component analysis was carried out to reduce the dimensionality of the data.
The first principal component was used for the subsequent path analysis in SPSS Amos.

Amos is a structural equation modeling software.
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All tests of significance were two-tailed. The level of significance was set at p <
0.05. Statistical analysis was performed using SPSS Version 26 and SigmaPlot Version
14.0. The statistical analyses were performed by the trial statistician of DISCHARGE-1,

Prof. Peter Martus, University of Tubingen.
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3 Results

3.1 Study population

All patients, who were included in this work, were participants of the DISCHARGE-1 trial.
Table 1 summarizes basic demographic, clinical and admission radiographic features of

the three study populations.

Table 3: Characteristics of the study populations (28-30). (Table adapted from Supplementary
Table 1 in Dreier et al., 2022 (29))

Study 1 (28)

Study 2 (29)

Study 3 (30)

N of patients 23 180 136
Age, median (IQR) 57 (46 — 63) 55 (47 - 63) 56 (47 — 63)
Female 14 (60.9%) 121 (67.2%) 90 (66.2%)
WFNS, median (IQR) 3(1-5) 4(2-5) 4(2-5)
modified Fisher scale

1 0 6 (3.3%) 4 (2.9%)

2 0 5(2.8%) 3 (1.8%)

3 5(21.7%) 34 (18.9) 24 (17.5%)

4 18 (78.3%) 135 (75%) 105 (77.2%)
mHSS, median (IQR) 19 (15 - 27) 22 (15 -29) 22 (16 — 29)

Aneurysm location

ACoA 23 (100%) 62 (34.4%) 49 (36.0%)
ACA 0 8 (4.4%) 8 (5.8%)
MCA 0 67 (37.2%) 46 (33.6%)
ICA 0 11 (6.1%) 6 (4.4%)
PCoA 0 25 (13.9%) 21 (15.3%)
Posterior circulation 0 7 (3.9%) 6 (4.4%)
Clipping 14 (60.9%) 161 (89.4%) 120 (88.1%)
€GOS, median (IQR) 3(1-6) 4(1-7) 4(3-7)

ACOoA: anterior communicating artery, ACA: anterior cerebral artery, eGOS: extended Glasgow Outcome
Scale, mHSS: modified Hijdra Sum Score, ICA: internal carotid artery, IQR: interquartile range, MCA: mid-
dle cerebral artery, N: number, PCoA: posterior communicating artery, WFNS: World Federation of Neuro-

surgical Societies grading scale.
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3.2 Early brain injury

We first conducted a pilot study about early brain injury (Day 0 — 3) after aSAH (28). The
study consisted of an experimental part and a clinical part. Only the results from the clin-
ical study are reported here, as the experimental animal study was conducted by our
collaborators in Cincinnati, USA. A total of 23 patients with aSAH from an ACoA aneurysm
were included in the clinical study. Postoperative MRI on Day 2 (IQR 2 — 3) demonstrated
ECI in the frontal territories of the ACAs in 7 (30.4%) patients. The median infarct volume
was 13ml (IQR 8 — 56ml). Frontal ICH occurred in 4 (17.4%) patients. The median ICH
volume was 35ml (IQR 20.5 — 39.75ml). One patient had ECI and ICH. Eleven patients
(47.8%) had no early focal lesions in the frontal ACA territories. The modified Hijdra score
of the interhemispheric fissure - adjacent to the frontal ACA territory - was higher in pa-
tients with early focal lesions than in patients without lesions [median score 4.0 (IQR: 3.8
—4.0) versus 3.0 (IQR: 2.0 — 3.5), Mann-Whitney U-test, p = 0.045]. SDs occurred more
often in patients with early focal lesions than in patients without lesions (10/12 versus
1/11, Fisher’s exact test, p < 0.001). The median of the early SD-parameters PTDDDearly
and peaksp-eary Were also higher in the lesion group than in the no-lesion group
(PTDDDearly: 109.8min versus Omin, p < 0.001; peaksp-early: 12.6 versus 0, Mann-Whitney
U-test, p < 0.001).

DISCHARGE-1 also dealt with early brain injury in patients with aSAH (29). Volumes
of ECI and ICH are given in Table 4. Correlation analyses between early brain injury
(ECI+ICH) in the ipsilateral hemisphere to the ECoG electrodes and the early SD-param-
eters confirmed the preliminarily results of the pilot study. PTDDDeary showed a strong
correlation with ipsilateral ECI+ICH (Pearson correlation coefficient r=0.55, p < 0.0001),
followed by peaksp-early (r = 0.48, p < 0.0001), peakciussp-early (r = 0.38, p < 0.0001) and
peakisosp-early (r = 0.35, p < 0.0001). The results remained significant after Bonferroni cor-
rection for multiple testing. Of note, the volume of ipsilateral early brain injury (ECI+ICH)
was not correlated with the volume of ipsilateral delayed infarction (Spearman rank order

correlation coefficient rs = 0.110, p = 0.152).

3.3 Delayed cerebral infarction

In DISCHARGE-1 (29), the main objective was to determine the diagnostic accuracy of
ECoG in comparison to known diagnostics such as DSA, TCD, and clinical scores for

predicting delayed cerebral infarction. Two hundred five patients were allocated at six
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participating centers. One hundred eighty patients were included in the final analysis. As
10 patients died in the early period, 170 patients were included in the analyses related to
delayed cerebral infarction. The incidence and the lesion volumes of delayed cerebral
infarction are given in Table 4. Manual segmentation of ECI, ICH and delayed infarction
was compared with a semi-automated approach from our collaborative partner (8). The
correlation was very good (rs = 0.811, p < 0.0001). The ipsilateral DSAS could be calcu-
lated in 122/170 (71.8%) patients. The ipsilateral mbfvmca was available in 157/170
(92.4%) patients.

Table 4: Lesion volumes of the manual neuroimage analysis in DISCHARGE-1 (29). (own table)

Number of patients/ to- Mean volume  Max volume Cumulative volume

tal number of patients  + std [ml] in a single pa- over all patients
(%) tient [ml] (%) [ml]
ECI
Ipsilateral 114/180 (63.3%) 19.9+56.3 402 3589.7
Contralateral 57/180 (31.7%) 6.2123.6 233 1121.3
Infratentorial ~ 17/180 (9.4%) 0.8+4.5 53 136.9
Total 123/180 (68.3%) 26.9+66.8 430 4847.9 (33.4%)
ICH + subarachnoid
hematoma
Ipsilateral 82/180 (45.6%) 17.0+28.6 131 3065
Contralateral 25/180 (13,9%) 2.2+8 66 390.4
Infratentorial ~ 3/180 (1.7%) 0.2+2.3 31 33
Total 95/180 (52.8%) 19.4+29.1 131 3488.4 (24%)
Delayed cerebral in-
farction
Ipsilateral 90/170 (52.9%) 22.7+52.1 260 3861.4
Contralateral 45/170 (26.5%) 13.2+45.9 313 2241.2
Infratentorial ~ 16/170 (9.4%) 0.5+2.6 26 80.7
Total 98/170 (57.6%) 36.4+80.1 459 6183.3 (42.6%)

DISCHARGE-1: Depolarizations in ISCHemia after subARachnoid hemorrhaGe-1, ECI: early cerebral

infarction, ICH: intracerebral hemorrhage, std: standard deviation.

First, we performed bivariate correlation analyses to explore the association be-
tween the diagnostic variables for the delayed period and the outcome parameter ‘ipsilat-
eral volume of delayed infarction’. All four delayed SD-parameters correlated with the
ipsilateral volume of delayed infarction (PTDDDdelayed: r = 0.54; peaksp-delayed: I = 0.42;
peakisosD-delayed: I' = 0.41; peakKciussd-delayed: I = 0.37; all four p values < 0.0001). In contrast,
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the ipsilateral DSAS showed a weak correlation with delayed infarction (r = 0.19, p =
0.035). The correlation with the ipsilateral mbfvmca was r = 0.21, p = 0.007.

To help clinicians to draw a line between patients who develop delayed infarction
and patients who do not develop delayed infarction, we carried out ROC analyses for the
SD-parameter PTDDDudelayed, the ipsilateral DSAS, and the peakmbtv of the ipsilateral MCA.
PTDDDudelayeds Showed a sensitivity of 0.76 and a specificity of 0.59 for a pre-defined cutoff
value of 60 minutes. The area under the receiver operating curve (AUROC) was 0.76 (ClI:
0.69-0.83, p <0.0001) and substantially higher than the AUROC for the ipsilateral DSAS
(0.64, CI: 0.54 — 0.74, p = 0.0087) and the ipsilateral mbfvmca (0.63, Cl: 0.55 -0.72, p =
0.0042). In a secondary analysis, we calculated a new cut-off for PTDDDdelayed based on
a cost ratio of 1.0, i.e., equal costs for both false negatives and false positives. The new
cut-off of 180min PTDDDudelayed indicated delayed infarction with a targeted sensitivity of
0.62 and a specificity of 0.83, thus exceeding the prespecified sensitivity of 0.60 and
specificity of 0.80.

Finally, we performed prognostic analyses to assess whether the diagnostic varia-
bles also predict clinical outcome at 7 months. Clinical outcome was assessed using the
extended Glasgow Outcome Scale (eGOS). Of 24 predictive variables from clinical
scores, neuromonitoring parameters and imaging parameters, the ipsilateral volume of
early plus delayed brain injury (ICH + ECI + delayed cerebral infarction) was among the

most predictive factors in univariate correlation analysis (r = -0.55, p < 0.0001).

3.4 Paths from initial hemorrhage to delayed cerebral infarction

In the substudy of DISCHARGE-1 (30), we sought to determine statistical paths from
initial hemorrhage via potential pathophysiological mediators to delayed cerebral infarc-
tion. One hundred thirty-six patients were included in the final analysis. Delayed cerebral
infarcts ipsilateral to the ECoG electrodes occurred in 69/136 (50.7 %) patients with a total
cumulative volume over all patients of 2599.7ml. Furthermore, 70.8% of the total cumu-
lative infarct volume developed in the cortical MCA territory, 15% in the cortical ACA ter-
ritory, 5.6% in the cortical PCA territory and 1.7% in the cortical watershed regions. Deep
infarcts accounted for 6.9% of the total ipsilateral infarct volume. The initial CT revealed

ipsilateral ICH in 39 patients (28.7%, mean volume 8.1+20.5ml), ipsilateral intraventricular
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hemorrhage (IVH) in 110 patients (80.3%, mean volume 4.3+10.6ml) and large subarach-
noid hematomas with space-occupying effect in 22 patients (16.2%). The mean volume
of ipsilateral SAH was 18.3+16.1ml.

In a first step, we explored correlations between region-specific blood volumes, so-
called mediators and region-specific infarct volumes. An elaborate depiction of the corre-
lations is given in the original publication (30). In short, the largest correlation between
blood variables and infarct volumes was found between blood on the cerebral convexity
(bloodconvex) and delayed infarcts in the cortical territory of the MCA (DClwmca) (rs = 0.32,
p <0.001). All 4 SD-parameters correlated with bloodconvex and blood in the Sylvian fissure
(bloodsyivian) (rs = 0.21 — 0.30, all eight p values < 0.05). The most remarkable finding
between angiographic vasospasm and region-specific blood volumes was that 4 of 6
DSA-parameters significantly correlated with the ipsilateral volume of IVH (rs: 2.0 — 3.5,
all four p values < 0.05). Looking at TCD velocities, only the ipsilateral mbfvmca was sig-
nificantly correlated with DClmca but did not remain significant after Bonferroni correction.
Thus, TCD was not considered as a mediator variable and was not included in further
analyses.

In a second step, we carried out principal component analysis to reduce the dimen-
sionality of the data. Only the first component of the blood variables, the SD-parameters,
the DSA-parameters and the infarct variables were included in the final path analysis.
Path analysis showed that the first component of the SD-parameters mediated the detri-
mental effect of subarachnoid hemorrhage, leading to cortical infarction. DSA remained
an extrinsic variable without a mediating effect from hemorrhage to infarction. In a last
model, IVH was included. We found a path from IVH via DSA to cortical infarction. An
elaborate depiction of the path models can be found in Figure 5 in the original publication
(30).

3.5 lllustrative cases

Figure 2 and figure 3 illustrate the main categories of focal brain injury in patients with
aSAH. For DISCHARGE-1 (29), ICH (Figure 2) was defined as any collection of blood
within the cerebral parenchyma and/or any large subarachnoid clots in the basal cisterns,
which also extended into brain tissue. For the substudy of DISCHARGE-1 (30), large
subarachnoid blood clots and ICH were differentiated following the approach by Zande

and colleagues (37).
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CTA Day O

Figure 2: The continuum between intracerebral hemorrhage (ICH) and subarachnoid hematoma
illustrated in a DISCHARGE-1 (Depolarizations in ISCHemia after subARachnoid hemorrhaGe-
1) patient (29). (own figure)

Representative images of computed tomography (CT), CT angiography and magnetic resonance
imaging (MRI) in axial orientation of a patient with aneurysmal subarachnoid hemorrhage (aSAH)
from a right middle cerebral artery (MCA) aneurysm. Panel A: The female patient was admitted
to the emergency department after a sudden onset of a thunderclap headache with transient loss
of consciousness. The initial CT 1.5 hours after onset of symptoms demonstrated subarachnoid
hemorrhage with a large right-sided hematoma (left image). CT angiography revealed a berry
aneurysm with a diameter of 5mm originating from the right MCA bifurcation. Contrast-enhancing
vessels were found within the large hematoma (red arrow). The hematoma was thus categorized
as a Sylvian hematoma. The first postoperative CT on day 1 showed periprocedural rebleeding
with expansion of the Sylvian hematoma. Since the volume of rebleeding exceeded 10ml, this
case was excluded from analysis in the substudy of DISCHARGE-1 (30). Panel B: The first post-
operative MRI was performed on Day 2. The T2* images again demonstrated the large Sylvian

hematoma (hypointense signal), which also extended into the cerebral parenchyma (left image).
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Fluid-attenuated inversion recovery (FLAIR) imaging revealed perihematomal hyperintensity con-
sistent with perihematomal edema. The corresponding area was hypointense on the apparent
diffusion coefficient (ADC) map. These findings were consistent with cytotoxic edema surrounding
the large Sylvian hematoma. For DISCHARGE-1 (29), the volume of the Sylvian hematoma was
quantified and assigned to the category ‘intracerebral hemorrhage’ since it partly extended into
the cerebral parenchyma. The surrounding cytotoxic edema was not quantified following the rec-

ommendations of Vergouwen and colleagues (34).

B FLAIR Day 2 ADC Day 2

DSA Day 6

Figure 3: Early and delayed cerebral infarction adjacent to blood clots at the cerebral convexity in
absence of severe angiographic vasospasm illustrated in the same DISCHARGE-1 (Depolariza-
tions in ISCHemia after subARachnoid hemorrhaGe-1) patient (29). (own figure)

Representative images of computed tomography (CT), magnetic resonance imaging (MRI) and
digital subtraction angiography (DSA) of the same patient with aneurysmal subarachnoid hemor-
rhage (aSAH) as in Figure 2. Panel A: In addition to the large Sylvian hematoma (Figure 2), the
initial CT scan on Day 0 demonstrated dense blood clots in the sulci of the right cerebral convexity.

Panel B: The first postoperative MRI on Day 2 showed hyperintense signal abnormalities in the
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same sulci at the right convexity on fluid-attenuated inversion recovery (FLAIR) consistent with
subarachnoid blood (asterisk and arrow). A frontal sulcus (asterisk) appeared hyperintense on
the FLAIR image and hypointense on the apparent diffusion coefficient (ADC) map. These find-
ings are consistent with early cerebral infarction (ECI) adjacent to a sulcal blood clot. Panel C:
The angiogram of the right internal carotid artery (ICA) and its branches on day 6 only demon-
strated mild vasospasm of the right proximal segment (M1) of the middle cerebral artery (MCA)
(arrowhead in the left image). However, MRI on day 9 revealed delayed cortical MCA infarction
(hyperintense on FLAIR and hypointense on the ADC map) of the parietal sulci, which were filled

with blood on the admission CT scan (arrows).
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4 Discussion

4.1 Short summary of results

We quantified the amount of cerebral infarction and the amount of hemorrhage in patients
with aSAH using neuroimaging data. Focal brain injury of the entire period (ICH + ECI +
delayed cerebral infarction) showed a strong correlation with clinical outcome among 24
clinical or neuromonitoring variables. Most importantly, ECI and delayed cerebral infarc-
tion were both associated with the occurrence of SDs. The SD-parameter ‘PTDDDgelayed’
achieved a sensitivity of 76% and a specificity of 59% in our primary ROC analysis. In the
secondary analysis with a new cutoff of 180min, PTDDDgelayed indicated delayed cerebral
infarction with a targeted sensitivity of 62% and a specificity of 83%. The overall ability of
PTDDDuagelayed to discriminate between patients with delayed infarction and patients with-
out delayed infarction was much better than it was for angiographic vasospasm or TCD
(AUROC 0.76 versus 0.64 and 0.63 respectively). In addition to the promising diagnostic
benefit of ECoG, ECoG also allowed us to gain insight into the pathogenesis of cerebral
infarcts following aSAH. We found a statistically significant path from the amount of SAH
to the occurrence of SDs in the delayed period to the development of delayed cortical
infarcts. Noteworthy, bloodconvex Was included in the path. To the best of our knowledge,
this has never been described in humans before. Another path was found from IVH to

angiographic vasospasm to delayed cortical infarction.

4.2 Interpretation of results

It was previously proposed that cerebral infarction and functional outcome should be the
main outcome measures in clinical aSAH studies (34). Our results confirm this notion as
we found a strong association between functional outcome and focal brain injury. Func-
tional outcome is certainly the most important parameter for the well-being of the patient
as well as for the verification of effective therapies. However, it is an overall parameter
that does not allow conclusions to be drawn about the underlying cause or pathomecha-
nism. Thus, our primary analyses were carried out with lesion incidences or lesion vol-
umes derived from neuroimaging. Since MRI is more sensitive in detecting cerebral in-
farction than CT (38), the incidence of ECI (68.7%) and delayed cerebral infarction
(57.6%) was high in our cohort. However, the incidences are comparable to other MRI-
based studies (10). When considered separately, as in the substudy of DISCHARGE-1
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(30), the incidence of ICH (28.7%) was similar to other reports (11, 39). Angiographic
vasospasm was not predictive for functional outcome. This is in accordance with the result
of a meta-analysis, where 14 pharmaceutical studies randomizing 4,235 patients were
included (40). Despite a significant reduction in angiographic vasospasm no effect on
functional outcome was found. In the past, many pharmaceutical trials were designed to
prevent angiographic vasospasm. Although a certain pathophysiological role of angio-
graphic vasospasm in the development of delayed cerebral infarction is undisputed, our
results are consistent with a body of literature which questions that angiographic vaso-
spasm is the predominant etiology of delayed infarction and an appropriate outcome
measure in clinical trials (41).

SD is a phenomenon that only occurs under pathological conditions in the human
brain (42). Our results support this hypothesis as SDs were associated with cerebral in-
farction in the early and delayed period after aSAH. In fact, SD and the initiation of cere-
bral infarction are inevitably linked through the formation of the so-called neuronal ‘cyto-
toxic edema’. Cytotoxic edema is characterized by a net influx of water and ions from the
extracellular space into the intracellular space leading to beading of neuronal dendrites
(43). The same process is evident by high signal intensity on diffusion MRI (44, 45) and
is also recorded as a negative DC shift (SD) on ECoG (46). Why did we not observe a
perfect match between SD and cerebral infarction then? First, SD-induced cytotoxic
edema is reversible up to a certain point, so infarction does not occur (47, 48). We believe
DISCHARGE-1 might have failed to meet the primary endpoint for this reason. The sen-
sitivity was 76% for the predefined cut-off of 60min PTDDDudelayed but the specificity was
59%, which was below 80% of our primary hypothesis. In the secondary analysis with a
new cut-off of 180min PTDDDadelayed, Sensitivity was 62% and specificity was 83% and
thus above the values of our primary hypothesis. Consequently, the longer the cut-off for
PTDDD, the more specifically it indicates cerebral infarction. With increasing PTDDD, the
probability decreases that SD-induced cytotoxic edema is reversible. Second, the 6
ECoG electrodes only covered a distance of 5cm of the cortex. Although SDs spread over
long distances, we certainly did not record all SDs in the ipsilateral hemisphere due to the
small recording area. Third, diffusion MRI detects cytotoxic edema with highest sensitivity
(49), but continuous MRI is not feasible in a clinical setting. We performed 2 to 3 imaging
sessions in the entire ECoG recording period that allowed us to detect irreversible cyto-

toxic edema, i.e., cerebral infarction, but not reversible edema. This may also have re-
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duced the diagnostic accuracy of ECoG. Nonetheless, a major advantage was the conti-
nuity of ECoG recording compared to daily or even weekly measurements of other diag-
nostic modalities. It allowed stratification of patients at risk for the development of cerebral
infarction and patients at low risk for cerebral infarction. Furthermore, diagnostic accuracy
of ECoG was better than the diagnostic performances of DSA and TCD (AUROC 0.76
versus 0.64 and 0.63 respectively). These results are consistent with meta-analyses in
which the diagnostic performance of DSA and TCD is also low to moderate (50, 51).

In the autopsy study of Stoltenburg-Didinger and Schwarz, the authors found cor-
tical infarcts predominantly in areas covered with subarachnoid blood (52). The same
pattern was recently found in a case with traumatic SAH (53). These findings suggest that
the exposure of blood alone is sufficient to trigger adjacent cortical infarction. Our results
show this to be true for both ECI and delayed cerebral infarcts. Frontal ECI in the ACA
territory was significantly correlated with local blood collection, i.e. the modified Hijdra
score of the interhemispheric fissure, but not with the modified Hijdra Sum Score. Thus,
the presence of local blood seems to be more important than the overall distribution of
blood for ECI. We found a similar situation for delayed cerebral infarction. The largest
correlation was between blood in the sulci of the cerebral convexity (bloodconvex) and un-
derlying infarcts in the MCA territory (DCImca). This, however, raises the question of why
most rating scales ignore the presence of blood on the cerebral convexity. First, CT scan-
ners that were used in the studies of the 80s and 90s had a lower spatial resolution and
thus, were not able to demonstrate thin blood in the sulci on the cerebral convexity accu-
rately. Second, early studies often investigated the association between angiographic
vasospasm and SAH and thus, focused on cisternal blood adjacent to the major cerebral
arteries (54). In this work, we cannot explain the exact pathomechanism, which details
how extravasated blood induces cerebral infarction, but we found SD to be a statistical
mediator between blood and delayed cortical infarction. Whether factors released from
the blood clot such as potassium and hemoglobin directly induce SDs or whether factors
released from the blood clot first trigger microvascular constriction, which in turn lowers
the threshold for SD, remains enigmatic.

The association between IVH and delayed cerebral infarcts is well described (55).
Hijdra and colleagues were the first, who found IVH to be an additional risk factor for the
development of DCI (56). Since the original Fisher scale had a focus exclusively on cis-
ternal SAH, the scale was revised in the 2000s due to growing evidence that IVH also

contributes to the development of DCI (9, 57). We quantified the volume of IVH instead
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of using the modified Fisher Scale or the mHSS since volume measurements achieve
better accuracy for predicting DCI (58). Only two studies also quantified the volume of
IVH separately rather than using qualitative or semi-quantitative grading scales. Ko and
colleagues showed that the median volume of IVH was higher in patients with DCI than
in patients without DCI (59). The result was confirmed by the second study although the
odds ratio was not significant in the logistic regression model for IVH (1.02; CI: 1.00 —
1.04) (60). The authors suggested that it might be due to a lack of power although 282
patients were included. Hijdra and colleagues postulated that the detrimental effect of IVH
is explained by consecutive hydrocephalus leading to microcirculatory impairment. We
observed a pathophysiological sequence from IVH via angiographic vasospasm to de-
layed cortical infarction. This has rarely been investigated systematically since most stud-
ies only performed late angiography when vasospasm was suspected because of clinical
deterioration. Inagawa and colleagues reported an association between IVH and severe
vasospasm among 370 patients with angiography between day 7 and 9 (61). However,
the relation was not significant in multivariate analysis. Of note, angiographic vasospasm
occurs in isolated IVH of patients with ruptured arteriovenous malformation (62). We be-
lieve that IVH similar to cisternal clots might serve as a reservoir for the delayed release
of spasmogens. TCD was not predictive in our model. It brings into question the clinical

importance of daily TCD measurements. Further investigations are warranted.

4.3 The current state of research

This translational work was designed to close a gap between experimental stroke re-
search and clinical application. Experimental neuroscientists have been dealing with SD
for decades, while translation into clinical thinking has been rudimentary. Since 1998, it
is known from animal experiments that hemoglobin in conjunction with potassium triggers
SD and SD-induced cortical spreading ischemia, when released into the subarachnoid
space due to lysis of erythrocytes (27). The present work in aSAH patients supports this
concept by demonstrating a mediating role of SDs between subarachnoid blood and de-
layed cerebral infarction. It may pave the way for the development of effective therapies

targeting SDs and spreading ischemia.
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4.4 Strengths and limitations

This work has strengths and limitations. Strengths of our approach were serial imaging to
detect early brain injury and delayed cerebral infarction, quantification of focal brain injury
instead of qualitative evaluation, and an exhaustive use of MRI instead of CT. DIS-
CHARGE-1 (29) and its related substudy (30) are among the largest MRI studies quanti-
fying focal brain injury after aSAH (36, 63). A limitation is our manual quantification
method, which is cumbersome and subjective. Automatic image recognition based on
neural networks is increasingly used in neuroradiology (64). However, the implementation
for severely damaged brains is not yet feasible. For example, even preprocessing steps
such as brain extraction often fail in patients with aSAH (65). Nevertheless, our collabo-
rators in Be'er Sheva, Israel, managed to develop a semi-automated method (8). When
compared, the semi-automated approach is more objective, while our manual method
has the advantage of distinguishing different pathologies, e.g. vasogenic edema from cy-
totoxic edema and ECI from delayed cerebral infarction. All in all, correlation analysis

between both methods showed a very good agreement.

4.5 Implications for future research

Three aspects emerge from this work as worthy of future research. First, cerebral infarc-
tion should be used as a primary outcome parameter in further clinical trials aiming to
prevent DCI as it is the strongest predictor for functional outcome. Second, ECoG has
been found to be the more sensitive and specific diagnostic method to predict delayed
cerebral infarction compared with DSA and TCD. Whether the translation of ECoG into
the clinic will be successful has to be verified by feasibility studies. Third, it was found that
SDs arise independently of angiographic vasospasm after aSAH and independently con-
tribute to delayed infarction. Future pharmacological trials should target both, SDs and

angiographic vasospasm, to improve patient outcome.
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5 Conclusions

This work contributed to the DISCHARGE-1 trial (29) by quantifying the primary outcome
parameter. A pilot study (28) and a substudy (30) confirmed the essential pathophysio-
logical role of SD in the pathogenesis of focal brain injury in patients with aSAH. It is now
time to acknowledge the multifactorial genesis of focal brain injury after aSAH and to

translate this new concept into clinical practice for the benefit of the patients (15).
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Spreading depolarization and angiographic
spasm are separate mediators of delayed
infarcts

Viktor Horst:,I Vasilis Kola,I Coline L. Lemale,"2 Sebastian Major,"z'3 Maren K. L. Winkler,"4
Nils Hecht,"5 Edgar Santos," Johannes Platz,7 Oliver W. Sakowitz,6 Hartmut Vatter',8
Christian Dohmen,’ Michael Scheel,'? Peter Vajkoczy,"5 Jed A. Hartings,II

Johannes Woitzik,"'? Peter Martus'® and ®)ens P. Dreier'>>'%!3

In DISCHARGE-1, a recent Phase III diagnostic trial in aneurysmal subarachnoid haemorrhage patients, spreading depolarization
variables were found to be an independent real-time biomarker of delayed cerebral ischaemia. We here investigated based on prospect-
ively collected data from DISCHARGE-1 whether delayed infarcts in the anterior, middle, or posterior cerebral artery territories cor-
relate with (i) extravascular blood volumes; (ii) predefined spreading depolarization variables, or proximal vasospasm assessed by
either (iii) digital subtraction angiography or (iv) transcranial Doppler-sonography; and whether spreading depolarizations and/or
vasospasm are mediators between extravascular blood and delayed infarcts. Relationships between variable groups were analysed
using Spearman correlations in 136 patients. Thereafter, principal component analyses were performed for each variable group.
Obtained components were included in path models with a priori defined structure. In the first path model, we only included spreading
depolarization variables, as our primary interest was to investigate spreading depolarizations. Standardised path coefficients were
0.22 for the path from extravascular bloodcomponens t0 depolarizationcomponene (P=0.010); and 0.44 for the path from
depolarizationcomponent to the first principal component of delayed infarct volume (P <0.001); but only 0.07 for the direct path
from bloodcomponent to delayed infarctcomponent (P = 0.36). Thus, the role of spreading depolarizations as a mediator between blood
and delayed infarcts was confirmed. In the principal component analysis of extravascular blood volume, intraventricular haemorrhage
was not represented in the first component. Therefore, based on the correlation analyses, we also constructed another path model with
bloodcomponent Without intraventricular haemorrhage as first and intraventricular haemorrhage as second extrinsic variable. We found
two paths, one from (subarachnoid) bloodcomponent to delayed infarcteomponene With depolarization omponene as mediator (path coeffi-
cients from bloodcomponene t0 depolarizationcomponent = 0.23, P =0.03; path coefficients from depolarization.omponene to delayed
infarcteomponent = 0.29, P=0.002), and one from intraventricular haemorrhage to delayed infarctcomponenc With angiographic
VasoSpPasMcomponent a8 Mediator variable (path coefficients from intraventricular haemorrhage to vasospasmcomponent = 0.24, P =
0.03; path coefficients from vasospasmcomponent to delayed infarctcomponent = 0.35, P < 0.001). Human autopsy studies shaped the hy-
pothesis that blood clots on the cortex surface suffice to cause delayed infarcts beneath the clots. Experimentally, clot-released factors
induce cortical spreading depolarizations that trigger (i) neuronal cytotoxic oedema and (ii) spreading ischaemia. The statistical me-
diator role of spreading depolarization variables between subarachnoid blood volume and delayed infarct volume supports this patho-
genetic concept. We did not find that angiographic vasospasm triggers spreading depolarizations, but angiographic vasospasm
contributed to delayed infarct volume. This could possibly result from enhancement of spreading depolarization-induced spreading
ischaemia by reduced upstream blood supply.
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cytotoxic oedema; spreading depolarization; spreading ischaemia; subarachnoid haemorrhage; vasospasm

ACA =anterior cerebral artery; aCSF =artificial cerebrospinal fluid; aSAH =aneurysmal subarachnoid
haemorrhage; bloody,s, = subarachnoid blood volume in the basal cisterns; bloodcomponent = first principal component of the
blood volume variables; blood.qnyex = subarachnoid blood volume on the cerebral convexity; blood;y.r = subarachnoid blood
volume in the interhemispheric fissure; bloodsyiyian = subarachnoid blood volume in the Sylvian fissure; CBF = cerebral blood flow;
COSBID = Co-Operative Studies on Brain Injury Depolarisations; CTA = computed tomography angiography; DC potential =
direct current (steady) potential; DCI=delayed cerebral ischaemia; DCIaca = delayed infarct volume in the territory of the
anterior cerebral artery; DClgee, = delayed infarct volume below the cortex, including perforator infarcts, singular white matter
infarcts without cortical involvement and anterior choroidal artery infarcts; DCIyica = delayed infarct volume in the territory of
the middle cerebral artery; DClpca = delayed infarct volume in the territory of the posterior cerebral artery; DCl,atershed = delayed
infarct volume in the territory of the cortical watershed zones; DISCHARGE-1 = Depolarisations in ISCHaemia after
subARachnoid haemorrhaGE-1; DSA = digital subtraction angiography [A1, A2, M1, M2, P1, P2 = first and second segments of
anterior cerebral artery (ACA), middle cerebral artery (MCA) and posterior cerebral artery (PCA) ipsilateral to the subdural
electrodes]; DSA omponent = first principal component of the digital subtraction angiography variables to quantify the degree of
vasospasm; ECI = early cerebral ischaemia; ECIyca = early infarct volume in the territory of the anterior cerebral artery; EClyee, =
early infarct volume below the cortex including perforator infarcts, singular white matter infarcts without cortical involvement
and anterior choroidal artery infarcts; EClyica = early infarct volume in the territory of the middle cerebral artery; ECIpca = early
infarct volume in the territory of the posterior cerebral artery; EClyaershed = €arly infarct volume in the territory of the cortical
watershed zones; ECoG = electrocorticography; eGOS = extended Glasgow Outcome Scale; FLAIR = fluid-attenuated inversion
recovery; ICH = intracerebral haemorrhage; Imagec,,1, = post-interventional MRI or CT performed no later than Day 5; Imagejace
=follow-up MRI or CT performed after the end of neuromonitoring around Day 14; IQR =interquartile range; IVH =
intraventricular haemorrhage; [K*],csk = potassium concentration in the artificial cerebrospinal fluid; mbfv = transcranial
Doppler-sonography (TCD)-determined mean blood flow velocity; mbfvaca = TCD-determined peak mean blood flow velocity of
the anterior cerebral artery; mbfveomponene = first principal component of the TCD-determined peak mean blood flow velocity
variables; mbfvy;cp = TCD-determined peak mean blood flow velocity of the middle cerebral artery; mbfvpcy = TCD-determined
peak mean blood flow velocity of the posterior cerebral artery; MCA = middle cerebral artery; NO = nitric oxide; NOS = nitric
oxide synthase; NUP =negative ultraslow potential; pc=path coefficients; PCA = posterior cerebral artery; peakciussp-delayed =
peak number of clustered spreading depolarizations (SD) of a recording day during the delayed period between the early
post-intervention neuroimage and the late neuroimage after completion of neuromonitoring (clustered SD = SD that occurred less
than 1h apart from the previous SD); peakis,sp-deiayed = peak number of isoelectric SDs of a recording day during the delayed
period (isoelectric SD =SD in electrically inactive tissue); peakgp.deiayed = peak number of SDs of any type of a recording day
during the delayed period; PTDDDygejayed = peak value of a recording day for the total (cumulative) SD-induced depression
durations during the delayed period; rCBF = regional cerebral blood flow; SD =spreading depolarization; TCD = transcranial
Doppler-sonography; TDDD = total (cumulative) spreading depolarization-induced depression duration of a recording day
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Introduction

Subarachnoid haemorrhage (SAH) is the second most com-
mon type of haemorrhagic stroke."> In 85%, SAH is caused
by the rupture of an aneurysm. Although SAH accounts for
only ~3% of all strokes and ~5% of deaths from stroke, the
relative youth of the affected individuals means that it is re-
sponsible for a quarter of all stroke-related years of potential
life lost before age 65.% In Depolarisations in ISCHaemia
after subARachnoid haemorrhaGE-1 (DISCHARGE-1), a
recent prospective, observational, multicentre, cohort,
Phase I1I diagnostic trial of 180 patients with severe aneurys-
mal SAH (aSAH), the strongest predictor of long-term out-
come was total focal brain damage detected by
neuroimaging two weeks after the initial haemorrhage.*
Most prominent aetiologies of focal brain damage associated
with aSAH are intracerebral haemorrhage (ICH), and infarc-
tion due to either early (ECI), or delayed cerebral ischaemia
(DCI). DISCHARGE-1 found that the average patient admit-
ted to the neurocritical care unit after aneurysm treatment
had already lost 46 + 73 ml (mean + standard deviation) of
brain tissue due to ICH and ECI and lost an additional 36
+80 ml (44% of the total focal brain damage) over the
next two weeks because of delayed ischaemic infarcts. This
tissue could be saved if we knew effective treatments, be-
cause DCl is a potentially modifiable aetiology of focal brain
damage during neurocritical care, as it allows treatment with
a neuroprotective intervention before the potential insult or
soon after. The risk of DCI is particularly high after severe
aSAH. Thus, delayed infarct volume in DISCHARGE-1
was significantly higher in deeply comatose patients than in
patients who were at least transiently clinically assessable
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(48 + 92 ml versus 23 + 74 ml, P < 0.001).* Severe cases re-
quire mechanical ventilation and sedation more often, which
limits neurological assessment. Therefore, in the high-risk
population, it is particularly difficult to identify and treat
those patients who suffer from the complication. However,
neurosurgical procedures are indicated early after aSAH, al-
lowing implantation of invasive probes. This enables record-
ing of the entire period of ischaemic stroke development,
early treatment stratification according to changes in diag-
nostic summary measures recorded by neuromonitoring de-
vices in real time and then re-assessment of these measures
after neuroprotective interventions.” In awake patients,
neurologic examination might be the strongest DCI predict-
or.® However, particularly in comatose or sleeping patients,
the results of DISCHARGE-1 suggest that spreading de-
polarization (SD) variables are currently the most promising
DCI predictor.?

SD is a phenomenon of the brain grey matter. Using sub-
dural electrocorticography (ECoG), it is observed as a large
negative direct current (DC) shift which spreads between ad-
jacent recording sites (frequency band: < 0.05 Hz). SD is
characterised by abrupt, near-complete breakdown of the
transmembrane neuronal ion gradients with entropy in-
crease, release of 90% of Gibbs free energy normally con-
tained in the ion gradients, neuronal water uptake, soma
swelling, dendritic beading, and MRI diffusion restric-
tion.”” Collectively, SD is the prime process that initiates
and maintains neuronal cytotoxic oedema in grey matter.”'°
This means that SD initiates toxic changes that eventually
lead to neuronal death, but is not a marker of death per se,
as it is reversible—up to a point—with restoration of the
physiological state of low entropy by Na*/K*-ATPase
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(NaKA) activation.!! The most important NaKA activators
in this context are the extreme increases in cytoplasmic
Na* and extracellular K* concentration, which are nowhere
near as high in any other grey matter pathological phenom-
enon as in SD."""° However, if NaKAs cannot be sufficiently
activated, e.g. due to enzyme inhibition or as a result of ATP
deficiency, the neurons die, which is indicated by the transi-
tion to a negative ultraslow potential (NUP) in ECoG and a
persistent diffusion restriction in MRI.%!6-18

Importantly, SDs induce tone alterations in resistance ves-
sels, causing either predominant hyperperfusion followed
by a mild oligaemia (physiological haemodynamic response)
in healthy tissue!”?% or severe and prolonged initial
hypoperfusion (inverse haemodynamic response = spreading
ischaemia) where the neurovascular unit is severely dis-
turbed.”*"*? SD in naive tissue associated with a normal
haemodynamic response does not cause neuronal damage.**
However, SD-induced spreading ischaemia can lead to
infarction even in brain tissue that was not yet ischaemic at
the onset of SD.** This is because spreading ischaemia-
induced ATP deficiency keeps the neurons in the SD/
cytotoxic oedema state, the SD/cytotoxic oedema state main-
tains vasoconstriction and the vasoconstriction restricts the
substrate supply for ATP production.’ If this vicious circle
is not interrupted, it eventually leads to ischaemic necro-
sis.>*! Spreading ischaemia is thus distinguished from pri-
mary ischaemia, such as occurs in the setting of embolic or
thrombotic occlusion of a major cerebral artery or cardiocir-
culatory arrest. Whereas in the case of spreading ischaemia,
SD occurs first and is followed by ischaemia with a latency of
several seconds, and both SD and ischaemia propagate in the
tissue,”*! in the case of severe primary ischaemia, ischaemia
occurs first, followed by SD with a substantial latency of ~1-
5 minutes, and only SD, but not ischaemia, propagates in the
tissue.'® Nevertheless, the process of spreading ischaemia
can also build up on incomplete primary ischaemia.>** If
primary ischaemia of the cortex does not lead to at least
one SD, infarction does not occur.'®*%32 If primary ischae-
mia leads to SD but timely reperfusion occurs, no lesion de-
velops either.'®3

The main principles of the SD process known from animal
experiments could be verified in experiments with human
brain slices.>**® The entire SD continuum from short dur-
ation, to intermediate duration, to terminal waves has now
been demonstrated in aSAH patients.**'*? After aSAH,
SDs have been recorded in association with (i) migraine
aura®?; (ii) transitory ischaemic attacks®; (iii) status epilep-

ticus>®***; (iv) vasogenic oedema development without in-

farction®; (v) ICH; (vi) early ischaemic infarcts®*”>*8; (vii)

delayed ischaemic infarcts*?**’; (viii) brain death develop-
ment***5! and (ix) dying from cardiocirculatory arrest.**?
The broad range of conditions under which SD has been de-
tected in patients using ECoG closely matches the wide range
of conditions under which cytotoxic oedema is detected
using neuroimaging. Importantly, however, this does not
mean that every SD has a correlate on clinical MRI, as SD/
neuronal cytotoxic oedema is usually initially reversible
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and once regressed is no longer detectable on neuroima-
ging.>>** In addition, SD-induced spreading ischaemia and
transition from clustered SDs to NUP were demonstrated
in a small population of aSAH patients in whom optoelec-
trodes for laser-Doppler flowmetry and ECoG were located
directly over newly developing delayed infarcts proven by
longitudinal neuroimaging.*'®'”

SD is associated with different changes in spontaneous
brain activity in the alternating current (AC) band of the
ECoG (>0.5 Hz). These are non-spreading activity depres-
sion, spreading activity depression and epileptiform activ-
ity.!13¢52 The same SD wave may be associated with
different activity changes and different haemodynamic re-
sponses in adjacent brain regions. In DISCHARGE-1, for
each recording day of each patient, we determined (i) the to-
tal (cumulative) SD-induced depression duration (TDDD)
and (ii) the number of SDs as the most important ECoG vari-
ables. While the a priori defined 60-min cut-off of TDDD in-
dicated a reversible delayed neurological deficit, only a
180-min cut-off indicated new infarction with >0.60 sensi-
tivity and >0.80 specificity.* On this basis, it was recom-
mended that rescue treatment be initiated at the 60-min
cut-off rather than at the 180-min cut-off if progression of in-
jury to infarction is to be prevented. Overall, SD variables
were included in each multiple regression model for early,
delayed and total brain damage, 7-month outcome, and
death, suggesting that they are an independent biomarker
of progressive brain injury.*

Traditional pathology literature describes delayed infarcts
after aSAH as focal anaemic necroses, suggesting arterial/ar-
teriolar spasm as underlying aetiology and ruling out me-
chanisms such as thrombotic occlusion, endothelial
swelling, or venous compression.>® SD-induced vasocontrac-
tion, the cause of spreading ischaemia, is in fact the most ex-
treme form of vasospasm in the brain currently
known.*?12%2% In addition, two slowly evolving forms of
vasospasm emerge after aSAH: angiographic (proximal)
vasospasm and chronic constriction of distal arteries/arter-
ioles.’®® In the autopsy studies, the predominant lesion pat-
tern consisted of widespread infarcts in the cerebral
cortex.>>*7? Seventy to 80% of patients showed such cor-
tical infarcts in the large autopsy series.”>*® In particular,
Stoltenburg-Didinger and Schwarz®® noted that these lesions
typically develop beneath subarachnoid clots. In animal ex-
periments, haemolysis products in the subarachnoid space
without the simultaneous presence of proximal vasospam
are sufficient to cause SD, SD-induced spreading ischaemia
and cortical infarction. 32124426465 However, upstream
restriction of regional cerebral blood flow (rCBF), if severe
enough, can also trigger SDs®*®? and shift the normal, pre-
dominantly hyperaemic response to SD towards an inverse
ischaemic response.”>>”7%”! Accordingly, there are two al-
ternative hypotheses for the development of delayed SDs
after aSAH: (i) blood degradation products around the basal
conductive arteries trigger angiographic vasospasm, which
acts as a mediator of SDs through a mismatch between sup-
ply and demand; or (ii) blood degradation products located

€202 Iudy 60 uo 1s0nB AQ Z£8E80L/080PEOY/Z/G/OI0IIE/SWILIOOUIEIG/WOS" dNO"dlLSPEoE/:SA]Y WO} PEPEOjUMO(



81

Spreading depolarization and vasospasm

on the cortex trigger SDs directly in the underlying cortex
through other mechanisms, including neuronal, astrocytic
and microvascular disruption and/or local inflammation.
To test these two hypotheses, we here investigated based
on prospectively collected data from DISCHARGE-1
whether delayed infarcts in the anterior (ACA), middle
(MCA) or posterior cerebral artery (PCA) territories ipsilat-
eral to the subdural electrodes correlate with (i) extravascu-
lar blood volumes in different compartments; (ii) predefined
SD variables, or proximal vasospasm assessed by either (iii)
digital subtraction angiography (DSA) or (iv) transcranial
Doppler-sonography (TCD); and whether proximal vaso-
spasm and/or SD variables are mediators between extravas-
cular blood volumes and delayed infarcts.

Materials and methods

This study was designed and performed as a substudy of the
Depolarisations in ISCHaemia after subARachnoid
haemorrhaGE-1 (DISCHARGE-1) trial.* As reported previ-
ously, patients with aSAH were screened for study inclusion
and were consecutively enrolled in DISCHARGE-1 at six
university-hospitals (Campus Benjamin Franklin and
Campus Virchow Klinikum, Charité—Universititsmedizin
Berlin; University of Bonn; Goethe-University Frankfurt;
University of Cologne and University Hospital Heidelberg)
between September 2009 and April 2018.* The protocol
was approved by the local ethics committees. FEither
informed consent or surrogate informed consent was ob-
tained. Research was conducted in accordance with the
Declaration of Helsinki. Results were reported following
the STROBE guidelines (https:/www.strobe-statement.
org). DISCHARGE-1 was preregistered (http:/www.isrctn.
com/ISRCTNO05667702). If the patient was eligible, a sub-
dural electrode strip (Wyler, Ad-Tech Medical, Racine, W1,
USA) for SD monitoring was placed over vital cortex.

In DISCHARGE-1, 180 of 205 (87.8%) patients could be
analysed. For the present substudy, 44 additional patients
were excluded because (i) the preoperative CT was missing
(n=18); (ii) the CT slice thickness was <3 mm or >6 mm
(n = 3); (iii) the patient died early before the occurrence of de-
layed infarction could be assessed (7= 10); (iv) the patient
experienced a periprocedural postoperative haemorrhage
with a volume >10 ml (1 = 8); (v) the first postoperative neu-
roimage showed malignant early brain injury (7 =2) or (vi)
an interventional complication occurred such as infarction
due to clip stenosis (7 = 3). Placement of the electrode strip
was performed either directly after surgical treatment of
the aneurysm via craniotomy (7 = 120) or, in coiled patients,
after burr hole trepanation simultaneously with the place-
ment of a ventricular drain or oxygen sensor (z=16). All
evaluators were blinded to other measures.

The study design of DISCHARGE-1 has been previously
described in great detail.* Figure 1A shows the study flow.
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In brief, neuroimaging included the pre-interventional CT
to establish the diagnosis of aSAH and the post-
interventional CT to locate the subdural ECoG electrodes.
For the present substudy, early ischaemic cerebral infarcts
were assessed using either a post-interventional MRI (n =
118) or CT (n = 18) performed no later than Day 5. The me-
dian day of this neuroimage, referred to as Imagecay, Was
Day 2 [interquartile range (IQR): 1-3]. Delayed ischaemic
infarcts were assessed using a follow-up Image,.. (MRI:
n=120,CT:n=16) on Day 14 (IQR: 13-15) in comparison
to Imagee,,1y. Recording, analysis and interpretation of SDs
followed the published recommendations of the
Co-Operative Studies on Brain Injury Depolarisations
(COSBID) group.”? Importantly, in every patient, the first
24-h period after the initial haemorrhage was always de-
noted as ‘Day 0’, the second 24-h period as ‘Day 1’ and so
on. Using LabChart-8 software (ADInstruments, Bella
Vista, New South Wales, Australia), M.K.L.W. and C.L.L.
determined the following for each recording day of each pa-
tient: (i) total (cumulative) SD-induced depression duration
(TDDD); (ii) number of SDs; (iii) number of SDs in electric-
ally inactive tissue (isoelectric SDs)”>”® and (iv) number of
clustered SDs, i.e. SDs that occurred less than 1h apart
from the previous SD. For the present substudy, we used
peak values of a recording day for each SD-variable resulting
in (i) PTDDDgclayeq; (ii) peak number of SDs of any
type (peaksp-delayed); (iii) peak number of isoelectric SDs
(peakisosp-delayed) and (iv) peak number of clustered SDs
(peakeiussp-delayea) for the delayed period between
Imageca1y and Imagey,. after the end of neuromonitoring.
TCD to determine mean blood flow velocities (mbfv) of the
ACA (788 measurements), MCA (1060 measurements) and
PCA (606 measurements) ipsilateral to the subdural electro-
des was performed daily (7 = 128). On this basis, peak values
were determined for each of the three arteries and each
patient. V.K. determined vascular narrowing using a qualita-
tive grading score (no vascular narrowing = 1, vascular nar-
rowing by 11-33% =2, vascular narrowing by 34-66% = 3,
vascular narrowing >67% =4) for all DSAs performed be-
tween Days 5 and 17 [median Day 7 (IQR: 7-8), n=
106].* The assessment included the first and second segments
of MCA, ACA and PCA ipsilateral to the subdural electrodes
(see also DSA grading score in the Supplementary Material
and Supplementary Fig. 1).

We adopted parenchymal lesion volumes derived from man-
ual segmentation in DISCHARGE-1.* For the present sub-
study, we only used delayed ischaemic infarct volumes in
the cerebral hemisphere ipsilateral to the subdural electro-
des. Following Weidauer et al.,”* the volumes of ipsilateral
delayed infarction were further segmented into five categor-
ies: cortical ACA infarction, cortical MCA infarction, cor-
tical PCA infarction, cortical watershed infarction and
deep infarction. The latter included perforator infarcts, sin-
gular white matter infarcts without cortical involvement

€202 Iudy 60 uo 1s0nB AQ Z£8E80L/080PEOY/Z/G/OI0IIE/SWILIOOUIEIG/WOS" dNO"dlLSPEoE/:SA]Y WO} PEPEOjUMO(



82

6 | BRAIN COMMUNICATIONS 2023: Page 6 of 20 V. Horst et al.

A [ Daily clinical examinations > eGOS

[ Daily TCD measurements >
[ Continuous neuromonitoring >
cT/
CTA or DSA |MRI1+CT| |MRI2+DSA| | MRI 3 || MRI 4 |
Day0-3 Day 4-14 Month: 7

Figure | Diagnostic flow of the DISCHARGE-| study and quantification method for ipsilateral haemorrhage on the initial CT
scan according to six predefined compartments. (A) CT and CTA were performed on admission. If necessary, CTA was complemented by
DSA. The first MRI (MRI ) was acquired 2448 h after surgical or endovascular treatment of the aneurysm. In addition, a postoperative CT was
performed to locate the subdural electrodes. In the delayed period, MRI 2 was performed around Day 7 and MRI 3 around Day 14. Note that
delayed infarct volumes were quantified for both sessions separately and then added up for further analysis. A second DSA was performed around
Day 7 to assess angiographic vasospasm. After treatment of the aneurysm, the patient was transferred to the neurocritical care unit, where
continuous neuromonitoring, daily TCD and clinical examinations started and continued until Day 14. After 7 months, a follow-up MRI 4 was
performed. Furthermore, functional outcome was documented using the extended Glasgow Outcome Scale (eGOS). (B) Representative CT and
CTA images of a patient with aSAH from a right MCA aneurysm. Note that haemorrhage was only quantified in the hemisphere ipsilateral to the
subdural electrodes. CTA (right image) demonstrated contrast-enhancing vessels inside a large right-sided haematoma. Therefore, the volume of
this haematoma was quantified according to the category of subarachnoid blood in the Sylvian fissure (bloodsyyian) (blue label in left and middle
image). Blood,onvex comprised blood in the sulci at the cerebral convexity including the rami of the Sylvian fissure (red label). Blood;,..r Was
composed of blood in the anterior and posterior interhemispheric fissure as well as adjacent sulci (green label). Interhemispheric blood that
crossed the midline was classified as contralateral and was not considered. Blood,,s, included blood in the following cisterns: prepontine,
interpeduncular, suprasellar, ipsilateral ambient, quadrigeminal and the interpositum cistern (yellow label). Subdural blood, seen as narrow
hyperdense fringe overlying the left frontal cortex, was not quantified. (C) Representative CT and CTA images of another patient with aSAH from
a right MCA aneurysm. CTA (right image) demonstrated contrast-enhancing vessels of the M2 segment of the MCA outside a large right-sided
haematoma. Therefore, this haematoma volume was quantified within the ICH category (cyan label in left and middle image). Blood in the
ventricular system is shown in purple. Most notably, a large clot was found in the fourth ventricle. This was only quantified until the midline (purple
label). Bloody,,s, (yellow label), blood;yce, (green label) and bloodonyex (red label) were small in this patient.
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Table | Radiographic characteristics of the ipsilateral hemisphere

Mean volume + Cumulative volume over all 136
Number of patients/total standard deviation Minimum-maximum in patients (ml) (% of total cumulative
number of patients (%) (ml)* single patients (ml) volume)
bloodonvex 118/136 (86.8%) 27430 0-16.3 371.8 (8.9%)
blood;ncer 1317136 (96.3%) 35+43 0-28.8 471.0 (11.3%)
bloodsyiyian 133/136 (97.8%) 8.1+ 13.1 0-78.2 1099.7 (26.4%)
bloodpsal 132/136 (97.1%) 40+35 0-22.4 545.4 (13.1%)
ICH 39/136 (28.7%) 8.1 £20.5 0-101.4 1103.6 (26.4%)
IVH 109/136 (80.1%) 43+10.6 0-70.1 581.3 (13.9%)
EClaca 37/136 (27.2%) 27+114 0-105.0 370.5 (32.0%)
EClmca 33/136 (24.3%) 35171 0-186.0 472.6 (40.9%)
EClpca 8/136 (5.9%) 0.6+43 0-46.7 87.9 (7.6%)
EClwatershed 12/136 (8.8%) 05+3.1 0-34.6 63.1 (5.5%)
EClgeep 45/136 (33.1%) 1.2+32 0-23.0 162.2 (14.0%)
DClaca 18/136 (13.2%) 29+115 0-76.6 391.2 (15.0%)
DClmca 49/136 (36.0%) 13.5+339 0-188.0 1839.4 (70.8%)
DClpca 9/136 (6.6%) .1 +6.0 0-50.0 145.3 (5.6%)
DClyacershed 71136 (5.1%) 03+18 0-16.2 432 (1.7%)
DClyeep 30/136 (22.1%) 1.3+54 0-50.0 180.6 (6.9%)
No vasospasm® Mild® Moderate* Severe®
DSAA, 38/103 38/103 16/103 117103
DSAx2 47/104 33/104 18/104 6/104
DSAwm 54/105 29/105 17/105 5/105
DSAm, 47/105 43/105 12/105 3/105
DSAg, 70/91 17/91 391 1191
DSAp; 77/90 11/90 2/90 0/90
Variable Spearman coefficient P-value Number of patients
Sum of DClaca + Mca + Pca Sum of bloodonvex + inter + Sylvian + basal 0.21 0.015 136
Sum of bIOOdconvex + inter + Sylvian + basal +IVH 0.17 0.046 136
Average mbfvacamcarca 0.25 0.004 128
DSA|_p2 score 0.26 0.008 106
PTDDDgelayed 0.55 <0.001 136
peaksp_delayed 0.46 <0.001 136
peakisosp-delayed 0.47 <0.001 136
peakciyssD-delayed 0.43 <0.001 136

Statistically significant values are marked in bold.

All given data only refer to the hemisphere ipsilateral to the subdural electrodes.

Average mbfvacamcapca = average of the peak mean blood flow velocities of anterior cerebral artery (ACA), middle cerebral artery (MCA) and posterior cerebral artery (PCA);
bloody,sa = subarachnoid blood volume in the basal cisterns; blood.onvex = subarachnoid blood volume on the cerebral convexity; blood;,cer = subarachnoid blood volume in the
interhemispheric fissure; bloodsy,ian = subarachnoid blood volume in the Sylvian fissure; DClaca = delayed infarct volume in the territory of the ACA; DClyeep, = delayed infarct
volume below the cortex including perforator infarcts, singular white matter infarcts without cortical involvement and anterior choroidal artery infarcts; DClyca = delayed infarct
volume in the territory of the MCA; DClpca = delayed infarct volume in the territory of the PCA; DClyacershed = delayed infarct volume in the territory of the cortical watershed zones;
DSA = digital subtraction angiography (Al, A2, MI, M2, P|, P2 = first and second segments of ACA, MCA and PCA ipsilateral to the subdural electrodes); DSAa_p; score = total score
achieved by the summation of values for Al, A2, M1, M2, Pl and P2 divided by the number of vessel segments assessed; EClaca = early infarct volume in the territory of the anterior
cerebral artery; EClgee, = early infarct volume below the cortex including perforator infarcts, singular white matter infarcts without cortical involvement and anterior choroidal artery
infarcts; EClyca = early infarct volume in the territory of the middle cerebral artery; EClpca = early infarct volume in the territory of the posterior cerebral artery; EClyacershed = €arly
infarct volume in the territory of the cortical watershed zones; ICH = intracerebral haemorrhage;

IVH = intraventricular haemorrhage; peakjussp-delayed = Peak number of clustered spreading depolarizations (SD) of a recording day during the delayed period between the early
post-intervention neuroimage and the late neuroimage after completion of neuromonitoring (clustered SD = SD that occurred less than | h apart from the previous SD);
PeakisosD-delayed = Peak number of isoelectric SDs of a recording day during the delayed period (isoelectric SD = SD in electrically inactive tissue); peaksp_delayed = Peak number of SDs
of any type of a recording day during the delayed period; PTDDDaelayed = peak value of a recording day for the total (cumulative) SD-induced depression durations during the delayed
period; sum of bloodconvex + inter + Sylvian + basal = total subarachnoid blood volume (blood onyex + bloOdincer + bloodsyiyian + bloodpssar); sum of bloodconyex + inter + Sylvian + basal +

IVH = blood.onyex + bloodincer + bloodsyiyian + bloodpasy + IVH.

In the bottom part of the table, we added the delayed infarct volumes DClaca + DClyca + DClpca and correlated this composite infarct volume with several summary measures,
namely, the total subarachnoid blood volume (bloodconvex + bloodincer + bloodsyiyian + bloodpasa) With and without IVH volume, the average of mbfvaca + mbfvica +and mbfveca, the
average score based on DSA4|_p,, and the four SD variables to provide an overview. Large subarachnoid haematoma with space-occupying effect and perifocal oedema are not listed
separately in this table but are included in blood;,cer and bloodsyian. In total, we encountered 22 (16.2%) such cases with large subarachnoid haematomas with a median blood volume of
29 (IQR: 16—46) ml, 19 cases in the Sylvian fissure and 3 cases in the interhemispheric fissure.

#Zero values included.

®Vessel narrowing < 1%.

“Vessel narrowing | 1-33%.

9Vessel narrowing 34-66%.

“Vessel narrowing >66%.

€202 Iudy 60 U 159n6 Aq ZE8ER0L/080PE/Z/S/OI0IE/SWIOOUIEIG 0D dNO-OIWSPESE//SARY WO, POPEOIUMO]



84

8 | BRAIN COMMUNICATIONS 2023: Page 8 of 20

and anterior choroidal artery infarcts. Ischaemic tissue adja-
cent to the aneurysm was excluded. The location of delayed
infarcts was determined according to arterial territory maps
specified by Tatu et al.”

V.H. used the pre-interventional CT performed on median
Day 0 (IQR: 0-0, range: 0-3) for volumetric haemorrhage
quantification of the hemisphere ipsilateral to the subdural
electrodes. Epidural, subdural, contralateral and infratentor-
ial haemorrhages were not considered. Manual segmenta-
tion was carried out on non-contrast-enhanced images
with a slice thickness between 3 and 6 mm using the paint-
brush mode of ITK-Snap, Version 3.8.0 (www.itksnap.
org). Ipsilateral haemorrhage was segmented into six prede-
fined regions: subarachnoid blood accumulations on (i) the
cerebral convexity (blood onyex); (ii) in the interhemispheric
fissure (bloodineer); (iii) Sylvian fissure (bloodsyiyian), O (iv)
basal cisterns (bloody,sa); (v) ICH, or (vi) intraventricular
haemorrhage (IVH) (see Fig. 1B and C). According to van
der Zande et al.,”® we differentiated bloodsyiyian from ICH
using CT angiography. Contrast-enhancing arteries within
a haematoma indicated bloods,iyian, Whereas a haematoma
without visible contrast-enhancing vessels indicated ICH.

The statistical analysis was performed by P.M., the trial stat-
istician of DISCHARGE-1. Unless otherwise stated, data are
given as median (IQR). Relationships between the variable
groups related to blood volume, SD, DSA,
TCD-determined peak mbfvs and delayed infarct volumes
were analysed bivariately using Spearman correlations.
Correlations with uncorrected P-values <0.05 were dis-
cussed. However, for each group of comparisons it was
noted which correlations remained significant after
Bonferroni correction. In the next step, principal component
analyses were performed for each of the variable groups, and
only the first principal component was used in further ana-
lyses. In principal component analyses, log transformations
were applied for blood volume variables, SD variables,
DSA variables and delayed infarct volumes, but not for
TCD-determined peak mbfvs. The obtained components
were included in path models with a priori defined structure,
treating blood volume variables as extrinsic variables, SD
variables, DSA variables and TCD-determined peak mbfvs
as potential mediator variables but also possibly extrinsic
variables, and infarct volumes due to DCI as outcome.
Analyses were performed using SPSS for Windows release
26. The path models were calculated using Amos release 26.

Electronic recording, processing and storage of the data were
approved by the data protection officer of the Charité—
Universitidtsmedizin Berlin (data protection votes from 28
May 2008 to 5 May 2014). The datasets analysed during

V. Horst et al.

the current study are not publicly available because the pa-
tient’s informed consent only permits the data analysis and
publication by the investigators.

Results

The DISCHARGE-1 cohort has been described previously.*
The present substudy included 90 (66.2%) females and 46
(33.8%) males. Median age was 56 (IQR: 47-63) years. All gi-
ven data refer to the hemisphere ipsilateral to the subdural elec-
trodes. Table 1 summarises the radiographic characteristics
including haemorrhage and infarct volumes. The imageca,iy re-
vealed early infarcts in 80 (58.8 %) patients with a total volume
of 1156.3 ml. The image,.. showed delayed infarcts in 69
(50.7%) patients with a total volume of 2599.7 ml. In add-
ition, early and delayed infarcts are listed in Table 1 according
to the five categories explained above. Because delayed cortical
watershed infarcts and deep infarcts accounted for only a very
small proportion of infarcts, they were not considered in fur-
ther analyses. Table 1 also includes correlations of the compos-
ite delayed infarct volume in the ipsilateral ACA, MCA and
PCA territories with various summary measures.

A 48-year-old man was admitted to the emergency room after
a seizure and continued loss of consciousness. The initial CT
scan demonstrated Grade 4 aSAH (modified Fisher scale)
(Fig. 2A) due to rupture of a DSA-proven aneurysm at the
left MCA bifurcation. On Day 1, the aneurysm was secured
by surgical clip ligation and a subdural electrode strip was
placed. On Day 2, MRI showed no early cerebral infarction.
Due to the reduced level of consciousness, neurological assess-
ment was limited during neurocritical care. On Day 7, an in-
tense SD cluster suddenly began (TDDD: 324.0 min) (Fig. 3).
Figure 2B gives a fluid-attenuated inversion recovery
(FLAIR) image on Day 9 that revealed a new hyperintense le-
sion in the left temporal cortex consistent with delayed cere-
bral infarction in the left MCA territory. DSA on the same
day showed severe angiographic vasospasm (Fig. 2C). Daily
TCD examinations of the ipsilateral MCA demonstrated in-
creased mbfvs on 2 days (>120 cm/s), but the peak mbfv of
144 cm/s on Day 8 did not reach the critical threshold of
200 cm/s.”” Figure 2D visualises the spatial relation between
delayed MCA infarct and location of the subdural electrodes.

Our basic hypothesis was that certain blood volumes [(i)
blOOdconVex; (11) blOOdinter; (111) blOOdSylvian; (IV) blOOdbasal;
(v) ICH and (vi) IVH] are associated with delayed infarct vo-
lumes. To this aim, we calculated Spearman correlations
with delayed infarct volumes in the territories of ACA
(DCIACA), MCA (DCIMCA) and PCA (DCIPCA) (Table 2)
We found correlations between bloodconvex and DClyica
(r =0.32, P<0.001), bloodiyer and DClaca (r=0.19, P=
0.030), bloodsyivian and DClyca (r=0.25, P=0.003),
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Figure 2 Example case illustrating delayed cerebral
infarction adjacent to blood on the cerebral convexity that
was associated with a cluster of SDs and angiographic
vasospasm. (A) Representative CT image of the initial scan at the
skull base. The initial scan was performed on Day | after the initial
haemorrhage. Linear hyperdense abnormalities were observed in
the sulci of the left cerebral convexity consistent with SAH that
extensively covered the cortical surface (10.6 ml). Note that the
anterior portion of the left superior temporal sulcus was also filled
with blood (arrow). Furthermore, the left MCA aneurysm was
surrounded by a hyperdense mass at the left temporal pole
consistent with perianeurysmal haematoma that extended into
cerebral parenchyma (I 1.8 ml). Only small to moderate amounts of
blood were found in the Sylvian fissure (5.5 ml), the basal cisterns
(4.5 ml), the interhemispheric fissure (1.2 ml) and in the ventricles
(1.1 ml). (B) Representative FLAIR image of Imagey,.. on Day 9 at
the skull base. A new hyperintense signal was observed in the
anterior portion of the superior temporal sulcus (arrow). The
corresponding area showed hyperintensity on diffusion-weighted
images and hypointensity on the apparent diffusion coefficient
(ADC) map. These findings suggested a new delayed infarct in the
temporal MCA territory adjacent to the sulcal blood clot seen on
the initial CT scan (arrow). (C) The left angiogram on Day 9
revealed severe vasospasm in the intracranial segment of the
internal carotid artery, the Al, M| and M2 segments (see
arrowheads for left MCA vasospasm). (D) The 3D visualization
depicts the spatial relationship between the delayed MCA infarct
(green label) and the electrode strip (electrodes 1-6). The strip was
located on the left frontolateral cortex, whereas the delayed infarct
evolved in the left temporal cortex. The shortest distance was
measured between the infarct boundary and electrode 6. It
amounted to 28 mm.

bloodpasar and DClyca (r=0.23, P=0.008), and IVH and
DClIpca (r=0.23, P=0.007) (Fig. 4Bi). Applying a
Bonferroni correction with factor 18 (six blood volumes, three
delayed infarct variables), the correlation between blood.onyex
and DClyca remained significant. Thus, the basic hypothesis
was proven for bloodonvex and DCIyica (Fig. 4Ai).

BRAIN COMMUNICATIONS 2023: Page 9 of 20 | 9

Then, we investigated the role of potential mediator
variables (SD variables, TCD-determined peak mbfvs
and DSA variables), which should be associated with
blood volume variables (Table 3) and delayed infarct vol-
ume variables (Table 4). First, we investigated the corre-
lations between blood volumes and SD variables. Because
the four SD variables were highly correlated with each
other, there was a clear pattern: Blood onyex (correlations
between 0.24 and 0.29) (Fig. 4Aii) and bloodsyiyian (correla-
tions between 0.21 and 0.30) were correlated with each SD
variable, whereas bloodiyer, bloodyasa, ICH and IVH were
not. Applying a Bonferroni correction with factor 24 (six
blood volumes, four SD variables), four of these eight corre-
lations remained significant. Furthermore, SD variables
were correlated with each of the delayed infarct volume
variables. Correlations of SD variables were larger with
DClyca (0.46-0.55) (Fig. 4Aiii) and smaller with DCIxca
(0.18-0.23) and DClIpca (0.19-0.26). After Bonferroni cor-
rection with factor 12 (four SD variables, three delayed in-
farct volume variables), each of the four correlations
between SD variables and DCly;ca remained significant.
Thus, using the assumption that SD variables are in the
pathway between blood volume variables and delayed in-
farct volume variables, the role of a mediator was supported
by the correlation analyses. A more precise analysis is pre-
sented in the ‘Path analysis’ section.

Applying the same procedure to peak mbfvs, we only
found one correlation between bloodonyex and mbfvyica
(r=0.21, P=0.02), which was not significant after
Bonferroni correction with factor 18 (six blood volume
variables, three peak mbfvs for MCA, ACA and PCA).
Of nine correlations between peak mbfvs and delayed in-
farct variables, four had uncorrected P-values smaller
than 0.05 [mbfVMCA with DCIMCA, (1’= 020, PIOOZ),
mbfVACA with DClyca (T=0.24, P=001), mbfVACA
with DClIpcs (r=0.32, P<0.001) and mbfvpcs with
DClIyca (r=0.22, P=0.03)]. The correlation between
mbfvaca and DClpca remained significant after
Bonferroni correction. We concluded that peak mbfvs
were not a mediator variable although they were asso-
ciated with delayed infarcts. Based on these results,
we did not further examine this variable in the path
analysis. Regarding DSA variables, we found eight
correlations, one between blood.onyex and DSAy,, two be-
tween bloodier and DSA; and DSA,,, none between
bloodsyivian or ICH and any DSA variable, one between
bloodpasai and DSAa», and four between IVH and
DSAn, DSAA», DSAp; and DSAp,. Two of these correla-
tions, bloodiner with DSA, (r=0.31, P=0.001) and
IVH with DSA4 (r=0.35, P = 0.001) (Fig. 4Bii) remained
significant after Bonferroni correction with factor 36 (six
blood volumes and six DSA variables). Furthermore, we
found eight correlations between DSA variables and de-
layed infarct volume variables. Each of the DSA variables
was correlated with DCIca, and additionally, DSAy
and DSA,; with DClyca. After Bonferroni correction
with factor 18 (six DSA variables, three delayed infarct
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Figure 3 A cluster of seven SDs is shown that occurred in the same patient as in Fig. 2 during a period of 4 h on Day 7 after the
initial haemorrhage. Traces 1-6 from top to bottom give the DC/AC-ECoG recordings (band-pass: 0—45 Hz). SDs are observed as a negative
DC shift (marked in red in the traces). The SDs propagated across the cortex from electrode 6 to electrode |. The direction of the propagation
(shown by the red arrows) suggests that the SDs originated in an area closer to electrode 6 than to electrode |. An artefact that likely relates to a
systemic change in partial pressure of oxygen is marked with an asterisk after the first SD in traces 2—6. The following six traces (7—12) show the
depressive effect of the SDs on the spontaneous brain activity as assessed in the high frequency band (AC-ECoG, band-pass: 0.5-45 Hz). Note that
the activity depression propagates together with the SDs in the tissue (blue arrows). The spontaneous activity recovers after each SD only in
electrode | (trace 7) and partially in electrode 2 (trace 8). In contrast, a persistent depression of activity is observed after the second SD in
electrodes 3-5 (traces 9—1 1) and after the first SD in electrode 6 (trace 12). Thus, SDs 2—7 propagate in electrically silent tissue and are classified
accordingly as isoelectric SDs.”? Of note, the longest SD-induced activity depression is found in trace |2 closer to the origin of SDs. Trace 13
shows the intracranial pressure measured via extraventricular drainage catheter. Trace |4 shows the systemic arterial pressure (measured via

radial artery catheter).

variables), the correlations of DSA,, with DCIzca (7=
0.33, P=0.001) (Fig. 4Biii), and of DSAp; with DClsca
(r=0.33, P=0.002) remained significant. Therefore, we
considered angiographic vasospasm as a potential medi-
ator in the path analysis.

Principal component and path
analysis

For each group of variables, the first principal component
was used in the path analysis. We refrained from calculating
a structural equation model, as single variables were far from
normally distributed, although the principal components of
blood volume (bloodcomponent), SD variables (SDcomponent)s
peak mbfvs (mbfveomponent) and angiographic vasospasm

(DSA component) Were close to normal distribution. In the first
path model, we only included SD variables, as there were
many missing values for peak mbfvs and DSA variables
and our primary interest was to investigate the potential
role of SDs. Standardised path coefficients (pc) were 0.22
for the path from bloodcomponent t0 SDcomponent (P =0.010,
2=2.56); and 0.44 for the path from SDcomponent to the first
principal component of delayed infarct volume
(DClcomponent) (P <0.001, z=15.54); but only 0.07 for the
direct path from bloodcomponent 10 DCleomponent (P =0.36,
z2=0.91) (Fig. SA). Thus, the role of SDs as a mediator be-
tween blood volume and delayed infarct volume was
confirmed.

For DSA variables, the path from DSAcomponent tO
DClomponent had a standardised pc of 0.37 (P <0.001, z=
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Table 2 Spearman correlations between region-specific
blood volumes and delayed cortical infarct volumes

Number
Statistical Spearman of
analysis Variable coefficient P-value patients
Association bloodconvex —0.03 0.691 136
analysis with
DClaca
blood;ncer 0.19 0.030 136
bloodsyivian 0.0l 0.899 136
bloodpasal 0.07 0.409 136
ICH 0.07 0418 136
IVH 0.23 0.007 136
Association bloodconvex 0.32 <0.001 136
analysis with
DClmca
blood;ncer 0.09 0.297 136
bloodsyivian 0.25 0.003 136
bloodpasal 023 0.008 136
ICH 0.07 0.420 136
IVH 0.12 0.181 136
Association bloodconvex 0.10 0.269 136
analysis with
DClpca
blood;ncer —-0.05 0.572 136
bloodsyivian 0.03 0.704 136
bloodyzsai 0.01 0.890 136
ICH 0.10 0.268 136
IVH 0.15 0.085 136

Statistically significant values are marked in bold.

All given data only refer to the hemisphere ipsilateral to the subdural electrodes.
bloodp,s, = subarachnoid blood volume in the basal cisterns; bloodgnyex=
subarachnoid blood volume on the cerebral convexity; blood;,- = subarachnoid blood
volume in the interhemispheric fissure; bloodsyiian = subarachnoid blood volume in the
Sylvian fissure; DClaca =delayed infarct volume in the territory of the anterior
cerebral artery; DClmca =delayed infarct volume in the territory of the middle
cerebral artery; DClpca = delayed infarct volume in the territory of the posterior
cerebral artery; ICH = intracerebral haemorrhage; IVH = intraventricular haemorrhage.

3.67). However, the pc was only 0.12 (P =0.28,z = 1.08) for
the path from bloodcomponent t0 DSAcomponent Which ques-
tions the role of angiographic vasospasm as a mediator vari-
able between blood volume and delayed infarct volume,
although there was a clear association between angiographic
vasospasm and delayed infarct volume. For mbfveomponents
pc were all <0.20. Therefore, this component was not in-
cluded in further analyses.

Based on these analyses, we constructed a path model with
the extrinsic variables blood volume and angiographic vaso-
spasm, one mediator variable (SD) and the outcome variable
delayed infarct volume. In this model, pc did not change con-
siderably compared to the separate analyses for SD and angio-
graphic vasospasm: There was a path from bloodcomponent tO
SDcomponent  (pc=0.19, P=0.03, z=2.17), and from
SDcomponent 0 DCleomponent (pe =027, P=0.002, z=3.06),
and a direct path from DSA omponent t0 DCleomponent (PC=
0.30, P <0.001, z= 3.65). The model showed an excellent fit
(Chi-Square = 1.8, degrees of freedom = 3, P=0.61) (Fig. 5B).

In the principal component analysis, IVH was not repre-
sented in the first component. Thus, based on the correlation
analyses, we constructed a second path model with the prin-
cipal component of blood volume without IVH as first and
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IVH as second extrinsic variable. There were two paths,
one from bloodcomponent 10 DCleomponent With SDcomponent
as mediator variable (pc from bloodcomponent tO
SDcomponent = 0.23, P=0.03, z=2.17; pc from SDcomponent
to DCliomponent = 0.29, P=0.002, z=3.06), and one from
IVH to DClomponent With DSA omponent as mediator variable
(pc from IVH to DSA omponent = 0.24, P=10.03,z=2.17; pc
from DSAcomponent 0 DCleomponent = 0.35, P <0.001, z=
3.65). No additional paths in this model were significant.
This model also showed an excellent fit (Chi-Square = 5.3,
degrees of freedom =6, P=0.51) (Fig. 5C).

Supplementary Table 1 shows correlations between SD vari-
ables, DSA variables and peak mbfvs. SD and DSA variables
did not correlate (Fig. 4Ci). Of 12 correlations between SD
variables and peak mbfvs, 4 had uncorrected P-values smal-
ler than 0.05. None of these remained significant after
Bonferroni correction. Of 18 correlations between peak
mbfvs and DSA variables, 4 had uncorrected P-values smal-
ler than 0.05. After Bonferroni correction with factor 18
(three mbfvs, six DSA variables), the correlation between
mbfvyca with DSAyg remained significant (Fig. 4Cii).

It is assumed that the amount of subarachnoid blood on the initial
CT scan predicts DCL" Supplementary Table 2 lists the studies we
found in which blood was quantified and all studies supported
this.””* Our study basically reaches the same conclusion.
However, we also quantified blood in the sulci of the cerebral con-
vexity, and this component had the strongest statistical associ-
ation with delayed infarcts in the MCA territory, which in turn
accounted for 70.8% of the total cumulative infarct volume in
the 136 patients. In fact, only the correlation between blood onyex
and DCly;cx remained significant with strict Bonferroni correc-
tion. However, with 18 tests, only 1 uncorrected significant result
is expected by chance, and we observed such significances in 5
tests (Table 2). Four of these were related to the same fundamen-
tal hypothesis—local blood deposition on the cortex contributes
to delayed infarct pathogenesis. Therefore, we estimate
Bonferroni correction to be very conservative here and believe
that the fundamental hypothesis above is also supported by the
additional tests, which were significant without Bonferroni cor-
rection. For example, bloodiy. without Bonferroni correction
correlated significantly with delayed infarcts in the ACA territory
adjacent to the interhemispheric fissure, and bloodsyiyian showed
the second strongest correlation with delayed infarcts in the
MCA territory surrounding the Sylvian fissure.

Human autopsy studies shaped the hypothesis that local
blood deposition on the cortex is largely responsible for
infarcts after aSAH,*® which is further supported by radio-
logical findings®"#°-%7 and a primate study.®® This hypoth-
esis implies that direct exposure to factors released from
the clot is critically involved in cortical infarct development
below the clot. Experimentally, an important effect of such
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Table 3 Spearman correlations between region-specific blood volumes and potential mediators of delayed infarction

Statistical analysis Variable Spearman coefficient P-value Number of patients
Association analysis with blood.onyex PTDDDelayed 0.29 0.001 136
peaksp.delayed 0.25 0.003 136
peakisosp-delayed 0.25 0.003 136
Peakeiussp-delayed 0.24 0.005 136
mbfvaca 0.11 0.265 112
mbfvmca 0.21 0.020 128
mbfvpca 0.08 0.442 98
DSAA| -0.01 0915 103
DSAAn —-0.14 0.165 104
DSAM) 0.10 0.302 105
DSAm2 0.24 0014 105
DSAp, 0.05 0.633 91
DSAp, 0.02 0.842 90
Association analysis with blood;, e, PTDDDejayed 0.08 0.342 136
peaksp.delayed 0.04 0.647 136
peakisosD-delayed 0.05 0.542 136
Peak.jussp-delayed 0.03 0.716 136
mbfvaca —-0.08 0.420 112
mbfvmca 0.00 0.993 128
mbfvpca 0.13 0.215 98
DSAAI 0.21 0.032 103
DSAA> 031 0.001 104
DSAM) 0.09 0.345 105
DSAm2 —-0.07 0.454 105
DSAg, —-0.01 0.957 91
DSAp, 0.05 0.677 90
Association analysis with bloodsyiyian PTDDDygelayed 0.28 0.001 136
peaksp.delayed 0.25 0.004 136
peakisosD-delayed 0.30 <0.001 136
peakciussD-delayed 0.21 0.016 136
mbfvaca —-0.02 0.843 112
mbfvmca 0.11 0.215 128
mbfvpca 0.0l 0.930 98
DSAA| —0.06 0.560 103
DSAA2 —0.11 0.281 104
DSAM) —0.04 0.654 105
DSAM2 0.15 0.126 105
DSAp, 0.05 0.663 91
DSAp, 0.07 0.514 90
Association analysis with bloodp,s, PTDDDejayed 0.14 0.100 136
peaksp.delayed 0.09 0.292 136
peakisosp-delayed 0.15 0.088 136
peakciyssD-delayed 0.08 0.331 136
mbfvaca —-0.07 0.491 112
mbfvmca 0.06 0.525 128
mbfvpca 0.16 0.113 98
DSAA| 0.16 0.097 103
DSAA2 0.20 0.043 104
DSAM) 0.03 0.761 105
DSAM2 —-0.02 0.876 105
DSAg, 0.08 0.453 91
DSAp, 0.16 0.125 90
Association analysis with ICH PTDDDejayed 0.10 0.274 136
peaksp.delayed 0.07 0.413 136
Peakisosp-delayed 0.04 0.622 136
peakciyssD-delayed 0.06 0.500 136
mbfvaca 0.08 0.413 112
mbfvmca —-0.03 0.703 128
mbfvpca 0.03 0.806 98
DSAA| 0.08 0419 103
DSAA> 0.06 0.548 104
DSAM) 0.14 0.157 105
DSAM2 0.04 0.697 105

(continued)
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Table 3 (continued)
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Statistical analysis Variable Spearman coefficient P-value Number of patients
DSAp, 0.08 0.450 91
DSAp, 0.04 0.691 90

Association analysis with IVH PTDDDelayed 0.05 0.551 136
peaksp_delayed 0.00 0.977 136
Peakisosp-delayed —-0.03 0.734 136
PeakciyssD-delayed 0.03 0.718 136
mbfvaca 0.10 0.290 112
mbfvmca 0.08 0.399 128
mbfvpca 0.16 0.127 98
DSAA; 0.19 0.058 103
DSAx, 035 <0.001 104
DSAM 0.17 0.088 105
DSAM, 0.20 0.041 105
DSAp, 031 0.003 9l
DSAp, 0.26 0015 90

Statistically significant values are marked in bold.

All given data only refer to the hemisphere ipsilateral to the subdural electrodes. blood,,,s, = subarachnoid blood volume in the basal cisterns; bloodonyex = subarachnoid blood volume on the
cerebral convexity; blood;ye- = subarachnoid blood volume in the interhemispheric fissure; bloodsyyi,n = subarachnoid blood volume in the Sylvian fissure; DSA = digital subtraction
angiography [Al, A2, MI, M2, Pl, P2 =first and second segments of anterior cerebral artery (ACA), middle cerebral artery (MCA) and posterior cerebral artery (PCA) ipsilateral to the
subdural electrodes]; ICH = intracerebral haemorrhage; IVH = intraventricular haemorrhage; mbfvaca = transcranial Doppler-sonography (TCD)-determined peak mean blood flow
velocity of ACA; mbfvica = TCD-determined peak mean blood flow velocity of MCA; mbfvpca = TCD-determined peak mean blood flow velocity of PCA; peakussp.detayed = Peak
number of clustered spreading depolarizations (SD) of a recording day during the delayed period between the early post-intervention neuroimage and the late neuroimage after
completion of neuromonitoring (clustered SD = SD that occurred less than | h apart from the previous SD); peakisosp.-delayed = Peak number of isoelectric SDs of a recording day during
the delayed period (isoelectric SD = SD in electrically inactive tissue); peaksp.delayed = Peak number of SDs of any type of a recording day during the delayed period; PTDDDelayed = peak
value of a recording day for the total (cumulative) SD-induced depression durations during the delayed period.

factors is to induce SDs, which in turn initiate and maintain
neuronal cytotoxic oedema associated with the risk of devel-
oping into infarction. Consistently, focal accumulation of
subarachnoid blood was a sufficient insult to trigger SDs
and early infarcts in a swine model.*” SD induction was
also previously demonstrated in a rat model mimicking
post-aSAH conditions.' In this model, artificial cerebro-
spinal fluid (aCSF), with an increased K* concentration
([K*]acsk) and either a nitric oxide synthase (NOS) inhibitor
or the nitric oxide (NO) scavenger haemoglobin, was applied
topically on the brain.?! The same protocol also induced SDs
in brain slices devoid of intact blood circulation.?” For the
complex role of K*, the reader is referred to previous
work.>%® The prominent role of decreased NO availability
agrees well with the increasingly recognised hypothesis, origin-
ally from Furchgott et al., that clot-derived factors cause NO
deficiency after aSAH.>7*%8%%0 NO deficiency leads directly
to vasoconstriction and, by absence of its permissive effect
for other vasodilators, indirectly as well.>*® NO deficiency
also lowers the SD threshold. This was found not only in
vivo** but also in brain slices®” devoid of intact blood circula-
tion. Previous work suggested that loss of cyclic guanosine
monophosphate (cGMP)-independent modulatory effects
of NO on neuronal P/Q-type voltage-gated Ca** channels
and N-methyl-D-aspartate receptor-controlled channels
are responsible for this.”’ However, even in absence of
NO-lowering agents, increased microvascular tone can
cause SDs due to an imbalance between energy supply
and demand of neurons. This was demonstrated in an in
vivo model with ascending epipially applied concentrations
of the vasoconstrictor polypeptide endothelin-1, which
failed in brain slices.”* There are both arguments in favour

of and against vasoconstriction triggering SDs after aSAH.”
For example, this hypothesis is supported by the fact that
SD-induced spreading ischaemia leading to cerebral infarction
started at a median p;O, of 12.5 (IQR: 9.2, 15.2) mmHg,'®
which is already below the normal range.”* During spreading
ischaemia, p;O, then fell further to 3.3 (2.4, 7.4) mmHg.'®
Similarly, rCBF showed a downward trend even before the
onset of SD-induced spreading ischaemia. Immediately be-
fore the onset of the spreading ischaemia leading to infarc-
tion, rCBF was 57 (53, 65) % compared to baseline and
then dropped to 26 (16, 42) % during the spreading ischae-
mia.'® On the other hand, it argues against the hypothesis of
vasoconstriction being responsible for SDs after aSAH that
DSA-derived peripheral cerebral circulation time as a meas-
ure of microcirculatory resistance did not correlate with SD
variables or DCI in patients.”® In addition, SD clusters after
aSAH correlate strongly with clinical neurologic deficits, but
there are cases of aSAH patients in whom SD clusters were
not followed by delayed infarcts but only by reversible de-
layed vasogenic cortex oedema, reminiscent of MRI findings
in familial hemiplegic migraine.* In the present study, we
cannot clarify the exact pathomechanisms by which SDs
arise, but we found evidence that subarachnoid clots overly-
ing the cortex are associated with SD variables, that SD vari-
ables are significantly associated with delayed infarcts, and
that the SD component is a statistical mediator between
subarachnoid blood and delayed infarcts. The fact that
extravascular blood products and especially haemoglobin
have complex degradation pathways’® that may vary
from patient to patient and could have an important influ-
ence on the development of DCI and even beyond on pa-
tient outcome could not be considered in the present
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Figure 4 Correlation analyses. In the principal component and path analyses, we found two paths, one from extravascular blood volume

component (bloodcomponent) to delayed cerebral ischaemia component (DClcomponent) With spreading depolarization component (SDcomponent) @S
mediator variable, and one from IVH to DClcomponenc With DSA component as mediator variable. (A) Three strongest correlations between
individual variables from the three variable groups involved in the path from bloodcomponent t© SDcomponent t© DClcomponent. (B) Three strongest

correlations between individual variables from the three variable groups involved in the path from IVH to DSA

. to DCI

« (Ci) The

electrode strip was typically located on the cortex of the territory of the MCA. However, there was no correlation between angiographic
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Table 4 Spearman correlations between potential mediators and delayed cortical infarct volumes

Statistical analysis Variable Spearman coefficient P-value Number of patients
Association analysis with DClaca PTDDDgelayed 0.19 0.024 136
peaksp.delayed 0.18 0.042 136
peakisosD-delayed 0.23 0.006 136
peak.ussp-delayed 0.18 0.033 136
mbfvaca 0.15 0.126 112
mbfvmca 0.16 0.076 128
mbfveca 0.0l 0.936 98
DSAA, 0.23 0.017 103
DSAx, 033 0.001 104
DSAM, 0.22 0.025 105
DSAM, 0.21 0.031 105
DSAg, 033 0.002 91
DSAp, 031 0.003 90
Association analysis with DClyca PTDDDgelayed 0.55 <0.001 136
peaksp_delayed 0.47 <0.001 136
peakisosp-delayed 0.50 <0.001 136
PeakciyssD-delayed 0.46 <0.001 136
mbfvaca 0.24 0010 112
mbfvmca 0.20 0.021 128
mbfvpca 0.22 0.031 98
DSAA| 0.21 0.030 103
DSAA2 0.10 0318 104
DSAM/ 0.25 0.012 105
DSAM, 0.16 0.099 105
DSAg, 0.08 0.456 9l
DSAp, 0.12 0.257 90
Association analysis with DClpca PTDDDelayed 0.22 0012 136
peaksp.delayed 0.26 0.003 136
Peakisosp-delayed 0.24 0.006 136
Peakcussp-delayed 0.19 0.031 136
mbfvaca 0.32 <0.001 112
mbfvmca 0.12 0.172 128
mbfvpca 0.19 0.056 98
DSAA 0.11 0.265 103
DSAx; 0.15 0.122 104
DSAM, 0.06 0.563 105
DSAm2 —-0.02 0.874 105
DSAp —-0.02 0.868 9l
DSAp, 0.04 0.700 90

Statistically significant values are marked in bold.

Al given data only refer to the hemisphere ipsilateral to the subdural electrodes. DClaca = delayed infarct volume in the territory of the anterior cerebral artery; DClmca = delayed infarct volume

in the territory of the middle cerebral artery; DClpca = delayed infarct volume in the terri

itory of the posterior cerebral artery; DSA = digital subtraction angiography (Al, A2, MI, M2, PI,

P2 = first and second segments of ACA, MCA and PCA ipsilateral to the subdural electrodes); ICH = intracerebral haemorrhage; IVH = intraventricular haemorrhage; mbfvaca = transcranial
Doppler-sonography (TCD)-determined peak mean blood flow velocity of ACA; mbfvmca = TCD-determined peak mean blood flow velocity of MCA; mbfvpcs = TCD-determined peak
mean blood flow velocity of PCA; peakussp.delayed = peak number of clustered spreading depolarizations (SD) of a recording day during the delayed period between the early
post-intervention neuroimage and the late neuroimage after completion of neuromonitoring (clustered SD = SD that occurred less than | h apart from the previous SD); peakisosp.deiayed =

peak number of isoelectric SDs of a recording day during the delayed period (isoelectri
recording day during the delayed period; PTDDDejayeq = peak value of a recording day for

study for methodological reasons. Iron deposits, which are
likely toxic and an end product of these degradation path-
ways, can still be detected in the cortex months after the ini-
tial haemorrhage, which may further worsen long-term
patient outcomes.®!?”

Figure 4 Continued

ic SD=SD in electrically inactive tissue); peaksp.delayed = peak number of SDs of any type of a
the total (cumulative) SD-induced depression durations during the delayed period.

Analysis of angiographic vasospasm revealed that both
the correlation of blood;,e., and IVH with DSA , remained
significant with strict Bonferroni correction. Furthermore,
only two uncorrected significant results are expected by
chance in 36 tests, but we observed such significances in a

vasospasm in the M| segment (or M2 segment, see Supplementary Table |) of the MCA (DSAw,) with the SD variables [shown here is the
PTDDDygelayed (peak value of a recording day for the total (cumulative) SD-induced depression durations during the delayed period)]. (Cii) In

contrast, the TCD-determined peak mean blood flow velocity of the
volume on the cerebral convexity; DClaca = delayed infarct volume

MCA (mbfvmca) correlated with DSAp . blood onyex = subarachnoid blood
in the territory of the anterior cerebral artery (ACA); DClyca = delayed

infarct volume in the territory of the MCA; DSAA, = DSA score of the A2 segment of the ACA.
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Figure 5 Path models. (A) The first principal component of the SD variables (SDcomponen) Mediates the effect of the blood volume variables
(bloodcomponent) on delayed infarct volumes (DClcomponent)- (B) Path model treating bloodcomponenc and the first principal component of the DSA
variables (DSAcomponent) s extrinsic variables and SDcomponent a5 mediator variable. (C) Path model including IVH into the analysis. There were
two paths, one from bloodcomponent t0 DClcomponent With SDcomponent @ mediator variable, and one from IVH to DClcomponent With DSA omponent as
mediator variable. The numbers at the arrows represent the pc and the P-values (the corresponding z-values are found in the text). P-values of path
models use the standard normal distribution for quotients of unstandardised pc and their standard errors and Chi-square tests for model fit with

degrees of freedom equal to ‘number of parameters saturated model minus number of parameters actual mode

total of 8 correlations between blood and DSA variables
(Table 3). In the correlation analyses between DSA vari-
ables and delayed infarcts, two correlations remained sig-
nificant with Bonferroni correction. Without Bonferroni
correction, we observed significances in eight correlations,
while only one uncorrected significant result would be ex-
pected by chance. Overall, this supports an association be-
tween blood volume and DSA variables and another
association between DSA variables and delayed infarcts.
In the path analyses, the DSA component was a statistical
mediator in a path from IVH to delayed infarcts. Possibly,
blood products from the ventricles slowly move to the ven-
ous system via the glymphatic system, i.e. via para-arterial
spaces. In this way, they could reach the arterial tunica

I 78

media and induce a local and, via conduction mechanisms
between myocytes, also more widespread vasospasm. A
prominent role of IVH for angiographic vasospasm has
been discussed previously, for example, in the context of
angiographic vasospasm after rupture of arteriovenous
malformations.”®??

SD and DSA variables did not correlate. Of 12 correlations
between SD variables and peak mbfvs, 4 had uncorrected
P-values <0.05, while <1 would have been expected by
chance. However, none of these correlations remained signifi-
cant after Bonferroni correction. Reduced perfusion from
proximal vasospasm should favour SDs according to animal
studies,>*? but in agreement with previous clinical observa-
tions, we found no statistically significant evidence for this.**
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Cerebral infarction is tissue death (necrosis) in which, in
addition to SD/neuronal cytotoxic oedema, a lack of rCBF
to the tissue, commonly referred to as ischaemia, occurred
before the development of necrosis. As explained in the
‘Introduction’ section, cerebral ischaemia may occur primar-
ily and trigger secondary SD/neuronal cytotoxic oedema
with a delay of 1-5 min, such as after MCA occlusion,'® or
SD/neuronal cytotoxic oedema may occur primarily, e.g. as
a result of primary neuronal or astrocytic disruption or local
inflammation, and trigger spreading ischaemia within sec-
onds via the mechanism of the inverse haemodynamic re-
sponse.’! The standard experimental protocol for causing
spreading ischaemia is brain topical application of aCSF con-
taining elevated [K*],csr combined with either an NOS in-
hibitor or the NO scavenger haemoglobin.?! The original
hypothesis in 1998 that spreading ischaemia might be a
pathophysiological correlate of delayed infarcts after aSAH
was based on the consideration that the release of blood pro-
ducts from the clot creates a microenvironment similar to that
which experimentally leads to spreading ischaemia.?! Indeed,
the phenomenology of spreading ischaemia later recorded in
aSAH patients using subdural optoelectrode strips and oxy-
gen sensors is not different from experimentally recorded
spreading ischaemia in the animal model.*'®**In 2018, using
neuromonitoring in combination with longitudinal neuroima-
ging, the entire sequence of infarct development after aSAH
with SD-induced persistent activity depression, SD-induced
spreading ischaemia and transition from clustered SDs to
NUP was demonstrated in a small patient population where
the recording devices were located directly in the area of newly
developing infarcts.'® The concept that local factors at the
cortex surface suffice to initiate the mechanism of spreading
ischaemia®’ is also consistent with observations in
DISCHARGE-1 that 14.5% of patients with delayed infarcts
had no angiographic vasospasm and 50% had only relatively
mild angiographic vasospasm.* The often extreme hyper-
aemia typically observed in aSAH patients immediately fol-
lowing severe spreading ischaemia also argues against
sustained upstream restriction of rCBF as the principal cause
of spreading ischaemia, as sustained upstream restriction of
rCBF would not allow hyperaemia of such high amplitude
to occur (compare figure 7 in Dreier et al.** and figure 6A in
Luckl ez al.'®). Nevertheless, experimentally, upstream reduc-
tion in rCBF further shifts the normal haemodynamic re-
sponse to SD towards the inverse haemodynamic
response.”>'% That is, proximal vasospasm should exacer-
bate spreading ischaemia, although this may not necessarily
translate into a statistically significant change in SD count or
depression periods, which, after all, are measured in 71% of
patients with electrodes outside the ischaemic zone proper,
i.e. outside the zone where spreading ischaemia occurs.*

Conclusion

We found that SDs are a statistical mediator between sub-
arachnoid blood and delayed infarcts. Our results suggest
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that especially the blood in sulci and fissures, which was usu-
ally not considered in previous analyses, plays a major role in
the pathogenesis of delayed infarcts. Thus, delayed infarcts
may depend on downstream rather than upstream mechan-
isms and on not only vascular but also important parenchy-
mal factors. This may explain why robust antagonization of
proximal vasospasm alone did not suffice to effectively pre-
vent delayed infarcts.'®'"1% However, our results also sup-
port that angiographic vasospasm, SD and spreading
ischaemia are not mutually exclusive pathomechanisms but
complement each other, and we would therefore advocate
that therapeutic combination approaches also be pursued
further. A limitation of our study is the restricted spatial sam-
pling with only six subdural electrodes. The majority of the
electrodes were typically located over MCA territory.
Accordingly, the correlation between SD variables and
DClIyca was higher than the correlations between SD vari-
ables and DCIsca or DCIpca. On the other hand, the fact
that correlations between SD variables and DCIsca or
DClIpca were also statistically significant illustrates once
again that subdural neuromonitoring affords even remote
detection of injury because SDs propagate widely from meta-
bolically stressed zones.”? This is a particular advantage of
ECoG over other neuromonitoring modalities, such as mi-
crodialysis and partial pressure of oxygen measurements,
that measure only local conditions and may not detect clinic-
ally important changes developing elsewhere in the hemi-
sphere. Remote diagnosis of new ischaemic zones is of
particular relevance to patients with aSAH because the exact
location of future developing pathology is usually unknown
when the neurosurgeon implants neuromonitoring devices.

Supplementary material

Supplementary material is available at Brain Communications
online.
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