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Focal brain damage after aneurysmal subarachnoid haemorrhage predominantly results from intracerebral haemor-
rhage, and early and delayed cerebral ischaemia. The prospective, observational, multicentre, cohort, diagnostic
phase III trial, DISCHARGE-1, primarily investigated whether the peak total spreading depolarization-induced de-
pression duration of a recording day during delayed neuromonitoring (delayed depression duration) indicates de-
layed ipsilateral infarction.

Consecutive patients (n = 205) who required neurosurgery were enrolled in six university hospitals from September
2009 to April 2018. Subdural electrodes for electrocorticography were implanted. Participants were excluded on the
basis of exclusion criteria, technical problems in data quality, missing neuroimages or patient withdrawal (n=25).
Evaluators were blinded to other measures.

Longitudinal MRI, and CT studies if clinically indicated, revealed that 162/180 patients developed focal brain damage
during the first 2 weeks. During 4.5 years of cumulative recording, 6777 spreading depolarizations occurred in 161/180
patients and 238 electrographic seizures in 14/180. Ten patients died early; 90/170 developed delayed infarction ipsi-
lateral to the electrodes. Primary objective was to investigate whether a 60-min delayed depression duration cut-off
in a 24-h window predicts delayed infarction with >0.60 sensitivity and >0.80 specificity, and to estimate a new cut-
off. The 60-min cut-off was too short. Sensitivity was sufficient [=0.76 (95% confidence interval: 0.65-0.84), P=0.0014]
but specificity was 0.59 (0.47-0.70), i.e. <0.80 (P < 0.0001). Nevertheless, the area under the receiver operating charac-
teristic (AUROC) curve of delayed depression duration was 0.76 (0.69-0.83, P < 0.0001) for delayed infarction and 0.88
(0.81-0.94, P < 0.0001) for delayed ischaemia (reversible delayed neurological deficit or infarction). In secondary ana-
lysis, a new 180-min cut-off indicated delayed infarction with a targeted 0.62 sensitivity and 0.83 specificity. In awake
patients, the AUROC curve of delayed depression duration was 0.84 (0.70-0.97, P=0.001) and the prespecified 60-min
cut-off showed 0.71 sensitivity and 0.82 specificity for reversible neurological deficits. In multivariate analysis, de-
layed depression duration (3=0.474, P<0.001), delayed median Glasgow Coma Score (8=-0.201, P=0.005) and
peak transcranial Doppler (3 =0.169, P =0.016) explained 35% of variance in delayed infarction. Another key finding
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was that spreading depolarization-variables were included in every multiple regression model of early, delayed and
total brain damage, patient outcome and death, strongly suggesting that they are an independent biomarker of pro-
gressive brain injury.

While the 60-min cut-off of cumulative depression in a 24-h window indicated reversible delayed neurological deficit,
only a 180-min cut-off indicated new infarction with >0.60 sensitivity and >0.80 specificity. Although spontaneous
resolution of the neurological deficit is still possible, we recommend initiating rescue treatment at the 60-min rather
than the 180-min cut-off if progression of injury to infarction is to be prevented.
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cytotoxic oedema; spreading depolarization; spreading ischaemia; subarachnoid haemorrhage;
vasospasm

ABT =abnormal brain tissue; aSAH=aneurysmal subarachnoid haemorrhage; DCI=delayed
cerebral ischaemia; DND =delayed neurological deficit; DISCHARGE-1=depolarizations in ischaemia after
subarachnoid haemorrhage-1; DSAS =digital subtraction angiography score; ECI=early cerebral ischaemia; ECoG
=electrocorticography; (e)GOS = (extended) Glasgow Outcome Score; ICH=intracerebral haemorrhage; ICP=
intracranial pressure; MAP=mean arterial (blood) pressure; mbfv=mean blood flow velocity; MCA =middle
cerebral artery; MWRST = Mann-Whitney rank sum test; NUP =negative ultraslow potential; PTDDD =peak total
spreading depolarization-induced depression duration of a recording day; RMS =Rosen-Macdonald score; SD=

spreading depolarization; TCD=transcranial Doppler sonography; TDDD=total (cumulative) SD-induced
depression duration; WFNS = World Federation of Neurosurgical Societies score

Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) is the second most
frequent type of haemorrhagic stroke."? Most prominent aetiolo-
gies of focal brain damage associated with aSAH are intracerebral
haemorrhage (ICH),>* and infarction due to either early cerebral is-
chaemia (ECI),>® or delayed cerebral ischaemia (DCI).”*° Delayed in-
farcts are those that develop >2 days after the initial haemorrhage.
DCl is thus a potentially modifiable aetiology of focal brain damage
during neurocritical care, as it allows treatment of patients with a
neuroprotective intervention before the possible insult or shortly
thereafter. The risk of DCI is particularly high after severe aSAH.
Severe cases require 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 pa-
tients who suffer from the complication. However, neurosurgical pro-
cedures are indicated early after aSAH, allowing implantation of
invasive probes. This enables recording of the entire period of ischae-
mic stroke development, early treatment stratification according to
changes in diagnostic summary measures recorded by neuromoni-
toring devices in real time and then reassessment of these measures
after neuroprotective interventions.?

In animals, spreading depolarization (SD) is the electrophysio-
logical correlate of the initial, still-reversible phase of neuronal
cytotoxic oedema in the cerebral grey matter.>*° SD is imaged ex-
perimentally as a wave of diffusion restriction with MRI [diffusion-
weighted images (DWI)-MRI] or neuronal swelling with two-photon
microscopy.*¢?°?2 Neurons die if depolarization and cytotoxic
oedema persist, as determined by a negative ultraslow potential
(NUP) in electrophysiology and continued diffusion restriction in
DWI-MRL*®&! Therefore, it has been suggested that SD may serve
as a real-time mechanistic biomarker for impending parenchyma
damage after aSAH.*?*2°

In patients and animals, SD is observed as a large negative direct
current (DC)-electrocorticography (ECoG) shift that spreads be-
tween adjacent recording sites (Fig. 1B).™* In contrast, SD-induced
spreading depression of spontaneous activity is observed as a rap-
idly evolving reduction in amplitudes in alternating current-ECoG
recordings (Fig. 1B).2%?’

Primary objective of the prospective, observational, multicen-
tre, cohort, diagnostic phase III trial ‘Depolarizations in ischaemia
after subarachnoid haemorrhage-1’ (DISCHARGE-1) was to calcu-
late: (i) sensitivity; and (ii) specificity for a known cut-off value for
the peak total SD-induced depression duration of a recording day
(PTDDD) during the delayed neuromonitoring period (PTDDDgelayed)
that indicates delayed ischaemic infarcts ipsilateral to the recording
strip as assessed by serial neuroimaging; and (iii) to estimate a
new cut-off value. As formulated a priori (https://doi.org/10.1186/
ISRCTNO05667702) and explained in detail in the published recommen-
dations of the Co-Operative Studies on Brain Injury Depolarizations
(COSBID) (https://www.cosbid.org/) on recording and analysis of
SDs,? the concept of this approach is that a yet-to-be developed auto-
mated detection system will in the future trigger an alarm as soon as
the cumulative SD-induced depression duration in the sliding win-
dow of the just-past 24-h period exceeds a cut-off to initiate treatment
before the injury has progressed to infarction. Secondary outcome
measures in DISCHARGE-1 were: (i) occurrence of delayed neurologic-
al deficit (DND) in clinically assessable, non-sedated patients; (ii)
manually segmented volumes of ipsilateral damage due to ICH, ECI
and DCI alone, or in combination; (iii) semi-automatically segmented
ipsilateral abnormal brain tissue (ABT) (reflecting cytotoxic or vaso-
genic oedema, gliosis or haemorrhage) as a percentage of ipsilateral
brain volume in early MRIs (ABT%sear1y) and MRIs after neuromonitor-
ing (ABT%pay14); (iv) extended Glasgow Outcome Score (eGOS) at 7
months; and (v) death to follow-up. We also performed secondary
multivariate analyses whether: (i) variables of the early neuromoni-
toring period were associated with the volume of early focal brain
damage; (ii) variables of the delayed period—including daily transcra-
nial Doppler (TCD) and delayed digital subtraction angiography (DSA)
—with delayed damage; and (iii) variables of the entire neuromonitor-
ing period with total brain damage. In further analysis, we used step-
wise prognostic models to determine the impact of the different
variables on patient outcome at 7 months. Young age and severe com-
plications make aSAH one of the leading causes of brain death world-
wide.?® The relative youth of the affected individuals means that
aSAH is responsible for a quarter of all years of life lost due to stroke.?
Therefore, we also investigated potential predictors of (i) early in-
hospital death; and (ii) delayed death. All of these secondary analyses
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Figure 1 Methodological approach that allowed the correlation of SD variables with parenchymal damage volumes. (A) Study flow chart. CTA = CT
angiography; DSA = digital subtraction angiography; eGOS = extended Glasgow Outcome Score; TCD = transcranial Doppler sonography. (B)
Example SD. Traces 1-5 from top to bottom give the DC/AC-ECoG recordings (band-pass: 0-45 Hz). SD is observed as a negative DC shift (green arrow
in trace 5) propagating across the cortex from electrode 6 to electrode 2. Traces 6-10 reveal the depressive effect of the SD on the spontaneous activity
as assessed in the high-frequency band between 0.5 and 45 Hz using the integral of the total power of the band-pass filtered data.?® The duration of the
depression period was scored beginning at the initial decrease in the integral of power and ending at the start of the recovery phase (red arrow).>>®
Traces 11-14 give regional cerebral blood flow (rCBF) recorded with four optodes between the five electrodes. SD is known to induce tone alterations in
resistance vessels (red asterisks), causing either transient hyperperfusion (physiological haemodynamic response) in healthy tissue; or initial hypo-
perfusion [inverse haemodynamic response =spreading ischaemia (marked in grey)] in tissue where the neurovascular unit is disturbed.®'*>*
Trace 15: tissue partial pressure of oxygen measured with an intraparenchymal oxygen sensor close to optode 3—4. Trace 16: intracranial pressure
[measured via extraventricular drainage (EVD) catheter]. Trace 17: systemic arterial pressure (measured via radial artery catheter). (C) Time course
of SD variables and focal brain damage in the same patient as in B. Row 1 in C shows the progression of focal brain damage from MRI1 to MRI2 to
MRI3 based on manual neuroimage segmentation of the hemisphere ipsilateral to the recording strip. MRI3 was performed after the end of neuromo-
nitoring. Row 2 shows abnormal brain tissue (ABT) ipsilateral to the recording strip as a percentage of ipsilateral brain volume (ABT%) based on semi-
automated neuroimage segmentation of MRI1, MRI2 and MRI3. ABT%eary: ABT% of the early MRI (MRI1), ABT%pay14: ABT% of the MRI after the end of
neuromonitoring (MRI3). Rows 3 and 4: For each day, SDs were counted and depression durations were scored to determine the total duration of
SD-induced activity depression per recording day (TDDD) (row 3) and the total number of SDs per recording day (row 4). The peak TDDD (PTDDD)
and peak SDs/day (peaksp) were defined for each patient as the maximal values among all recording days (indicated with a dark grey and dark blue
bar, respectively). (D) Longitudinal MRIs of the same patient as in B and C are presented at the level of the centrum semi-ovale. MRI1 showed neither
ICH nor focal damage due to ECI. Fluid attenuation inversion recovery (FLAIR) images (row 1) showed only a hyperintense rim around an EVD catheter
contralateral to the recording strip, consistent with vasogenic oedema. MRI2 revealed a hyperintense lesion on FLAIR (row 1) and DWI (row 2) in the left
frontal cortex indicating a delayed infarct ipsilateral to the recording strip. Another delayed infarct was found in MRI3 on Day 13. Marked in green and
purple, row 3 shows the ipsilateral focal damage due to DCI based on manual neuroimage segmentation. Bordered in red, row 4 shows ABT based on
semi-automated neuroimage segmentation.

addressed the same fundamental hypothesis of whether SD variables [Campus Benjamin Franklin (n=66) and Campus Virchow
are an independent biomarker of progressive brain injury and Klinikum (n=61), Charité-Universitdtsmedizin Berlin; University
whether this is true for all conditions and time windows studied. of Bonn (n=26); Goethe-University Frankfurt (n=23); University

of Cologne (n=16) and University Hospital Heidelberg (n = 13)] be-

tween September 2009 and April 2018 (Supplementary Fig. 1). Five
Materials and methods out of 205 patients were excluded based on exclusion criteria
(Supplementary material and Supplementary Fig. 2). Twenty of
the remaining 200 participants were excluded from analysis
because of technical problems in data quality, missing neuroi-
Patients with aSAH were screened for study inclusion and were mages or patient withdrawal (Supplementary material and
consecutively enrolled in DISCHARGE-1 at six university hospitals Supplementary Fig. 2). The protocol was approved by the local

Standard protocol approvals, registrations and
patient consent
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Figure 2 Description of the study population—first part. (A) Manually segmented volumes of focal brain damage due to ICH, ECI and DCI. For this com-
parison, ipsilateral and contralateral cerebral hemisphere and infratentorial brain including brainstem and cerebellum were considered.

(Continued)
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DISCHARGE-1

ethics committees of all participating universities. Either informed
consent or surrogate informed consent was obtained. Research was
conducted in accordance with the Declaration of Helsinki. Results
are reported in accordance with the Strengthening the Reporting
of Observational Studies in Epidemiology guidelines (https://
www.strobe-statement.org/). DISCHARGE-1 was preregistered at
the ISCRTN registry (https://doi.org/10.1186/ISRCTN05667702).
Minor deviations from the preregistration are explained in the
Supplementary material.

Figure 1A shows the study flow. Inclusion and exclusion criteria are
given in the Supplementary material. Study protocol, clinical scores
and definitions, neuroimaging and neuromonitoring are described
in the Supplementary material. Recording, analysis and interpret-
ation of SDs followed the published recommendations of the
COSBID group.?® Importantly, in every patient, the first 24-h period
after the initial haemorrhage was always denoted as ‘Day 0’, the se-
cond 24-h period as ‘Day 1’ and so on. Figure 1C illustrates the ap-
proach that allowed correlation of SD variables with parenchymal
damage volumes. In brief, for each recording day of each patient,
we determined the following: (i) total (cumulative) SD-induced de-
pression duration (TDDD); (ii) number of SDs; (iii) number of SDs in
electrically inactive tissue (isoelectric SDs)?***°; and (iv) number of
clustered SDs, i.e. SDs that occurred <1 h apart from the previous
SD. Supplementary Fig. 3 shows the overall time courses of
TDDDs, number of SDs, number of isoelectric SDs and number of
clustered SDs for each 24-h period from Days O to 14 after the initial
haemorrhage. In total, 2017 24-h periods at a sampling rate of
200 Hz were available in the 180 patients for which the four SD vari-
ables could be determined. In every patient, we then determined
peak values of a recording day for each SD-variable resulting in (i)
PTDDD; (ii) peak number of SDs of any type (peaksp); (iii) peak

BRAIN 2022: 145; 1264-1284 | 1269

number of isoelectric SDs (peakisosp); and (iv) peak number of clus-
tered SDs (peakqussp). This was done for three predefined periods:
(i) the early period (Days 0-3 after the initial haemorrhage); (ii) the
delayed period between the early neuroimage on Day 2 (median)
[interquartile range (IQR): Days 1-3] and the neuroimage after the
end of neuromonitoring on Day 14 (IQR: 13-16); and (iii) the entire
neuromonitoring period. Neuromonitoring time was similar be-
tween patients with and without delayed infarction [231.1 h (IQR:
192.3-270.1, n=90) versus 233.7 h (IQR: 188.6-277.8, n=80), P=
0.458, Mann-Whitney rank sum test (MWRST)].

Parenchymal damage volumes were determined via either
manual or semi-automated neuroimage segmentation as shown
in Fig. 1D (Supplementary material). Manual segmentation allowed
us to analyse both MRIs and CTs and determine damage volumes
separately by ICH, ECI or DCI. Volumes of ICH and ECI were added
together to obtain tissue loss due to early focal brain injury.
Tissue loss due to DCI was defined as new damage in the neuro-
image after neuromonitoring compared to the pre-existing damage
in the early neuroimage. Total tissue loss resulted from ICH + ECI +
DCI. Manually segmented volumes of focal brain damage due to
ICH, ECI and DCI are compared in Fig. 2A. For this comparison, ipsi-
lateral and contralateral cerebral hemisphere and infratentorial
brain including brainstem and cerebellum were considered.
Hereafter, we only considered supratentorial parenchymal damage
ipsilateral to the recording strip to investigate the possible associ-
ation between manually or semi-automatically segmented brain
damage and SD variables, as SDs do not spread to the contralateral
hemisphere (Figs 2B and C).

The primary hypothesis was that a predefined 60-min cut-off for
PTDDDgelayed Predicts delayed infarction with sensitivity >0.60
and specificity >0.80. The choice of the cut-off was based on a pilot

Figure 2 Continued

The volumes between these three most prominent aetiologies of focal brain damage after aSAH did not differ significantly. In the top left corner, the
number of affected patients out of the total number of patients analysed is indicated. Ten patients died before the first follow-up image. Therefore,
the occurrence of DCI could only be investigated in 170 patients. On average, the patient admitted to the neurocritical care unit after aneurysm treat-
ment had already lost 46.3 + 72.6 ml of brain tissue and lost an additional 36.3 + 80.1 ml over the next 2 weeks. (B) Manually segmented volumes of
focal brain damage due to ICH, ECI and DCI in the hemisphere ipsilateral to the subdural recording strip. No significant differences were found between
ICH, ECI and DCI. (C) Ipsilateral abnormal brain tissue as a percentage of ipsilateral brain volume (ABT%) based on semi-automated segmentation of the
early MRI (ABT%early) is compared with ABT% of the MRI after the end of neuromonitoring (ABT%pay14). ABT%pay14 Was significantly >ABT%earny
(Wilcoxon signed rank test, n=137). This is conclusively explained by the appearance of new lesions due to DCI. (D) Comparison of the manually seg-
mented ipsilateral ICH + ECI 4+ DCI damage between patients with and without SDs (MWRST). (E) Comparison of ipsilateral ABT%pay14 between patients
with and without SDs (MWRST). (F) Comparison of patient outcome (eGOS) at 7 months between patients with and without SDs (MWRST). (G) Patients
with atleast one SD were significantly more likely to show ipsilateral focal brain damage than patients without SD. (H) Patients with delayed infarction
showed a lower median GCS during neuromonitoring than patients without delayed infarction (MWRST). (I) Overall, only 80/170 (47.1%) patients were
clinically assessable in the delayed phase (top graph). The bottom graph in I shows that within the group of delayed infarction patients, clinically non-
assessable patients had significantly greater delayed infarct volume than clinically assessable patients (MWRST). (J) Clinically assessable patients with
delayed infarction were more likely to show a DND than patients without delayed infarction. However, in about one-third of cases, DNDs were com-
pletely reversible, that is, they corresponded by definition to a transitory ischaemic attack. (K) Patients with delayed cerebral ischaemia (DCI: DND and/
or delayed ipsilateral infarction) showed a higher PTDDD during the delayed period (PTDDDgelayea) than clinically assessable patients without DCI. In
addition, non-assessable patients with delayed infarction showed a higher PTDDDgelayeq than non-assessable patients without delayed infarction. (L)
Patients with DCI also had a higher peak number of SDs of a recording day (peaksp) during the delayed period than clinically assessable patients with-
out DCI. Further, non-assessable patients with delayed infarction showed higher peaksp._gelayea than non-assessable patients without delayed infarc-
tion. (M) Non-assessable patients with delayed infarction also showed a higher peak number of isoelectric SDs of a recording day (peak;sosp) during the
delayed period than non-assessable patients without delayed infarction. In K-M, Kruskal-Wallis one-way ANOVA on ranks with post hoc Dunn’s tests
were performed. All image-based information in B-M refers to the side ipsilateral to the recording strip. However, the 41 clinically assessable patients
without delayed infarction also did not develop delayed infarction in the contralateral hemisphere or infratentorially. Note that the GCS documenta-
tion was insufficient in 14/170 (8.2%) patients. In the figure shown here, these patients were included in the group of patients who could not be clinically
assessed. We also performed the same tests after excluding these patients without any relevant changes in the results. The whiskers (error bars) above
and below the boxes indicate the 90th and 10th percentiles.
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Figure 3 Description of the study population—second part. (A) Semi-automatically segmented ipsilateral abnormal brain tissue as a percentage of ip-
silateral brain volume of the MRI after the end of neuromonitoring (= ABT%pay14, y-axis) strongly correlated with the manually segmented ipsilateral
focal brain damage due to ICH, ECI and DCI (x-axis). (B) Patient outcome (eGOS) at 7 months (y-axis) correlated negatively with ICH + ECI + DCI damage,
ABT%pay14, PTDDD during the entire period (PTDDDentire) and RMS. The correlations of eGOS with ICH + ECI + DCI damage, PTDDDentire and RMS are
presented using bubble plots to account for the fact that the same pairs of values could occur more than once and then received more weight. (C)
DND were detected in 43/80 (53.8%) clinically assessable patients. The plots show the time course of the different variables in a period of 3 days before
and 3 days after the occurrence of the DND, respectively (x-axes of the two bottom plotsalso apply to the top plots). Kruskal-Wallis one-way ANOVA on
ranks with post hoc Dunn’s tests were performed. The ‘ipsilateral MCA velocity’ is the mbfv measured with TCD. MAP was recorded with a catheter in
the radial artery. In particular, it can be seen in C (vii and viii) that the significant increase in norepinephrine doses for hyperdynamic therapy and the
increase in MAP began only after the onset of DND and the peak of the SD variables shown in C(i-iv), respectively. This suggests that hyperdynamic
therapy started too late to significantly influence the test sensitivity and specificity of the SD variables. In addition, it is seen that the time course of
the SD variables correlated better with the DND-associated drop in GCS than the TCD-determined mbfvs. (D) Correlations of the most important neu-
roimaging variables, ICH+ECI+DCI damage and ABT%pay14 (y-axes) with PTDDDentire (X-axis). While the two top plots demonstrate that the
PTDDDentire correlated positively with both types of damage volume, the bottom plot shows that it correlated negatively with the shortest distance
to the nearest lesion. In other words, the predictive value of neuromonitoring was influenced not only by the size of an emerging lesion but also by
the distance of the electrode strip from the lesion. Conversely, the bottom plot confirms that regional electrocorticographic monitoring afforded
even remote detection of injury because SDs propagate widely from metabolically stressed zones.?® When interpreting electrocorticographic patterns,
itis important to keep in mind that the patterns change along a continuum with distance from the developing lesion, as explained previously,®*° and
illustrated in Figs 4 and 5.

study from 2006,%® in which a sensitivity and specificity of 1.0 each were derived in an exploratory manner. We also explored the study
was found for this cut-off (n = 18). For sample size estimation, a true
sensitivity of 0.85 and a true specificity of 0.90 was assumed, and
the type 1 error was set to 0.025 two-sided to respect multiplicity
of testing sensitivity and specificity. The aim was to allocate 200 pa-
tients to trial, of whom 160 would be analysable. On the basis of 4/18

(22.2%) patients with delayed infarction in the pilot study,? delayed

population regarding the predefined secondary outcome measures,

including multivariate association and prognostic analyses.
Two-group comparisons were made using the Mann-Whitney
rank sum test. For statistical analysis in the figures illustrating
the relationships between untransformed variables, we used
Spearman rank order correlations of the non-log transformed

infarction was expected in 20% of patients. Additionally, receiver
operating characteristic (ROC) analysis was performed to investi-
gate the a priori defined primary study objective and new cut-offs

data. Comparisons between several groups were done using para-
metric methods for continuous variables (ANOVA), and Kruskal-
Wallis test, if normal distribution could not be confirmed.
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Figure 4 Example case of delayed infarction—first part. Example case illustrating the assessment of focal brain damage using serial MRI scans (A), a SD
cluster associated with delayed cerebral infarction (B) and the changes in haemodynamic responses to SD over time prior to infarction (C). (A)
Representative CT and MRI slices in axial orientation in a patient with rupture of an aneurysm of the left MCA. All images were aligned to the first post-
operative T, spin echo scan (6 mm slice thickness). The initial CT scan on admission showed the SAH and a large clot in the left lateral Sylvian fissure.
The clot extended into the inferoposterior temporal parenchyma. This intraparenchymal bleeding was rated as ICH (volume: 19 ml). The first post-
operative MRI scan (MRI1) 27 h after the initial haemorrhage reveals a hyperintense rim around the blood clot on FLAIR images with restricted diffusion
on the apparent diffusion coefficient (ADC) map. These findings are consistent with perihaematomal oedema. Electrodes (marked in red) were pro-
jected from the postoperative CT scan on Day 9 onto the MRI scan. MRI2 on Day 8 did not reveal significant changes, in particular no signs of delayed
cerebral infarction (images not shown). MRI3 on Day 15 demonstrated a new cortical infarct close to the left-sided haematoma (hyperintense in FLAIR
images and hypointense in the ADC map, volume: 5 ml). The delayed infarct was confined to cortical grey matter of the left anterior ascending ramus,
where electrodes 5 and 6 were placed, the left precentral sulcus and the inferior portion of the left central sulcus. The bottom row shows the CT on Day 9
with the platinum-iridium electrodes as hyperdense points in the subdural space and the quantified lesions from these scans projected onto the CT.
The red-labelled area indicates the blood clot in the Sylvian fissure with intracerebral extensions, the pink area the delayed infarct in MRI3 on Day 15.
(B) SDs were counted and depression durations were scored for each day to determine the TDDD (top plot), and the total number of SDs per recording
day (bottom plot). The PTDDD and peak SDs/day (peaksp) were defined as the maximal values among all recording days (indicated with a dark grey and
dark blue bar, respectively). The patient developed a delayed SD cluster that began gradually on Day 11 and peaked on Day 13. (C) Traces 1-5 from top to
bottom give the raw DC/AC-ECoG recordings (band-pass: 0-45 Hz) showing the propagation of the negative DC shifts across the cortex from electrode 6
to electrode 2. Traces 6-10 reveal the depressive effect of the two SDs on the spontaneous activity as assessed in the higher frequency band between 0.5
and 45 Hz. Traces 11 and 12 give regional cerebral blood flow (rCBF) recorded with two optodes, one between electrodes 4 and 5 (trace 11) and the other
one between electrodes 5 and 6 (trace 12). In the left part, one of the single SDs on Day 11, and in the right part, one of the single SDs on Day 12 is dis-
played. SD characteristics on Day 11 indicate that the recording site is essentially still metabolically intact. Thus, (i) negative DC shifts are short-lasting
and followed by positive shifts; (ii) SD-induced depression periods are short-lasting; and (iii) haemodynamic responses (marked in grey) are character-
ized by predominant hyperaemia. In contrast, SD characteristics on Day 12 indicate progressive disruption of the neurovascular unit at optode 5/6
(trace 12). Thus, the previously almost normal hyperaemic response has now changed to a slightly inverse response.’* The resulting local energy de-
ficiency causes a characteristic prolongation of the negative DC shift at electrode 6 and to a lesser extent at electrode 5. Because the negative DC shifts
are prolonged, the haemodynamic response to SD at optode 5/6 on Day 12 fulfils the criteria of a spreading ischaemia (SI).?>*>** Before the detection of
the new infarct at electrodes 5 and 6 in MRI3 on Day 15 (A), the patient showed further progression to severe and very long-lasting spreading ischaemia
at optode 5/6 on Day 13. These recordings are displayed in Fig. 5.

neuroimage segmentation and ABT% variables were submitted to
logarithmic transformation to approach normal distribution. The
hypothesis ‘SD variables correlate to parenchyma damage after
aSAH’ was analysed by use of Pearson correlation analysis and

Chi-square tests were done for comparing categorical variables be-
tween groups.

In the association and the prognostic part, DSA score (DSAS)
each of the SD variables, ipsilateral tissue losses based on manual

31
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A Cluster of SDs with negative ultraslow potential (NUP) and two spreading ischaemias on Day 13
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Figure 5 Example case of delayed infarction—second part. Example case of an SD cluster initiating a NUP, the electrophysiological correlate of infarc-
tion in human cerebral cortex.*®%? (A) As illustrated in Fig. 4A, the patient developed a new delayed cortical infarct at electrodes 5 and 6 between two
serial MRI scans on Days 8 and 15, and showed SDs indicating progressive disturbance of the neurovascular unit before Day 13. (A) The SD cluster on
Day 13 thatinitiated the NUP at electrodes 5 and 6 and was accompanied first by a shorter- and then by a long-lasting spreading ischaemia (SI)***° at the
optode between electrodes 5 and 6 (marked in grey). Traces 1-5 from top to bottom: raw DC/AC-ECoG recordings (band-pass: 0-45 Hz). The first SD of the
cluster started at electrode 6 and propagated to the other electrodes (first oblique arrow). At electrodes 6 and 5, which are located at the newly devel-
oping infarct, the SD changed into a NUP, to which further SDs were superimposed. At electrode 4, neighbouring the NUP-displaying electrode 5, SDs
were particularly frequent. Not all of these SDs propagated to electrodes 3 and 2 (oblique arrows). Traces 6-10 show the depressive effect of the SDs on
spontaneous activity (frequency band: 0.5-45 Hz). Since the beginning of the cluster there was practically no spontaneous activity at electrode 6. At the
other electrodes, the first SD of the cluster induced a spreading depression of activity (red asterisks). At electrode 5, the activity depression was per-
sistent, meaning that the activity did not recover (horizontal red arrow). Accordingly, the SDs were rated as isoelectric SDs and the patient showed a
very long PTDDD (Fig. 4B).%° At electrode 4, the first SD also led to a long-lasting depression of spontaneous activity, but the activity eventually
recovered (horizontal red arrow). Trace 11 gives regional cerebral blood flow (rCBF) recorded with an optode between electrodes 5 and 6 (Fig. 4C).

(Continued)
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multiple linear regression analysis. This was done separately for
early and delayed parenchyma damage and for the combination
of both on the basis of the manual segmentation of MRI and CT
scans. In an additional analysis, ABT% of the same MRIs was chosen
as the dependent variable.

In the prognostic part, three outcomes were considered: eGOS at
7months, early death and delayed death until 7 months after the
initial haemorrhage. In the first analysis, after careful inspection
of the distribution of this variable and residuals in the correspond-
ing analyses, Pearson correlation and multiple linear models were
chosen to assess the prognostic impact of potential predictors.
The analysis was splitinto four steps. Following the logic of the clin-
ical course, only variables from the beginning of the observation
period [Rosen-Macdonald Score (RMS),> World Federation of
Neurosurgical Societies score (WFNS) and modified Fisher score
(MFS)*2%3] were included in the first step. In the second step, these
variables were combined with all variables obtained during the
early period of Days 0-3. In the third step, these variables were com-
bined with all variables until the end of neuromonitoring. All vari-
ables, especially ICH+ECI+DCI damage and ABT%pay14, Were
included in the fourth step to obtain a final prognostic model.
Patients with early death were excluded from steps three and
four. Note that statistical methods for the prognosis of eGOS were
identical to those in the association analyses for parenchymal dam-
age volumes, but now the independent variables of the respective
linear models were temporal predictors and not only associated
factors.

The outcome early death was defined as death before the first
follow-up image that allowed the assessment of parenchymal dam-
age due to DCI. The outcome delayed death to follow-up was de-
fined by categorizing the eGOS at 7 months (1 versus >1). Patients
with early death were excluded from the analysis of delayed death.
For both early and delayed death logistic regression analysis and
ROC analysis were applied.

Standardized betas for the separate variables and r-square va-
lues of the entire model are presented for each linear multiple re-
gression model. For multiple logistic regression models, odds
ratios are presented. An analysis of residuals for linear modelsisin-
cluded in the Supplementary material. The level of significance was
0.05 (two-sided). No correction for multiplicity was done as ex-
plained in the legend of Supplementary Table 3. Primary analysis
and analyses of the association and prognostic part were per-
formed with SPSS for Windows (release 26) and exploratory ana-
lyses with SigmaPlot v.14.0.

Figure 5 Continued

BRAIN 2022: 145; 1264-1284 | 1273

Electronic recording, processing and storage of the data were ap-
proved by the data protection officer of the Charité—
Universitdtsmedizin Berlin (data protection votes from 28 May
2008 and 5 May 2014). The datasets analysed during the current
study are not publicly available because the patient’s informed con-
sent only permits the data analysis and publication by the
investigators.

Results

Median age was 55 years (IQR: 47-63). Supplementary Table 1 pro-
vides demographic data. Figure 2A depicts the manually segmen-
ted volumes of focal damage due to ICH, ECI and DCI in the whole
brain and Fig. 2B in the hemisphere ipsilateral to the recording
strip. Volumes did not differ significantly among these three most
prominent aetiologies of focal brain damage after aSAH. The figures
also report the numbers of patients affected. Semi-automatically
segmented ABT%pay14 Was significantly larger than ABT%ear1y, CON-
firming the relevant development of delayed focal damage ipsilat-
eral to the recording strip during the first 2weeks (Fig. 2C).
Manually segmented ICH+ECI+DCI damage and semi-
automatically segmented ABT%pay14 correlated strongly with
each other, although ABT%pay14 included not only irreversibly da-
maged tissue but also vasogenic oedema (Fig. 3A). Overall, 6777
SDs in 161/180 (89.4%) patients and 238 electrographic seizures in
14/180 (7.8%) patients occurred during 234.4 weeks (4.5 years) of
cumulative recording time. Supplementary Fig. 3 shows the daily
determined SD variables from Days O to 14 after the initial haemor-
rhage. Supplementary Fig. 4 shows time courses of relevant moni-
toring variables, including intracranial pressure (ICP), mean arterial
pressure (MAP), cerebral perfusion pressure, TCD-determined
mean blood flow velocities (mbfv) of the ipsilateral MCA and
Glasgow Coma Score (GCS). In addition, the distributions of
PTDDD, peaksp, peakisosp, peakeussp and DNDs as well as daily cu-
mulative doses of propofol and midazolam are given. Figures 4 and
5 illustrate an example case of delayed infarction.

Ten patients died early. Ninety of 170 (52.9%) patients developed
delayed infarction ipsilateral to the recording strip. In the primary
analysis, we investigated whether a 60-min cut-off for
PTDDDgelayeq (Fig. 4B) indicates delayed ipsilateral infarction with

The first SD induced a spreading ischaemia that lasted for 12 min and the second one a spreading ischaemia that lasted for about 90 min. During the
second spreading ischaemia, rCBF fell to a level of 35% compared to the rCBF level before the cluster (=100%). Trace 12: brain tissue partial pressure of
oxygen (pO,) recorded with a sensor in cerebral cortex in relative proximity to electrode 3. In this example, the oxygen probe was positioned outside
the ischaemic zone. Thus, pO, displayed a baseline value of about 50 mmHg before the SD cluster, which is above the normal range. While the
SD-induced spreading ischaemias occurred at a distance of 2-3 cm, pO, slowly continued to rise by about 15 mmHg, which was repeatedly interrupted
for short times by SD-induced drops in pO,. SDs are often identified as steep drops in p;O, recordings, even if the haemodynamic responses are nor-
mal, because the cerebral metabolic rate of oxygen strongly increases during SD.>® Trace 13: intracranial pressure. Trace 14: arterial blood pressure.
Two large artefacts can be seen in the raw DC/AC recordings in A) (traces 1-5, marked in green). In addition, high-frequency artefacts occur in traces
6-10 and are particularly noticeable in traces 8-10 where there is hardly any spontaneous activity during the SD cluster. (B) The left part shows the spon-
taneous activity before the SD cluster at higher temporal resolution. The right part gives the spontaneous activity during the SD cluster during and after
the artefact-laden time period indicated by the green circle in A. In the portion following the artefacts, it is visible that hardly any spontaneous activity
has recovered at electrodes 4-6. When determining the depression period artefacts should not be confused with spontaneous activity, otherwise the
duration of the depression period will be underestimated. Panel B thus illustrates that it is always necessary to consider not only post-processed signals
but also the high-resolution original signals, although this increases the workload for the assessment.
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Figure 6 Delayed cerebral ischaemia—first part including primary analysis. (A) All four SD variables of the delayed period were significantly different
between patients with and without delayed ipsilateral infarction [A(i)] or between patients with and without delayed cerebral ischaemia (DCI: delayed
ipsilateral infarction and/or DND) [A(ii)] Mann-Whitney rank sum tests (MWRST)]. PTDDD = peak TDDD of a recording day during the delayed period
(PTDDDgelayed)- (B) Example case showing two SD clusters associated with reversible vasogenic cortical oedema but not infarction. In B(i), SDs were
counted and depression durations were scored for each day to determine the TDDD (top plot), and the total number of SDs per recording day (bottom
plot). The PTDDD and peak SDs/day (peaksp) were defined as the maximal values among all recording days (indicated with a dark grey and dark blue
bar, respectively). The patient showed two SD clusters. The first one started on Day 5 and consisted of 14 SDs within 19 h. The second cluster started on
Day 8 and included 34 SDs that occurred with decreasing frequency over the course of several days. In B(ii), representative T,-weighted (T2w) images
and ADC maps are presented on the level of the basal ganglia with a slice thickness of 5 mm. No abnormal findings were detectable on the first post-
operative MRI on Day 3 (MRI1). In contrast, T, imaging on Day 7 demonstrated increased signal intensity in the right insular cortex (red asterisk) ad-
jacent to electrode 5 (red point) (MRI2). The hyperintense T, signal peaked on Day 14 (MRI3) (inset), whereas the follow-up MRI on Day 286 (MRI4) showed
complete resolution of the abnormal T, signal. An ADC decrease was not noticeable at any time. This constellation suggests a reversible, vasogenic
oedema of right insular cortex. Bipolar near-DC/AC-ECoG recordings were available in this patient.? In B(iii), the beginning of the second SD cluster
on Day 8 is displayed (SDs are marked in red). Of note in the clinical course was a reversible delayed neurological deficit with hemihypaesthesia of
the left forearm and leg. The case illustrates that SD clusters were not always associated with new brain infarcts. Interestingly, very similar reversible
vasogenic cortical accentuated oedema on MRI is also typically seen in severe cases of familial hemiplegic migraine, a rare Mendelian model of disease
for SD and SD-induced spreading depression of activity.*>*” (C) In the primary analysis (https://doi.org/10.1186/ISRCTN05667702), we investigated
whether a 60-min cut-off for PTDDDgelayea indicates delayed ipsilateral infarction with a sensitivity >0.60 and a specificity >0.80. [C(i)] The AUROC
for PTDDDgelayeq to indicate delayed ischaemic stroke ipsilateral to the recording strip was 0.76 (95% CI: 0.69-0.83) and highly significantly larger
than 0.5. [C(ii)] The primary analysis of the predefined 60-min cut-off was significant regarding sensitivity [=0.76 (0.65-0.84), P =0.0014] but failed re-
garding specificity [=0.59 (0.47-0.70)] because the specificity was significantly lower than 0.80 (P < 0.0001). This means that the study failed to meet the
primary end point. [C(iii)] However, we had also decided a priori that we would determine a new cut-off value if necessary (https://doi.org/10.1186/
ISRCTNO05667702). Based on a cost ratio of 1.0, a longer 180.0-min cut-off indicated delayed infarction with a sensitivity of 0.62 and a specificity of
0.83. [D(i)] In another predefined secondary analysis (https://doi.org/10.1186/ISRCTN05667702), we found that the performance of PTDDDjgelayea to in-
dicate DCI (delayed ipsilateral infarction and/or DND) was higher than the performance of PTDDDgelayeq to indicate delayed infarction. [D(ii)] The pre-
defined 60-min cut-off for PTDDDgelayeq indicated DCI with a sensitivity of 0.74 (0.65-0.82) and a specificity of 0.82 (0.62-0.94). However, this is reported
with the caveat that (i) no sample size calculation was performed for the composite end point DCI (delayed ipsilateral infarction and/or DND); and (ii)
there was arelatively large group of unconscious patients without delayed infarction for whom no clinical assessment was possible whether they had a
reversible DND or not and for whom it therefore remained unclear whether they belonged to the DCI group or not. Accordingly, these patients had to be
excluded from the analysis of the composite end point DCI.
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a sensitivity >0.60 and a specificity >0.80. The primary analysis was
significant regarding sensitivity {=0.76 [68/90, 95% confidence inter-
val (CI): 0.65-0.84], P =0.0014} but specificity was 0.59 (47/80, 0.47—
0.70), i.e. significantly lower than 0.80 (P<0.0001) [Fig. 6C(ii)].
However, the positive predictive value of the 60-min cut-off was
0.67 (68/101, 0.57-0.76), the negative predictive value was 0.68 (47/
69, 0.56-0.79) and the AU ROC was 0.76 (CI: 0.69-0.83, P <0.0001)
[Fig. 6C(i)]. Therefore, we performed further analyses to better clas-
sify the result and, if possible, generate new hypotheses. As speci-
fied in 2008, we first performed a secondary analysis to determine a
new cut-off for PTDDDgelayea- On the basis of a cost ratio of 1.0 (i.e.
equal loss for false-positive or false-negative results), a longer
180.0-min cut-off indicated delayed infarction with a sensitivity
of 0.62 and a specificity of 0.83 [Fig. 6C(iii)].

When we considered only patients who either developed a delayed
infarct ipsilateral to the recording strip or were sufficiently assess-
able clinically to determine whether they developed a reversible
DND, the AUROC of PTDDDgelayed to indicate DCI (reversible DND
or ipsilateral infarction) was 0.88 (CI: 0.81-0.94, P <0.0001)
[Fig. 6D(i)]. Thus, PTDDDgel1ayed Was a stronger predictor for the com-
posite outcome ‘DCI’ than for the primary outcome ‘delayed infarc-
tion’. The predefined 60-min cut-off for PTDDDgelayeq indicated DCI
with a sensitivity of 0.74 (0.65-0.82) and a specificity of 0.82 (0.62-
0.94) [Fig. 6D(ii)].

Contrary to what we defined a priori in 2008 before the
DISCHARGE-1 trial, it could be argued that the relative costs of a
false-negative finding, i.e. overlooking the development of a de-
layed infarction, for therapeutic interventions with a good safety
profile are much greater than those of a false-positive finding, i.e.
treating a patient who does not develop a delayed infarction. It is
also important that successful treatment is more likely if treatment
is started earlier, following the motto ‘time is brain’.>* On this basis,
itmightbe debated thata costratio of 0.7 is more appropriate than a
cost ratio of 1.0. With a cost ratio of 0.7, we found a cut-off of
21.1 min for PTDDDgelayeq to indicate delayed ipsilateral infarction
(sensitivity: 0.92, specificity: 0.44) and a cut-off of 23.7 min to indi-
cate DCI (sensitivity: 0.90, specificity: 0.67).

Overall, all four SD variables of the delayed period were highly
significantly different between patients with and without delayed
infarction [Fig. 6A(i)] or between patients with and without DCI
[Fig. 6A(ii)]. However, PTDDDgelayeq almost always performed better
than the other variables, as shown in the multivariate analysis that
follows (Supplementary Table 2).

Figure 2H and I illustrate the importance of impaired conscious-
ness, particularly in those aSAH patients who were at high risk
for delayed infarction. The top graph in Fig. 21 shows that only 80/
170 (47.1%) patients were clinically assessable during the delayed
period. In non-assessable patients, median GCS was 3 (IQR: 3-3).
In the remaining patients, GCS reached a value of 6, at least at
times, so that the occurrence or absence of a DND-defining drop
in GCS or new focal neurological impairment could be evaluated
within certain limits (Supplementary material for the exact defin-
ition of DND). Overall, patients with delayed infarction showed a
significantly lower median GCS than patients without delayed in-
farction (Fig. 2H). The bottom graph in Fig. 2T illustrates that within
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the group of delayed infarction patients, clinically non-assessable
patients had significantly greater delayed infarct volume than clin-
ically assessable patients. Figure 2] demonstrates that clinically as-
sessable patients with delayed infarction were more likely to have a
DND than patients without delayed infarction. However, DNDs
were reversible in about one-third of cases, which in clinical par-
lance would be called a transitory ischaemic attack. On the basis
of these results, we divided the patients into five groups for further
exploratory analyses. In Fig. 2K-M, SD variables are compared be-
tween these five groups.

In 40/43 (93.0%) patients, the diagnosis of a DND was based on a de-
crease on the GCS that could not be attributed to other causes and
in 8/43 (18.6%) patients on new focal neurological impairment (such
as hemiparesis or aphasia).” DND occurred at a median of Day 7
(IQR: 5-10) (Supplementary Fig. 4I). Typically, the DND-defining sec-
ondary drop in GCS [Fig. 3C(vi)] coincided with the peak of SDs,
which began to increase in frequency and severity 1 to 2 days earlier
[Fig. 3C(i-iv)]. TDDD and number of SDs per recording day were
significantly higher on the day of DND than 3 days earlier
[Fig. 3C(i and ii)]. The treating physicians typically responded to
the clinical deterioration by increasing the doses of norepinephrine
to induce hypertension [Fig. 3C(viii)]. Accordingly, we observed a
significant increase in MAP in the days after the onset of DND
[Fig. 3C(vii)]. TCD-determined mbfvs of the ipsilateral MCA to as-
sess proximal vasospasm did not reach their maximum until 2
days after the onset of DND [Fig. 3C(v)]. Figure 6B shows an example
of a reversible DND associated with a prominent SD cluster that
was followed by vasogenic cortical oedema but not infarction.

Importantly, in clinically assessable patients that did not de-
velop delayed infarction, the AUROC of PTDDDgelayeq to indicate a
reversible DND was 0.84 (CI: 0.70-0.97, P=0.001). The prespecified
60-min cut-off showed a sensitivity of 0.71 (0.42-0.92), a specificity
of 0.82 (0.62-0.94), a positive predictive value of 0.67 (0.38-0.88) and
a negative predictive value of 0.85 (0.65-0.96).

The infarct ratios among clinically non-assessable and assess-
able patients were 51/90 and 39/80, respectively, and thus 1.16
times higher in non-assessable patients. On the basis of the
rate of reversible DNDs in assessable patients and the assump-
tion that the incidence of reversible DNDs in non-assessable pa-
tients is similarly increased to the incidence of infarcts, it is
estimated that 15/39 non-assessable patients without delayed in-
farction developed reversible DNDs. Within assessable patients
without delayed infarction, the proportion of patients with
PTDDDgelayed @above the 60-min cut-off was 15/41 (0.37). On the ba-
sis of this proportion and the correction factor of 1.16, it is esti-
mated that PTDDDgelayea should have been above the 60-min
cut-off in 0.37 x 1.16 x 39 = 17 non-assessable patients without de-
layed infarction. We found that PTDDDgelayea Was above the
60-min cut-off in 18/39 patients, which is very close to 17/39.
The hypothesis that coma only masks, but does not protect
against, the occurrence of reversible DNDs when the propensity
for ischaemic infarcts actually increases is based on clinical
plausibility. The two facts that (i) PTDDDgelayeqa Was significantly
associated with the occurrence of reversible DNDs in assessable
patients; and that (ii) the rate of patients with PTDDDgelayeq above
the 60-min cut-off in non-assessable patients without delayed in-
farction was exactly in the expected range are not yet proof, but
make it plausible that the association between reversible DNDs
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Figure 7 Delayed cerebral ischaemia—second part. The AUROC for the ipsilateral DSAS of the DSA around Day 7 to indicate delayed infarction ipsi-
lateral to the recording strip (A) and DCI (B) were statistically significant (CI = confidence interval). In addition, the AUROCs for the highest
TCD-determined mean blood flow velocity (mbfv) of the ipsilateral MCA to indicate delayed stroke ipsilateral to the recording strip (C) and DCI (D)
were statistically significant. The AUROCs corresponded well with previous reports.*®> As pointed out previously in this context, a statistically signifi-

cant association does not necessarily imply clinical utility as a diagnostic tes

t35

A C-statistic value of 0.50 indicates no better predictive value than

chance; a value of 0.60 is thought to be indicative of a diagnostic test with limited predictive value.®® (E) Delayed infarcts also occurred in patients with-

out angiographic vasospasm®~*

and the absolute largest group of patients with most delayed infarcts had rather mild proximal vasospasm.

(Continued)
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and PTDDDgelayeq €Xists not only for assessable but also for non-
assessable, comatose patients.

DSA was performed on Day 7 (IQR: 7-9) to assess the occurrence of
angiographic vasospasm (n = 123). Basal cerebral arteries ipsilateral
to the recording strip could be assessed in 122 cases. As explained
in Fig. 7E, DSAS of 1 meant no angiographic vasospasm, DSAS be-
tween 1 and 2 mild vasospasm and DSAS between 2 and 4 severe
vasospasm. The AUROC was 0.64 (0.54-0.74, P =0.0087) for the ipsi-
lateral DSAS to indicate delayed infarction ipsilateral to the record-
ing strip (Fig. 7A) and 0.66 (0.56-0.75, P =0.0026) for the overall DSAS
to indicate delayed infarction anywhere in the brain. TCD was per-
formed once daily to measure mbfvs of the MCAs (n=163).>>% In
157 cases, mbfvs of the MCA ipsilateral to the recording strip were
available (Supplementary Fig. 4D). Similar to the DSAS, the highest
mbfv of the ipsilateral MCA (peakmbs) showed an AUROC of 0.63
(0.55-0.72, P=0.0042) for delayed infarction ipsilateral to the re-
cording strip (Fig. 7C). The highest mbfv of both MCAs showed an
AUROC of 0.65 (0.56-0.73, P=0.0016) for delayed infarction any-
where in the brain. AUROCs of DSAS and peakmps, for DCI were in
a similar range as AUROCs for delayed infarction alone (Fig. 7B
and D). Although delayed infarcts also occurred in patients without
angiographic vasospasm, higher DSAS was associated with more
delayed infarcts (Fig. 7E). Patients with higher DSAS showed higher
peakmpsy (Fig. 7F). Delayed infarct sizes were not different between
patients with and without angiographic vasospasm (Fig. 7G).
Figure 7H-] illustrates that neither DSAS nor peakmps, differed be-
tween patients with and without delayed SDs, although patients
with delayed SDs were significantly more likely to develop delayed
infarction than patients without delayed SDs. Neither DSAS nor
peakmps correlated with any of the SD variables (Fig. 7K).

Figure 3D illustrates that PTDDDepyire correlated positively with
both ICH +ECI+ DCI damage and ABT%pay14, and negatively with
spatial distance between recording electrode and nearest lesion.
Supplementary Fig. 5 provides an overview of correlations for
standard and SD variables with manually segmented ICH +ECI
damage and DCI damage.

Association analyses were performed for manually segmented
(i) ICH+ECI damage; (ii) DCI damage; and (iii) ICH+ ECI+ DCI
damage, including Pearson correlation analysis of each
variable (Supplementary Table 3) followed by multiple linear
regression.

In multiple regression models, ICH + ECI damage was associated
with PTDDD,yy (8= 0.450, P <0.001), RMS (8 =0.214, P=0.004) and

Figure 7 Continued
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median GCS of the early period (GCSeany, f=-0.157, P=0.037).
The model explained 35% of variance in ICH + ECI damage (adjusted
r-square). DCI damage was associated with PTDDDgelayed (B =0.474,
P<0.001), median GCSgelayeda (p=—0.201, P=0.005) and peakmps,
(B=0.169, P=0.016). The model explained 35% of variance in DCI
damage. ICH + ECI+ DCI damage correlated with PTDDDentire (B=
0.477, P<0.001), median GCSeptire (B=-0.312, P<0.001) and RMS
(=0.176, P=0.011). Forty-four per cent of variance in ICH+ECI+
DCI damage was explained by the prognostic variables. In simple
regression, PTDDDeptire alone explained 33% of variance in ICH +
ECI+ DCI damage.

In an alternative approach, we also performed association ana-
lyses for semi-automatically segmented ABT%ecarly and ABT%pay14
(see Supplementary Table 3 for Pearson correlation analyses).
In multiple regression models, ABT%eary Was associated
with peakayssp (B=0.351, P <0.001) and median GCS (= —0.230,
P=0.008) of the early period. The model explained 19% of variance
in ABT%ecary (adjusted r-square). ABT%pay14 Was associated with
PTDDDentire (B=0.413, P <0.001) and median GCSenre (B=—0.306,
P <0.001). This model explained 34% of variance in ABT%pay14. In
simple regression, PTDDDeptire alone explained 26% of variance in
ABT%pay14. Thus, correlation of SD variables and median GCS with
parenchymal damage based on semi-automatically segmented
MRIs was not substantially different from their correlation with par-
enchymal damage based on manually segmented MRIs and CTs.

Exploratory analysis revealed that patients with at least one SD
showed ipsilateral focal damage more often than patients without
SD (Fig. 2G), had larger ICH+ECI+DCI damage (Fig. 2D), larger
ABT%pay14 (Fig. 2E) and worse eGOS [evaluated at 199 days (IQR:
100-308) =7 months, Fig. 2F], resulting in a 3.1-fold increased rela-
tive risk (CI: 2.14.1) and a 42% increased absolute risk of poor out-
come (eGOS 1-5 versus 6-8). Patient outcome at 7 months correlated
negatively with ICH+ECI+DCI damage, ABT%pay14, PTDDDentire
and RMS (Fig. 3B).

The statistical analysis of early and delayed death is presented
next. Eight patients died while the ECoG was being recorded. Four
out of eight showed progression to clinical brain death prior to cir-
culatory collapse. All four developed a terminal SD cluster that
transitioned to NUP. In two cases, one of which is shown in
Fig. 8A, the terminal SD cluster preceded a crisis of ICP. Case three
resulted from brainstem compression, and case four without mas-
sive ICP increase was previously published.’” The other four pa-
tients died during abrupt hypoxia-ischaemia after withdrawal of
life-sustaining treatments, showing characteristic terminal SD.
Three of these cases were previously published as part of a series
which also included six patients dying from complications

(F) Panel confirms that higher peakm,s Was associated with more severe angiographic vasospasm. (G) Panel shows thatipsilateral delayed infarct sizes
did not differ between patients with severe, with mild or without ipsilateral angiographic vasospasm. The definition of severe, mild and no angiograph-
ic vasospasm in F and G was based on the DSAS, as explained in E. (H) Delayed infarcts were more likely in patients with delayed SDs than in patients
without delayed SDs. (I) The DSAS was similar between patients with and without delayed SDs. (J) The peakmps, Was similar between patients with and
without delayed SDs. (K) A scatter plot demonstrating the lack of correlation between DSAS and peak total number of delayed SDs of a recording day
(peaksp). Thus, restricted upstream blood supply due to proximal vasospasm seems to have a modulating influence, but the statistical results challenge
the concept that it is predominantly responsible for the development of delayed infarction. These findings complement previous observations that
proximal vasospasm can be robustly antagonized without resounding success in prophylaxis of DCL’>”* Furthermore, similar to the present study,
no clear association between proximal vasospasm and patient outcome was previously found,® in contrast to the clear association between DCI
and poor outcome.”* Overall, our results provide further evidence that the primary pathophysiological problem of delayed ischaemia is more distal
to proximal vasospasm and involves the entire neurovascular unit.***>
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Figure 8 Brain death and death in the wake of circulatory arrest. (A) Terminal SD cluster that precedes a terminal crisis of ICP and progression to brain
death. The patient suffered aSAH from rupture of an aneurysm of the right MCA. She initially showed a large intracerebral haematoma (ICH) of 43 ml
and a malignant early infarct of 209 ml. However, the subdural electrode strip was placed over vital right frontal cortex. The terminal SD cluster
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following either traumatic brain injury or malignant hemispheric
stroke.®® Another instructive case was discovered later during the
analysis and is shown as an example in Fig. 8B.

Pearson analyses are presented in Supplementary Table 4.

(i) Among initial clinical scores, only RMS remained significant in multiple
regression. This model explained 18% of eGOS variance (adjusted
r-square).

(ii) Amonginitial clinical scores and monitoring variables of the early period,
PTDDDenyy (B=—0.442, P<0.001) and RMS (B=-0.331, P<0.001) re-
mained significant. This model explained 34% of eGOS variance.

(i) Among initial clinical scores and monitoring variables of the entire per-
iod, PTDDDengire (B=-0.271, P=0.007), peakisosp-entire (B=-0.212, P=
0.035) and RMS (3= —0.408, P < 0.001) were significant prognostic factors
in multiple regression. This model explained 36% of eGOS variance.

(iv) Among all variables including neuroimaging after the end of monitoring,
ICH + ECI+ DCI damage (B = —0.284, P < 0.001), RMS (3 = —0.302, P < 0.001),
peakisosp-entire (B=-0.271, P<0.001) and DCl-category (8=-0.175, P=
0.013) were included in the final model, explaining 45% of eGOS variance.

In simple regression, PTDDDenire alone explained 25% of overall
eGOS variance (n=162).

Early death before the first neuroimage for the assessment of DCI
occurred in 10 of 180 patients. Among initial clinical scores, the lar-
gest AUROC was found for RMS (0.69, CI: 0.56-0.82), followed by
WENS (0.68, 0.50-0.85). MFS was not predictive (0.53, 0.36-0.71).
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Among the SD variables, PTDDDeg,1y showed the largest AUROC
(0.87, 0.79-0.95), followed by peakisosp-earty (0.73, 0.56-0.90),
peaksp.eary (0.64, 0.52-0.76) and peakciussp-early (0.58, 0.43-0.73).
Median MAP..;1y Was not predictive (0.49, 0.35-0.62), whereas me-
dian ICPeary showed an AUROC of 0.73 (0.57-0.89). The largest
AUROC of all variables was shown by ICH+ECI damage with
AUROC 0.88 (0.75 to <1.0). None of the patients who died early
had an MRI. Therefore, association between early death and ABT
%early could not be investigated. Multiple regression was not per-
formed due to the small number of 10 events.

All 10 patients who died prematurely were excluded from this ana-
lysis. Due to missing values, only 152 of the remaining 170 patients
could be included. Thirty-two of 152 patients (21.1%) had passed
away after 7months. Among clinical scores at the beginning of
the observation period, the largest AUROC was found for RMS
(0.70, 0.61-0.80), followed by WENS (0.64, 0.54-0.74). MFS was not
predictive (0.57, 0.46-0.67). Early measurements of SD variables,
GCS, MAP, ICP, ICH+ECI damage and ABT%ca1y Were inferior to
measurements over the entire neuromonitoring period or at the
end of this period and are not reported here. DSAS, peakmps and
median MAP for the entire neuromonitoring period were not pre-
dictive (AUROC < 0.6). Among SD variables of the entire neuromoni-
toring period, PTDDDeptire Showed the largest AUROC (0.76, 0.67—
0.85), followed by peakisosp-entire (0.70, 0.60-0.81), peaksp.entire
(0.70, 0.60-0.80) and peakcussp-entire (0.68, 0.57-0.79). Median
GCSentire showed an AUROC of 0.67 (0.57-0.76) and median

Figure 8 Continued

started on Day 5 while the extraventricular drainage (EVD) catheter was left open to counteract an increase in ICP to 24 mmHg. The second SD led to a
spreading depression of activity, which was reversible only at electrodes 1-3, while at electrode 5 a persistent activity depression developed. Recovery
of the spontaneous activity at electrode 4 was also practically negligible. At the same time, brain tissue partial pressure of oxygen (ps0,) showed a bi-
phasic decrease, which might have resulted from disturbed autoregulation during the first phase, as it initially followed a decrease in mean arterial
pressure (MAP),”> and from SD during the second phase.®*’® Twenty-five minutes after this first SD of the terminal cluster, the EVD was closed again.
At this point, ICP was 32 mmHg. Two further SDs occurred at electrodes 4 and 5, not involving electrodes 1-3, while ICP further increased to 63 mmHg
and cerebral perfusion pressure (CPP) and pO, declined to 37 and 7.8 mmHg, respectively. At this point, the NUP-initiating SD started at electrode 4,
spreading to electrodes 5 and 3, and induced spreading depression of activity at electrodes 1-4. The p4O, showed a further drop from 7.8 to 5.6 mmHg
during this SD. This was most probably induced by the SD, as it did not follow ICP or MAP. While ICP continued to rise slowly to 120 mmHg over the next
2 h until it was as high as MAP, and CPP and p;O, dropped accordingly to zero, further SDs superimposed on the NUP occurred at different electrodes.
Finally, the NUP only appeared as a smooth line. The median amplitude of the NUP at the six different electrodes was —160 mV, which is in the range of
previous observations during the development of brain death.?”**® The patient was found to have loss of brainstem reflexes and fixed dilated pupils.
After discussion with the family regarding the poor prognosis, the patient was terminally extubated. The circulatory arrest occurred 11 h after her brain
death. The SD-induced ICP increase is thought to be explained as follows. Along with SD-initiated cytotoxic oedema, increased tissue content of Na™,
Cl~ and water gradually develops in the wake of focal ischaemia.'®’”"% This so-called ionic oedema can be life-threatening because it can increase ICP.
Experimentally, CSF surrounding the brain has been identified as the source of ionic oedema by penetrating the tissue through perivascular flow chan-
nels.™ This process was initiated by SDs along with SD-induced spreading ischaemia, which in turn enlarged perivascular spaces and doubled glym-
phatic inflow speeds. (B) Terminal SD in the wake of circulatory arrest. The patient suffered an aSAH from rupture of a right posterior communicating
artery aneurysm. An MRI scan on Day 1 already showed a large early cerebral infarct of 164 ml. [B(i)] Two neighbouring slices of a CT study on Day 3 that
revealed the increase of a midline shift from 10 to 14 mm compared to a CT of the previous day. Electrodes 1-3, marked by the red numbers ‘1’, 2’ and ‘3’,
were positioned over vital tissue. In contrast, electrodes 4-6 were located over the infarct (not shown). [B(ii)] Example of an early SD. These SDs were
exclusively recorded by electrodes 1-3 overlying vital tissue, but not by electrodes 4-6 over the necrosis. Interestingly, the SD was not first seen at the
electrode closest to the infarct, but at electrode 2, i.e. there was a reverse direction of SD propagation from the periphery towards the ischaemic centre,
similar to late SDs in patients with malignant hemispheric stroke®! and in animal models of focal ischaemia.>*® Electrode 3 did not display spontan-
eous activity. Accordingly, the SD met the criteria of an isoelectric SD.?*° At electrodes 1 and 2, the SD induced a spreading depression of spontaneous
activity (marked by red asterisks). [B(iii)] On Day 4, ICP increased to 30 mmHg despite treatment with sufentanil, propofol, midazolam and mannitol and
the patient’s right pupil became increasingly dilated. At this point, the spontaneous brain activity was characterized by a burst-suppression pattern
with tiny bursts decreasing in amplitude from electrodes 1-6. Eventually a Do Not Resuscitate-Comfort Care order was activated after family discussion
and the patient was terminally extubated. Withdrawal of the life-sustaining treatment resulted in a drop of mean arterial pressure below 30 mmHg. At
about the same time, the remaining spontaneous brain activity of very low amplitude completely disappeared demonstrating the typical pattern of a
non-spreading depression of spontaneous activity (marked by red asterisks).*® (Biii) The time course of the systemic arterial pressure including the
circulatory arrest and subsequent terminal SD that started at electrode 3 23 s after complete cessation of the spontaneous brain activity. The terminal
SD then spread from electrode 3 to electrodes 2 and 1. Electrodes 4-6 overlying the early infarct did not show a terminal SD. In contrast, large positive
homogeneous DC drifts were seen at all electrodes. These homogeneous DC drifts are most probably due to interferences of pCO,, pH and pO, with the
subdural platinum-iridium electrodes.*”
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ICPeptire of 0.62 (0.51-0.74). Neuroimaging variables after neuromo-
nitoring showed the largest AUROC (ICH + ECI+ DCI damage: 0.77,
0.69-0.86, ABT%pay14: 0.84, 0.76-0.93).

Subsequently, we performed two multiple logistic regression
analyses. In the first model, ABT%pay14 Was used as the neuroima-
ging variable, i.e. the analysis was based only on MRIs (n=129). In
the second model, ICH+ ECI+ DCI damage was used as the neuro-
imaging variable, i.e. the analysis was based on both MRIs and CTs
(n=152). In the first multiple logistic regression model, ABT%pay14
[odds ratio (OR): 23.62, P=0.011], PTDDDeptire (OR: 3.85, P=0.047)
and RMS (OR: 1.67, P=0.005]) were significant. The related AUROC
was 0.90 (0.84-0.96, corrected via leaving one out: 0.87, 0.79-0.94).
In the second model, PTDDDeptire (OR: 12.04, P <0.001), RMS (OR:
1.61, P=0.001) and median ICPeptire (OR: 1.26, P=0.005) were signifi-
cant. The related AUROC was 0.87 (0.80-0.94, corrected via leaving
one out: 0.89, 0.82-0.95). See Supplementary material and
Supplementary Tables 2-13 for further details of the multivariate
statistical analyses.

Finally, we also explored the question of whether risk stratifica-
tion for the delayed phase is already possible in the early
phase (Days 0-3). This analysis is further explained in the
Supplementary material and Supplementary Tables 14-16. In brief,
only PTDDDeayy, but no other variable measured either initially or
during the early phase (RMS, MFS, WFNS, ICH+ ECI damage, ABT
%early, Other SD variables, median GCS, MAP or ICP) was an independ-
ent predictor for the composite end point ‘early death or DCI’ in multi-
variate analysis (P = 0.0070). However, the AUROC of this early marker
was 0.63 (0.54-0.71), which is insufficient for individual prediction.

Finally, Supplementary Fig. 6A shows the decay of spontaneous
brain activity from Days 0 to 14 after the initial haemorrhage.
Supplementary Fig. 6B shows that the greater the focal brain damage
and the worse the patient’s overall outcome, the smaller the ampli-
tudes of spontaneous brain activity were on the last day of recording.

Discussion

DISCHARGE-1 failed to meet the primary end point, as the sensitiv-
ity of 0.76 for the predefined 60-min cut-off was significant but the
specificity of 0.59 was significantly worse than 0.80. Nevertheless, a
significant association between PTDDDgelayeq and delayed infarc-
tion was confirmed. Predictive values were 0.67 (positive) and 0.68
(negative), the AUROC was 0.76 and highly significantly larger
than 0.5 (P <0.0001). With a 180-min cut-off the targeted sensitivity
was 0.62 and the specificity 0.83. Overall, the results indicate that
‘delayed infarction’ as a primary end point was somewhat mislead-
ing, as patients with reversible DND were classified as uneventful
on the basis of this end point. DCI, like any other form of cerebral is-
chaemia, always initially leads to a reversible phase of neuronal
cytotoxic oedema that develops into infarction in only a subset of
cases,” and SD is experimentally the electrophysiological correlate
of this initial, still-reversible phase of neuronal cytotoxic oe-
dema.’®*® Accordingly, in clinically assessable patients not develop-
ing delayed infarction, the AUROC of PTDDDgelayed to indicate a
reversible DND was 0.84 and was significantly >0.5 (P=0.001).
Predictive values of the prespecified 60-min cut-off were 0.67 (posi-
tive) and 0.85 (negative) for a reversible DND. At the 60-min cut-off,
itis therefore sufficiently clear that injury has just developed, but in
contrast to the 180-min cut-off, it is not yet sufficiently clear whether
the injury will spontaneously resolve or progress to infarction (= tis-
sue necrosis).

J. P. Dreier et al.

It was previously visualized in animals by various combinations
of electrophysiological and imaging modalities, including DWI-
MRI, that SD and neuronal cytotoxic oedema represent two differ-
ent modalities of the same event.’>'®3*%%° Continuous high-
resolution MRI is technically feasible during neurocritical care but
still far away in clinical practice. It is also currently not possible
to cover the entire brain surface with electrodes in aSAH patients.
With the current state of the art, we were able to image focal dam-
age at an early and a late time point, and also determine SD vari-
ables through the delayed imaging time point based on ECoG
monitoring along 5 cm of brain surface. Despite temporal and spa-
tial sampling limitations of imaging and ECoG, respectively, we
found that the SD variables were highly significant in all correlation
analyses, and were included in each of the multiple regression
models of early, delayed and total focal brain damage, patient out-
come at 7 months and death, strongly supporting that they are an
independent biomarker of progressive brain injury in all conditions
and time windows studied. In simple regression, PTDDDenptire alone
explained 33% of manually segmented ICH+ ECI+ DCI-damage
variance, 26% of ABT%pay14 Variance and 25% of overall eGOS vari-
ance. Contributing factors to these results might be: (i) that neuro-
surgeons usually targeted the electrode strip to the vascular
territory of the aneurysm-carrying vessel, as this is often covered
with blood and thus a predilection site for DCI; (ii) that the strip
was usually placed far enough away from lesions, as necrotic tissue
no longer produces SDs; (iii) that regional ECoG monitoring allows
remote detection of metabolically stressed zones, as SDs spread
widely originating from these zones; and (iv) that the neurosur-
geons recruited patients into invasive neuromonitoring when
they assumed a high risk for DCI on the basis of WFNS and pre-
interventional CT.

Even detection of a single SD resulted in the patient having a
3-fold increased relative risk and 42% increased absolute risk of
poor outcome. Again, itis important to caution, however, that these
results do not suggest that SDs are always associated with lesion
development and permanent clinical deterioration. Previous im-
aging studies on changes in regional cerebral blood flow or its sur-
rogates suggested that SD is the pathophysiological correlate of
migraine aura.**™** Accordingly, SD and SD-induced activity de-
pression were recently recorded using ECoG in an aSAH patient
while she had symptoms of migraine aura.** Figure 6 shows an ex-
ample of how a pronounced SD cluster could occur and still not be
followed by an infarct, but only by vasogenic cortical oedema.**’
Nonetheless, as previously observed,*®'* SDs can transition to a
NUP in a proportion of cases after aSAH, and subsequent neuroima-
ging then almost always showed a new infarct at the recording
site.® In addition, whenever the dying process was recorded during
our study, at least one SD marked the transition phase between life
and death.* %8 These findings, perhaps seemingly contradictory
atfirst glance, can be plausibly explained by the fact that SDs during
migraine aura, transitory ischaemic attack, stroke and dying occur
along a complex continuum, as reviewed previously.*>*° The pre-
sent results strengthen this pathophysiological concept, not only
via further examples but especially via the robust correlation be-
tween SD variables and the development of focal brain damage.
Along this continuum, SDs can occur as a result of a mismatch be-
tween oxidative substrate supply and demand, but they can also be
triggered by many noxious stimuli other than ischaemia.”*™* Of
particular relevance to the pathophysiology of aSAH is that SDs
can be either the consequence or cause of severe vasoconstriction
and ischaemia.”*>® To further complicate matters, SDs have dele-
terious effects, such as the neuronal calcium surge and the increase
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in energy demand due to intraneuronal sodium-induced sodium
pump activation, but adaptive effects are also discussed.**>*°6-5°
Overall, in agreement with the original hypothesis based on the dis-
covery of the inverse haemodynamic response to SD in animals, the
results provide further evidence that it is especially the shift of the
normal haemodynamic response towards the inverse haemo-
dynamic response that disrupts the fragile equilibrium and causes
the transition from SD to NUP, to continued cytotoxic oedema and
to irreversible cellular damage.>

Of note, the rate of delayed infarcts was 90/170 (=53%) in
DISCHARGE-1, much higher than the 20% rate assumed in the sam-
ple size calculation in 2008. Most probably, this resulted from the
high severity of aSAH. A possible consequence of relatively high in-
farct frequencies is that cut-offs based on cost ratios are shifted to-
wards higher sensitivities compared with the situation with
moderate infarct frequencies. Recommendations derived from
DISCHARGE-1 therefore relate primarily to high-risk aSAH
populations.

In conclusion, our findings indicate that focal brain damage
after aSAH is crucial for the patient’s prognosis and not com-
pleted in the early phase but is decisively shaped by the late
phase. We suggest that SDs can serve as a detector of reversible
neurological deficits and impending infarcts, particularly in un-
conscious patients, to identify aSAH patients in real time who
are most likely to benefit from targeted management strategies.
We propose that a 25-min cut-off for PTDDDgelayeq iS an appropri-
ate first ‘alert level’ to review the patient’s status and initiate tier
1 of targeted management strategies. We would make this rec-
ommendation although it is still relatively uncertain after
25 min whether the event will be reversible or progress to infarc-
tion. We suggest that tier 1 management adjusts targets for
physiological interventions that are expected to modulate the de-
velopment of SD. This includes careful assessment of basal vari-
ables such as MAP, ICP, cerebral perfusion pressure, respiration,
body temperature and, if available, brain tissue partial pressure
of oxygen. In addition, a blood gas analysis including measure-
ment of glucose and electrolytes should be performed and it
should be investigated whether inflammatory parameters are
elevated or organ dysfunctions, especially of the kidneys or
heart, or anaemia have occurred.

The very practical consequence for the intensivist is therefore
to activate tier 1 at Minute 25 if, for example, an SD with a de-
pression duration of 25 min occurs in a comatose patient, even
though no SD occurred in the 23h and 35min beforehand.
However, tier 1 should also be activated if two SDs have occurred
within the last 24-h period, the first of which had a depression
duration of 12 min and the second of which had a depression
duration of 13 min, giving a total of 25 min. At Minute 25, tier 1
should be activated. If the cumulative SD-induced depression
duration of the just-past 24-h period has then exceeded
180 min, the patient has developed a new infarct with 0.62 sensi-
tivity and 0.83 specificity, implying that rescue therapy should
not wait 180 min. We propose a 60-min cut-off as an appropriate
moment to initiate rescue therapy because it indicates still-
reversible DND with 0.71 sensitivity and 0.82 specificity. The
type of rescue therapy is another highly controversial discus-
sion.® The tenet espoused by Max Planck also applies to this dis-
cussion: ‘Insight must precede application’. More research is
therefore needed to understand the mechanisms underlying de-
layed ischaemia. In addition, neuromonitoring-guided manage-
ment algorithms should be further optimized through feasibility
studies.”®®? At a later stage, they may be incorporated into
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interventional proof-of-concept trials.®®> Automated analysis tech-
niques are under development and will be important in practice
if real-time ECoG recordings are used to inform treatment
decisions.?®
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