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Abstract

Background: Spreading depolarization (SD) has been linked to the impairment of neurovascular coupling. However,
the association between SD occurrence and cerebrovascular pressure reactivity as a surrogate of cerebral autoregula-
tion (CA) remains unclear. Therefore, we analyzed CA using the long-pressure reactivity index (L-PRx) during SDs in
patients with aneurysmal subarachnoid hemorrhage (aSAH).

Methods: A retrospective study of patients with aSAH who were recruited at two centers, Heidelberg (HD) and
Berlin (BE), was performed. Continuous monitoring of mean arterial pressure (MAP) and intracranial pressure (ICP)
was recorded. ICP was measured using an intraparenchymal probe in HD patients and was measure in BE patients
through external ventricular drainage. Electrocorticographic (ECoG) activity was continuously recorded between 3
and 13 days after hemorrhage. Autoregulation according to L-PRx was calculated as a moving linear Pearson’s correla-
tion of 20-min averages of MAP and ICP. For every identified SD, 60-min intervals of L-PRx were averaged, plotted, and
analyzed depending on SD occurrence. Random L-PRx recording periods without SDs served as the control.

Results: A total of 19 patients (HD n=14, BE n=5, mean age 50.4 years, 9 female patients) were monitored for a
mean duration of 230.4 h (range 96-360, STD 4 69.6 h), during which ECoG recordings revealed a total number of 277
SDs. Of these, 184 represented a single SD, and 93 SDs presented in clusters. In HD patients, mean L-PRx values were
0.12 (95% confidence interval [CI] 0.11-0.13) during SDs and 0.07 (95% Cl 0.06-0.08) during control periods (p <0.001).
Similarly, in BE patients, a higher L-PRx value of 0.11 (95% Cl 0.11-0.12) was detected during SDs than that during
control periods (0.08, 95% CI 0.07-0.09; p <0.001). In a more detailed analysis, CA changes registered through an intra-
parenchymal probe (HD patients) revealed that clustered SD periods were characterized by signs of more severely
impaired CA (L-PRx during SD in clusters: 0.23 [95% CI 0.20-0.25]; single SD: 0.09 [95% Cl 0.08-0.10]; control periods:
0.07 [95% (1 0.06-0.08]; p < 0.001). This group also showed significant increases in ICP during SDs in clusters compared
with single SD and control periods.
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Conclusions: Neuromonitoring for simultaneous assessment of cerebrovascular pressure reactivity using 20-min
averages of MAP and ICP measured by L-PRx during SD events is feasible. SD occurrence was associated with signifi-
cantincreases in L-PRx values indicative of CA disturbances. An impaired CA was found during SD in clusters when
using an intraparenchymal probe. This preliminary study validates the use of cerebrovascular reactivity indices to
evaluate CA disturbances during SDs. Our results warrant further investigation in larger prospective patient cohorts.
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Introduction
To monitor cerebral autoregulation (CA) at the bedside,
indices of cerebrovascular reactivity can serve as surro-
gate markers of CA. One of the most widely investigated
cerebrovascular reactivity indices is the pressure reac-
tivity index (PRx), defined as the moving linear Pearson
correlation index between mean arterial pressure (MAP)
and intracranial pressure (ICP), which correlates with
outcome after aneurysmal subarachnoid hemorrhage
(aSAH) and traumatic brain injury (TBI) [1]. Recently, the
low-frequency sample or long-pressure reactivity index
(L-PRx), which correlates well with PRx and is based on
longer (1 min) average values of MAP and ICP, has been
shown to be similarly associated with outcome after TBI
and intracerebral hemorrhage [2—4]. Compared to PR,
however, L-PRx is likely less affected by high-frequency
fluctuations and/or noise and can also display pressure
reactivity changes that occur during slow MAP waves [5].

Spreading depolarization (SD) describes a propagating
wave of neuronal and glial depolarization, near-
complete breakdown of the transmembrane neuronal ion
gradients, and cytotoxic edema [6]. In DISCHARGE-1
(Depolarisations in Ischaemia After Subarachnoid
Haemorrhage-1), a recent prospective, observational,
multicenter, cohort, diagnostic phase III trial of 180
patients with severe aSAH, SD variables were included
in each multiple regression model for early, delayed, and
total brain damage; 7-month outcome; and death. This
study concluded that SDs are an independent biomarker
of progressive brain injury [7]. In both experimental
animal models and patients with aSAH, SD induces tone
alterations in resistance vessels, causing either transient
vasodilatation and  hyperperfusion  (physiological
hemodynamic response) in normal tissue or initial
vasoconstriction and severe hypoperfusion (inverse
hemodynamic response=spreading ischemia) in tissue
where the neurovascular unit is impaired [8]. Normal and
inverse hemodynamic responses to SD also occur after
TBL. In TBI, a correlation between inverse hemodynamic
responses to SD and CA impairment has been described
[9].

In the present study, we monitored CA according
to L-PRx in patients with aSAH and investigated the

relationship of cerebrovascular reactivity changes with
SD occurrence.

Methods

We conducted a retrospective study of patients with
rupture of a saccular aneurysm who underwent surgical
treatment. In these patients, electrocorticography (ECoG)
and ICP monitoring were simultaneously performed. The
study protocol was approved by the Ethics Committee
of the University of Heidelberg Medical School (HD)
and Charité University Hospital in Berlin (BE). Informed
consent was obtained from the patients’ caregivers.
Patients were admitted to the neurosurgical intensive
care unit (ICU) between February 2005 and July 2010.
Included patients presented with World Federation of
Neurosurgical Societies scale grades 1-4 and Glasgow
Coma Scale scores>4. The diagnosis was performed by
computed tomography angiography or digital subtraction
angiography. All patients underwent a craniotomy to
execute clip ligation of the aneurysm during the first
72 h after the initial hemorrhage. No patient underwent
decompressive craniectomy, so the bone flap was
returned and fixed to the skull after clipping. During the
surgical treatment, a subdural electrode strip (Wyler,
5-mm diameter; Ad-Tech Medical, Racine, Wisconsin)
was placed intraoperatively to permit continuous
ECoG monitoring. According to institutional standards
for ICP monitoring, either an ICP probe (HD) or an
external ventricular drain (EVD) (BE) was placed. After
aneurysm treatment, patients were transferred to the
ICU. Standard aSAH ICU treatment following national
and institutional guidelines [10] was performed. Using
the criteria mentioned above, we identified a total of 19
patients (HD n=14 and BE n=5). Demographic data,
such as age, sex, neurological examination, aneurysm
location, delayed cerebral ischemia (DCI) development,
and Glasgow Outcome Scale after 6 months of follow-up,
were collected.

ECoG and ICP Monitoring

ECoG, MAP, and ICP monitoring were performed at the
bedside from 3 to 13 days. Continuous ECoG record-
ing was performed from the electrocorticographic
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six-contact subdural platinum Wyler Strip electrodes.
The near-direct current/alternate current ECoG (0.01-
45 Hz) was recorded in five active channels, and one con-
tact served as ground. Electrode contacts were connected
in a sequential bipolar fashion to an amplifier (AD Instru-
ments, New South Wales, Australia). Data were sampled
at 200 Hz and recorded using the Powerlab 16/SP analog-
to-digital converter. Registration and analysis of ECoG
were done using LabChart v7 (AD Instruments, Bella
Vista, Australia). SDs were defined according to the Co-
Operative Studies on Brain Injury Depolarizations (COS-
BID) recommendations [11]. Accordingly, a cluster was
defined by the occurrence of at least three SDs occur-
ring within three or fewer consecutive recording hours.
Invasive MAP recordings were obtained through femo-
ral or radial artery catheters. In both centers, different
methods of ICP monitoring were routinely used. In HD
patients, ICP measurements were obtained from a flex-
ible intraparenchymal probe (RAUMEDIC, Helmbrechts,
Germany). In BE patients, ICP measurements were col-
lected from an EVD. The EVD management protocol was
established according to the ICP measurements. In brief,
the drain was kept closed to record ICP measurements,
with the transducer mounted 20 cm above Monro’s fora-
men level. When ICP rose above 20 mm Hg, the drain
was opened, and cerebrospinal fluid (CSF) was drained
until ICP decreased below 20 mm Hg. The ICP record-
ing was resumed after the EVD was closed to ensure reli-
able recording data. Analog data of MAP and ICP were
sampled at 1/minute in HD patients and 1/second in
BE patients from bedside monitors in the ICU monitor-
ing system via TCP/ICP, the Infinity Gateway Software
Suite (Drédger Medical Deutschland GmbH, Liibeck,
Germany). Monitoring data were stored using ICU Pilot
(CMA Microdialysis AB, Solna, Sweden) software.

Low-Frequency Sample (long) PRx Analysis

Cerebrovascular reactivity using L-PRx was determined
as described previously [3, 4]. Briefly, a moving linear
(Pearson) correlation coefficient between MAP and ICP
was calculated using a minute value in a time window
of 20 min with 20 consecutive samples of MAP and ICP.
The window was repeated every minute to generate an
overlapping index, expressing the correlation for 10 min
before and after the desired time point. The value was
expressed within a range of —1 to 1. We assume that
a negative value reflects preserved vascular reactivity,
whereas a positive L-PRx implies nonreactive vessels. We
consider a value greater than 0.2 as a signal of impaired
pressure reactivity [3, 4, 12-18]. For every SD event,
intervals of 60 min (30 min before and 30 min after the
detection of an SD) of L-PRx values were averaged and
plotted. Controls were determined by collecting 60-min

intervals of random L-PRx values in SD-free periods for
more than 2 h. Depending on the type of SD, intervals
were categorized as “single SD” or “clustered SDs.”

Statistical Analysis

Standard descriptive statistics were calculated for
L-PRx and SDs. Continuous variables were assessed
for normality using histograms and the Kolmogorov—
Smirnov and Shapiro—Wilk tests. One-way analysis
of variance and Bonferroni post hoc tests were used as
parametric statistical methods to compare independent
samples. Values of p<0.05 were considered statistically
significant. Because all analyses were explorative, no
adjustment for multiple tests was applied. Statistical
analyses were performed using SPSS v25 (IBM Corp,
Armonk, NY).

Results

The demographic and clinical characteristics of patients
are shown in Table 1. A total of 19 patients (mean
age 50.4 vyears, 9 female patients) with aSAH were
prospectively monitored for a total of 4,368 h, with a
mean duration of 230.4 (STD £ 69.6) recording hours
(range: 96-360 h), during which ECoG recordings
revealed a total number of 277 SDs. Of these, 184 SDs
were single (HD: 121 SDs; BE: 63 SDs), and 93 SDs
developed in clusters (HD: 31 SDs; BE: 62 SDs), which
occurred in 5 of the 19 patients.

A schematic representation of L-PRx fluctuations from
HD and BE patients for the different periods are shown
in Fig. 1. In HD and BE patients, significant increases
in L-PRx were found during the development of SDs in
comparison with control periods. In HD patients, L-PRx
values were 0.12 (95% confidence interval [CI] 0.11-0.13)
during SDs and 0.07 (95% CI 0.06-0.08) during control
periods (p<0.001). Similarly, in BE patients, L-PRx values
were 0.11 (95% CI 0.11-0.12) during SDs and 0.08 (95%
CI 0.07-0.09) in control periods (p<0.001) (Figs. 2a, b).
In a more detailed analysis according to the type of ICP
measurement method, CA changes recorded through
an intraparenchymal probe (HD patients) revealed that
clustered SD periods were characterized by signs of more
severe CA impairment (L-PRx>0.2) (Fig. 1¢). In contrast,
L-PRx values during single SD and control periods con-
sistently remained <0.2 in HD patients, indicating intact
CA, compared with MAP/ICP recording periods during
clustered SDs (Figs. 2a, b). In HD patients, a significant
L-PRx difference (F=69.0, degrees of freedom [df] 2,
»<0.001) between periods of clustered SDs (L-PRx: 0.23,
95% CI 0.20-0.25), single SD (L-PRx: 0.09, 95% CI 0.08—
0.10) and control periods (L-PRx: 0.07, 95% CI 0.06—0.08)
was found (Fig. 2¢). In this group, significant increases in
ICP values during clustered SDs (mean 13.1 mm Hg, 95%
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Fig. 1 Plots of long-pressure reactivity index (L-PRx) in Heidelberg (a—c) and Berlin patients
Time windows of 30 min before and after spreading depolarization (SD) detection in electrocorticography (ECoG) were used. Please note the
autoregulatory fluctuations of L-PRx during the monitoring time. ¢, Accumulative episodes of L-PRx values greater than 0.2 are exhibited during
clusters measured with intracranial pressure (ICP) probes. Please consider that the true origin and time point of SD occurrence might only represent
its detection in ECoG in some cases. L-PRx during time periods without SDs (a and d), during a single SD (b and e), and during clustered SDs (¢ and
f). ¢, The time course of L-PRx during SD in clusters shows a peak greater than 0.2, suggesting a loss of autoregulation at the time of SD occurrence.
In this group of patients, ICP values were obtained through intraparenchymal ICP probes. A peak L-PRx> 0.3 can be observed 3 min after SD detec-

(d-f) according to the different time periods are shown.

CI 13.0-13.2) compared with single SD (mean 9.8 mm
Hg, 95% CI 9.7-9.9) and control periods (mean 10.1 mm
Hg, 95% CI 10.1-10.2) were additionally detected
(F=465.2, 2 df, p<0.001) (Fig. 2d). No significant differ-
ences in MAP between the different periods were found
(Fig. 2e).

In BE patients, no loss of autoregulation was found
when using ICP changes detected in EVD during
clustered SD periods. Mean L-PRx values during SD in
clusters (L-PRx: 0.11, 95% CI 0.10-0.12) remained under
the threshold of 0.2. However, as mentioned above,
these values were still higher than those observed in
the SD-free periods (L-PRx: 0.08, 95% CI 0.07-0.09),
and a significant difference between all the periods
(no SD, single SD, and clusters) was found (F=17.1,
2 df, p<0.001) (Fig. 2f). In BE patients, no significant
differences in ICP or MAP between the different periods
were found (Figs. 2g, h).

Discussion

The present work shows the general feasibility of
performing CA assessment based on cerebrovascular
pressure reactivity during periods surrounding SD
development. Consistently, higher L-PRx values during
SD periods than SD-free periods suggested a higher
likelihood of CA disturbance. In particular, an evident
CA disruption with L-PRx values>0.2 could be detected
during the development of clustered SDs when using
intraparenchymal ICP measurements. This could at least
partially explain why the occurrence of clustered SDs
might be associated with a higher likelihood of suffering
secondary insults after aSAH. These findings need to be
confirmed in a larger prospective patient cohort.

In the healthy brain, increases in MAP will induce
cerebral vasoconstriction, with a subsequent decrease
in ICP and cerebral blood volume. In cases of impaired
cerebrovascular reactivity, increases in MAP will lead to
an increase in ICP due to a passive response of the cerebral
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Fig. 2 Long-pressure reactivity index (L-PRx) values in patients with aneurysmal subarachnoid hemorrhage (aSAH). a and b, Box plots show
autoregulation differences between periods with and without spreading depolarizations (SDs) in Heidelberg (HD) and Berlin (BE) patients. In

both groups, HD and BE, significant increases of L-PRx values > 0.1 during SDs were detected (p <0.001). c-e, L-PRx, intracranial pressure (ICP), and
mean arterial pressure (MAP) values of HD patients are shown according to the different time periods. ¢, A loss of autoregulation (L-PRx >0.2) was
detected during clustered SDs (p <0.001). d, Mean ICP values according to the different time periods are shown. ICP values were obtained through
an intraparenchymal probe. Significantly higher ICP values were detected during SD in clusters (p <0.001). e, MAP values of HD patients during the
different time periods are shown. No difference was found between periods (p > 0.05). f-h, L-PRx, ICP, and MAP values of BE patients are shown
according to the different periods. f, Mean L-PRx values during single and clustered SDs remained above 0.1. These values were still higher than
those in SD-free periods. g and h, No differences between time periods in mean ICP and MAP values were found in BE patients (p>0.05). Data are
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resistance vessels [1-4]. By this background, L-PRx
permits a continuous estimation of cerebrovascular
reactivity as a surrogate marker for CA, thereby reflecting
the capacity of cerebral resistance vessels to modify their
diameter in response to perfusion pressure changes [2—
4]. After aSAH, CA is often compromised [19], and the
normal hemodynamic response to SD can be inverted
[20]. Different hemodynamic responses with different
overlapping vascular components have been identified

in the gyrencephalic brain [21-23]. Thus, progressively
prolonged SD-induced spreading ischemia with intense
vasoconstriction and transition from clustered SDs to
a negative ultraslow potential were found when opto-
electrodes were located directly over a newly developing
delayed cerebral infarct detected by serial neuroimag-
ing after SAH [24]. If it is associated with SD in clusters
and ischemic hemodynamic responses, CA impairment
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could possibly be a predictor of these pathophysiological
changes.

In the present study, we cannot directly link a
spatial-temporal association between SDs and L-PRx
impairment. The limited spatial resolution of the six-
contact subdural ECoG electrode does not allow a clear
identification of the true origin and time point onset
of SDs compared to the more global reflection of CA
based on MAP and ICP pressure reactivity. Even more,
it is well known that SDs move in irregular patterns
[25, 26]. As another limitation, our sample size is
small. Only two HD patients and three BE patients had
both single and clustered SDs. In addition, differences
were more considerable when using intraparenchymal
than intraventricular ICP measurements. Thus, our
observation should be taken as preliminary evidence
that there may be a link between SD in clusters and
loss of autoregulation. Similar findings supporting this
hypothesis have been published by Owen et al. in a recent
study assessing the relationship between different CA
indices and the relation between SDs and outcomes [27].
They calculated, among other indices, PRx by using an
intraparenchymal probe and an EVD for ICP monitoring
simultaneously. They observed that in contrast to the
PRx obtained from an EVD, the PRx obtained from
an intraparenchymal probe performed flawlessly in
differentiating between good and poor outcomes and
was significantly associated with SD incidence. They
proposed that optimizing CA may lead to decreased SD
incidence, improving patient outcomes.

A direct causal effect of SD on CA impairment
has not yet been established. Experimental data
over the last 28 years using various animal models,
including rats, rabbits, and cats, have concluded that
the period following SD is characterized by impaired
cerebrovascular reactivity to changes in partial pressure
of carbon dioxide (pCO2) and an impaired neurovascular
response to functional activation [28]. This is even true for
SDs with a normal hemodynamic response. The normal
hemodynamic response to SD must be distinguished
from the inverse hemodynamic response, which occurs
only in severe neurovascular unit disorders and can cause
cerebral infarcts [8, 20]. In the clinical setting, an inverse
hemodynamic response to SD in patients with TBI was
related to a progressive deterioration in autoregulatory
function [9]. Several human and experimental studies
indicate that after TBI, the CA is heterogeneously
impaired through various cellular mechanisms that
affect myogenic tone [29], including the production
of peroxynitrite (ONOO™) (which impairs myogenic
dilation) [30] and excessive production of nitric oxide
(NO) (which affects myogenic constriction) [31]. SDs
occur in about 60% of patients with surgical TBI [29,

32]. Diverse experimental analyses have acknowledged
numerous molecular pathways activated in the acute
and subacute stages of SAH that could considerably
contribute to CA disturbances through the impairment of
vasomotor and vasodilatory responses (after an increased
formation of peroxides and a reduced production of
prostacyclin, respectively) as well as due to secondary
brain injury (such as blood-brain barrier disruption)
that causes endothelial dysfunction [33]. Thus, although
the direct mechanisms in which SD impairs CA are not
known, it would result from a multifactorial process
that follows SAH. Hinzman et al. [9], for example,
proposed that an impairment of CA through SD could
be possibly explained through the metabolic hypothesis
of autoregulation, in which an energy supply—demand
mismatch would cause the release of chemical factors
that alter the vascular tone, an effect that has already
been explored in experimental models of TBI [29, 34].
Finally, DCI is a complex mechanism of delayed injury in
SAH with multifactorial pathophysiology [35]. A direct
effect of SD on the development of DCI after SAH could
be possible through three potential mechanisms: (1) An
increasing hypoxic response to SD [36, 37] that would
contribute to cortical microvasospasm; (2) An inverse
neurovascular coupling to SD as a result of decreased NO
and elevated extracellular potassium (K*), which would
promote a shift to an inverse hemodynamic response
[9, 29, 36, 37]; and (3) An impaired CA after SD, which
would potentially contribute to the development of an
inverse hemodynamic response [38, 39]. Although not
mechanistically explained yet, various studies in SAH
have already proven a strong correlation between SD,
particularly in clusters, impairment of CA, and DCI
development [19, 38, 40-43]. Additional research would
be necessary to clarify an association between all these
variables.

Higher ICP values were associated with periods of
clustered SDs compared with periods with a single SD
or control periods when using intraparenchymal ICP
probes. Recently, it has been suggested that mild and
brief ICP spikes may be capable of triggering SDs [44].
A similar observation has been previously reported in
a small study of patients with aSAH, in which higher
ICP values were detected during clusters of recurrent
SDs than during isolated SDs [45]. Also, a small but
significant increase of ICP related to SD occurrence was
found in patients with malignant hemispheric stroke. ICP
started rising 1 h before SDs and remained elevated until
2 h after the event [46]. In patients with TBI, ICP values
during SDs did not differ from those obtained throughout
ECoG monitoring. However, ICPs were significantly
higher in patients with SDs than those without [47].
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Additionally, the fact that L-PRx was more impaired in
cases of higher ICP with potentially lower cerebral per-
fusion pressure appears to agree with our observation
in patients with malignant hemispheric stroke, in which
CA impairment followed a perfusion-dependent pat-
tern, with more significant CA impairment at low cere-
bral perfusion levels [48]. Moreover, a pressure reactivity
index such as L-PRx may also reflect a change in brain
elasticity, which changes during SDs [49], and less adapt-
ability to changes in MAP, produced by brain cytotoxic
edema as a consequence of neuronal swelling [6] and
dendritic beading that occurs during SDs [50]. However,
this hypothesis needs to be tested in further studies. The
pharmacological blocking of SDs could help answer those
questions [21, 51, 52].

Here we found that L-PRx values during clustered SDs
exceeded the cutoff value of 0.2, whereas L-PRx values of
the combined single and clustered SDs did not. However,
the presence of isolated SD still statistically differed from
SD-free periods. In this sense, the elevation of the L-PRx
value could still be meaningful, although it remained
below the threshold value. Although some reports
defined 0.3 as a cutoff value for autoregulatory failure,
there is evidence from different authors during the last
25 years that support a cutoff value of 0.2 in indices
such as PRx or L-PRx being associated with a significant
disturbance of pressure reactivity and an increase in the
mortality rate in different pathological conditions, such
as TBI and intracerebral hemorrhage [3, 4, 12—-18]. PRx
values below 0.2 for a 2-h period have been associated
with poor prognosis in patients with brain injury [13,
53]. Specific differences may arise in the measurement of
ICP by using EVD and intraparenchymal devices. In this
study, we presented data from two different cohorts that
might differ slightly from their management protocols.
Therefore, the true impact of SD on CA measured by
either an EVD or an intraparenchymal probe for ICP
monitoring should be taken cautiously. For example, the
presence of an impaired CA during SD in clusters in HD
patients, but not in BE patients, could reflect the effect
of continuous measurements with an intraparenchymal
probe instead of intermittent measurements through an
EVD. In this regard, although EVD is the gold standard
for ICP measurement [54], there is an ongoing debate
regarding the choice of a monitoring device in patients
with aSAH because it seems that EVD is associated with
an increased risk of aneurysmal rebleeding, intracerebral
hemorrhage, and infection, and guidelines to standardize
indications for ICP measurement and therapeutic
targets are scarce [55]. Intraparenchymal devices, on the
contrary, are relatively easy to place and offer a lower rate
of hemorrhage and infection, yet unlike EVD, they cannot

be calibrated after placement [54, 55]. On the other hand,
when using EVD, changes in intracranial elastance can
occur as a result of therapeutic interventions during
neurocritical care, such as CSF drainage [56], limiting the
continuity of ICP data acquisition, which could impact
CA measurements. Further evidence suggests that ICP
monitoring by an open EVD may lead to a less reliable
continuous assessment of CA [57].

Conclusions

Multimodal neuromonitoring for simultaneous
assessment of cerebrovascular pressure reactivity, as
measured by L-PRx using 20-min averages of MAP
and ICP, together with ECoG recordings, allows for
the evaluation of CA during periods surrounding SD
development. SD occurrence was associated with
significant increases in L-PRx values indicative of CA
disturbances. An impaired CA was found during SD in
clusters when using an intraparenchymal probe. The
reason for this is unknown but could indicate a slight
difference in continuous data acquisition between
both methods. Nevertheless, this should be taken with
caution because of the number of study participants
in our study. This preliminary study validates the use
of cerebrovascular reactivity indices to evaluate CA
disturbances during SDs. Our results warrant further
investigation in larger prospective patient cohorts.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1007/512028-022-01669-y.

Author details

! Department of Neurosurgery, Heidelberg University Hospital, Ruprecht
Karls University of Heidelberg, Heidelberg, Germany. 2 Department

of Neurosurgery, Berlin Institute of Health, Charité-Universitdtsmedizin
Berlin, Corporate Member of Freie Universitdt Berlin, Humboldt-Universitat
zu Berlin, Berlin, Germany. * Center for Stroke Research Berlin, Berlin
Institute of Health, Charité-Universitatsmedizin Berlin, Corporate Member
of Freie Universitét Berlin, Humboldt-Universitat zu Berlin, Berlin, Germany.
4 Present Address: Department of Neurosurgery, Kantonsspital St. Gallen,
St. Gallen, Switzerland. ° Present Address: Department of Neurosurgery,
Evangelisches Krankenhaus Oldenburg, Carl von Ossietzky University

of Oldenburg, Oldenburg, Germany. ® Department of Neurology, Berlin
Institute of Health, Charité-Universitatsmedizin Berlin, Corporate Member
of Freie Universitét Berlin, Humboldt-Universitat zu Berlin, Berlin, Germany.
’ Department of Experimental Neurology, Berlin Institute of Health,
Charité-Universitatsmedizin Berlin, Corporate Member of Freie Universitat
Berlin, Humboldt-Universitat zu Berlin, Berlin, Germany. ® Bernstein Center
for Computational Neuroscience Berlin, Berlin, Germany. ° Einstein Center
for Neurosciences Berlin, Berlin, Germany. '° Present Address: Neurosurgery
Center Ludwigsburg-Heilbronn, RKH Klinikum Ludwigsburg, Ludwigsburg,
Germany.

Author contributions

Renan Sanchez-Porras: Designed the project, analyzed data, and wrote the
manuscript. Francisco L. Ramirez-Cuapio: Analyzed data, performed the
statistical analysis, and cowrote the manuscript. Martin Seule and Roberto
Diaz-Peregrino: Analyzed data. Andreas Unterberg: Provided scientific support
and corrected the manuscript. Nils Hecht, Johannes Woitzik, and Jens P.


https://doi.org/10.1007/s12028-022-01669-y
https://doi.org/10.1007/s12028-022-01669-y

143

Dreier: Collected Berlin data, provided scientific support, and corrected the
manuscript. Oliver W. Sakowitz: Collected Heidelberg data, provided scientific
support, and corrected the manuscript. Edgar Santos Marcial: collected
Heidelberg data, codesigned the project, analyzed data, and cowrote the
manuscript. All authors fulfill the criteria for authorship of the International
Committee of Medical Journal Editors.

Source of support

Open Access funding enabled and organized by Projekt DEAL. FLRC was
supported by the National Council of Science and Technology (CONACyT) of
Mexico (Reference: 2019-000021-01EXTF-00514). RDP was supported by a
scholarship granted by the Council of Science and Technology from the State
of Mexico (Reference: 2021BPS2-E0405). NH is Berlin Institute of Health Clinical
Fellow, funded by Stiftung Charité. JPD was supported by DFG DR 323/10-1
and Era-Net Neuron EBio2, with funds from BMBF 01EW2004.

Declarations

Conflicts of interest
The authors declare no conflicts of interest.

Ethical approval/informed consent

The present study was approved by the Ethics Committee of the University of
Heidelberg Medical School and Charité University Hospital in Berlin. The study
was performed in adherence to the respective ethical guidelines. Informed
consent was obtained from the patients’ caregivers.

Open Access

This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted

by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 12 September 2022 Accepted: 19 December 2022
Published: 25 January 2023

References

1. Czosnyka M, Czosnyka Z, Smielewski P. Pressure reactivity index: journey
through the past 20 years. Acta Neurochir. 2017;159:2063-5.

2. Riemann L, Beqgiri E, Smielewski P, Czosnyka M, Stocchetti N, Sakowitz O,
et al. Low-resolution pressure reactivity index and its derived optimal
cerebral perfusion pressure in adult traumatic brain injury: a CENTER-TBI
study. Crit Care. 2020;24:266.

3. Sanchez-Porras R, Santos E, Czosnyka M, Zheng Z, Unterberg AW, Sakow-
itz OW.Long’ pressure reactivity index (L-PRx) as a measure of autoregu-
lation correlates with outcome in traumatic brain injury patients. Acta
Neurochir. 2012;154:1575-81.

4. Santos E, Diedler J, Sykora M, Orakcioglu B, Kentar M, Czosnyka M, et al.
Low-frequency sampling for PRx calculation does not reduce prog-
nostication and produces similar CPPopt in intracerebral haemorrhage
patients. Acta Neurochir. 2011;153:2189-95.

5. Zweifel C, Lavinio A, Steiner LA, Radolovich D, Smielewski P, Timofeev |,
et al. Continuous monitoring of cerebrovascular pressure reactivity in
patients with head injury. FOC. 2008;25:E2.

6.  Dreier JP, Lemale CL, Kola V, Friedman A, Schoknecht K. Spreading
depolarization is not an epiphenomenon but the principal mechanism of

20.

21.

22.

23.

24.

25.

the cytotoxic edema in various gray matter structures of the brain during
stroke. Neuropharmacology. 2018;134:189-207.

Dreier JP, Winkler MKL, Major S, Horst V, Lublinsky S, Kola V, et al. Spread-
ing depolarizations in ischaemia after subarachnoid haemorrhage, a
diagnostic phase Il study. Brain. 2022;145:1264-84.

Dreier JP, Korner K, Ebert N, Gorner A, Rubin |, Back T, et al. Nitric oxide
scavenging by hemoglobin or nitric oxide synthase inhibition by

N -Nitro-L-Arginine induces cortical spreading ischemia When K
Isincreased in the subarachnoid space. J Cereb Blood Flow Metab.
1998;18:978-90.

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

Steiner T, Juvela S, Unterberg A, Jung C, Forsting M, Rinkel G. European
stroke organization guidelines for the management of intracranial aneu-
rysms and subarachnoid haemorrhage. Cerebrovasc Dis. 2013;35:93-112.

. Dreier JP, Fabricius M, Ayata C, Sakowitz OW, William Shuttleworth C,

Dohmen C, et al. Recording, analysis, and interpretation of spread-

ing depolarizations in neurointensive care: review and recommen-
dations of the COSBID research group. J Cereb Blood Flow Metab.
2017,37:1595-625.

Czosnyka M, Smielewski P, Kirkpatrick P, Laing RJ, Menon D, Pickard JD.
Continuous assessment of the cerebral vasomotor reactivity in head
injury. Neurosurgery. 1997;41:11-9.

Lazaridis C, DeSantis SM, Smielewski P, Menon DK, Hutchinson P, Pickard
JD, et al. Patient-specific thresholds of intracranial pressure in severe
traumatic brain injury: clinical article. JNS. 2014;120:893-900.

Steiner LA, Czosnyka M, Piechnik SK, Smielewski P, Chatfield D, Menon DK,
et al. Continuous monitoring of cerebrovascular pressure reactivity allows
determination of optimal cerebral perfusion pressure in patients with
traumatic brain injury. Crit Care Med. 2002;30:733-8.

Czosnyka M, Smielewski P, Kirkpatrick P, Piechnik S, Laing R, Pickard JD,

et al. Continuous monitoring of cerebrovascular pressure-reactivity in
head injury. In: Marmarou A, Bullock R, Avezaat C, Baethmann A, Becker D,
Brock M, et al,, editors. Intracranial Pressure and Neuromonitoring in Brain
Injury. Vienna: Springer; 1998. p. 74-7. https://doi.org/10.1007/978-3-
7091-6475-4_23.

Diedler J, Sykora M, Rupp A, Poli S, Karpel-Massler G, Sakowitz O, et al.
Impaired cerebral vasomotor activity in spontaneous intracerebral hem-
orrhage. Stroke. 2009;40:815-9.

Diedler J, Santos E, Poli S, Sykora M. Optimal cerebral perfusion pressure
in patients with intracerebral hemorrhage: an observational case series.
Crit Care. 2014;18:R51.

Riemann L, Beqiri E, Younsi A, Czosnyka M, Smielewski P. Predictive and
discriminative power of pressure reactivity indices in traumatic brain
injury. Neurosurg. 2020;87:655-63.

Jaeger M, Schuhmann MU, Soehle M, Nagel C, Meixensberger J. Continu-
ous monitoring of cerebrovascular autoregulation after subarachnoid
hemorrhage by brain tissue oxygen pressure reactivity and its relation to
delayed cerebral infarction. Stroke. 2007;38:981-6.

Dreier JP. The role of spreading depression, spreading depolarization and
spreading ischemia in neurological disease. Nat Med. 2011;17:439-47.
Sanchez-Porras R, Santos E, Scholl M, Kunzmann K, Stock C, Silos H, et al.
Ketamine modulation of the haemodynamic response to spreading
depolarization in the gyrencephalic swine brain. J Cereb Blood Flow
Metab. 2017;37:1720-34.

Seule M, Sikorski C, Sakowitz O, von Campe G, Santos E, Orakcioglu B,

et al. Evaluation of a new brain tissue probe for intracranial pressure,
temperature, and cerebral blood flow monitoring in patients with aneu-
rysmal subarachnoid hemorrhage. Neurocrit Care. 2016;25:193-200.
Schéll MJ, Santos E, Sanchez-Porras R, Kentar M, Gramer M, Silos H, et al.
Large field-of-view movement-compensated intrinsic optical signal
imaging for the characterization of the haemodynamic response to
spreading depolarizations in large gyrencephalic brains. J Cereb Blood
Flow Metab. 2017;37:1706-19.

Luckl J, Lemale CL, Kola V, Horst V, Khojasteh U, Oliveira-Ferreira Al, et al.
The negative ultraslow potential, electrophysiological correlate of infarc-
tion in the human cortex. Brain. 2018;141:1734-52.

Santos E, Sdnchez-Porras R, Sakowitz OW, Dreier JP, Dahlem MA. Hetero-
geneous propagation of spreading depolarizations in the lissencephalic
and gyrencephalic brain. J Cereb Blood Flow Metab. 2017;37:2639-43.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-3-7091-6475-4_23
https://doi.org/10.1007/978-3-7091-6475-4_23

144

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

Santos E, Scholl M, Sdnchez-Porras R, Dahlem MA, Silos H, Unterberg A,
et al. Radial, spiral and reverberating waves of spreading depolarization
occur in the gyrencephalic brain. Neuroimage. 2014;99:244-55.

Owen B, Vangala A, Fritch C, Alsarah AA, Jones T, Davis H, et al. Cerebral
autoregulation correlation with outcomes and spreading depolarization
in aneurysmal subarachnoid hemorrhage. Stroke. 2022;53:1975-83.
Ayata C, Lauritzen M. Spreading depression, spreading depolarizations,
and the cerebral vasculature. Physiol Rev. 2015;95:953-93.

Toth P, Szarka N, Farkas E, Ezer E, Czeiter E, Amrein K, et al. Traumatic brain
injury-induced autoregulatory dysfunction and spreading depression-
related neurovascular uncoupling: pathomechanisms, perspectives,

and therapeutic implications. Am J Physiol-Heart Circul Physiol.
2016;311:H1118-31.

Yu G-X, Mueller M, Hawkins BE, Mathew BP, Parsley MA, Vergara LA, et al.
Traumatic Brain Injury In Vivo and In Vitro contributes to cerebral vascular
dysfunction through impaired gap junction communication between
vascular smooth muscle cells. J Neurotrauma. 2014;31:739-48.

Villalba N, Sonkusare SK, Longden TA, Tran TL, Sackheim AM, Nelson

MT, et al. Traumatic brain injury disrupts cerebrovascular tone through
endothelial inducible nitric oxide synthase expression and nitric oxide
gain of function. JAHA. 2014;3:e001474.

Hartings JA, Andaluz N, Bullock MR, Hinzman JM, Mathern B, Pahl C, et al.
Prognostic value of spreading depolarizations in patients with severe
traumatic brain injury. JAMA Neurol. 2020;77:489.

Budohoski KP, Czosnyka M, Kirkpatrick PJ, Smielewski P, Steiner LA, Pickard
JD. Clinical relevance of cerebral autoregulation following subarachnoid
haemorrhage. Nat Rev Neurol. 2013;9:152-63.

Guo Z-N, Shao A, Tong L-S, Sun W, Liu J, Yang Y. The role of nitric oxide
and sympathetic control in cerebral autoregulation in the setting of
subarachnoid hemorrhage and traumatic brain injury. Mol Neurobiol.
2016;53:3606-15.

Geraghty JR, Testai FD. Delayed cerebral ischemia after subarachnoid
hemorrhage: beyond vasospasm and towards a multifactorial patho-
physiology. Curr Atheroscler Rep. 2017;19:50.

Bosche B, Graf R, Ernestus R-Il, Dohmen C, Reithmeier T, Brinker G, et al.
Recurrent spreading depolarizations after subarachnoid hemorrhage
decreases oxygen availability in human cerebral cortex. Ann Neurol.
2010,67:607-17.

Koide M, Sukhotinsky I, Ayata C, Wellman GC. Subarachnoid hemorrhage,
spreading depolarizations and impaired neurovascular coupling. Stroke
ResTreatment. 2013;2013:1-10.

Sugimoto K, Shirao S, Koizumi H, Inoue T, Oka F, Maruta Y, et al. Con-
tinuous monitoring of spreading depolarization and cerebrovascular
autoregulation after aneurysmal subarachnoid hemorrhage. J Stroke
Cerebrovasc Dis. 2016;25:e171-7.

Menyhért A, Varga DP, Téth OM, Makra P, Bari F, Farkas E. Transient
Hypoperfusion to Ischemic/Anoxic spreading depolarization is related
to autoregulatory failure in the rat cerebral cortex. Neurocrit Care.
2022;37(51):112-22. https://doi.org/10.1007/512028-021-01393-z.
Jaeger M, Soehle M, Schuhmann MU, Meixensberger J. Clinical signifi-
cance of impaired cerebrovascular autoregulation after severe aneurys-
mal subarachnoid hemorrhage. Stroke. 2012;43:2097-101.

Woitzik J, Dreier JP, Hecht N, Fiss |, Sandow N, Major S, et al. Delayed cer-
ebral ischemia and spreading depolarization in absence of angiographic
vasospasm after subarachnoid hemorrhage. J Cereb Blood Flow Metab.
2012;32:203-12.

Dreier JP, Woitzik J, Fabricius M, Bhatia R, Major S, Drenckhahn C, et al.
Delayed ischaemic neurological deficits after subarachnoid haemorrhage

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

are associated with clusters of spreading depolarizations. Brain.
2006;129:3224-37.

Gaasch M, Schiefecker AJ, Kofler M, Beer R, Rass V, Pfausler B, et al. Cer-
ebral autoregulation in the prediction of delayed cerebral ischemia and
clinical outcome in poor-grade aneurysmal subarachnoid hemorrhage
patients*. Crit Care Med. 2018;46:774-80.

Oka F, Sadeghian H, Yaseen MA, Fu B, Kura S, Qin T, et al. Intracranial pres-
sure spikes trigger spreading depolarizations. Brain. 2021;145:194-207.
Dreier JP, Major S, Manning A, Woitzik J, Drenckhahn C, Steinbrink J, et al.
Cortical spreading ischaemia is a novel process involved in ischaemic
damage in patients with aneurysmal subarachnoid haemorrhage. Brain.
2009;132:1866-81.

Schumm L, Lemale CL, Major S, Hecht N, Nieminen-Kelhd M, Zdunczyk
A, et al. Physiological variables in association with spreading depolariza-
tions in the late phase of ischemic stroke. J Cereb Blood Flow Metab.
2022;42:121-35.

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

Hecht N, Schrammel M, Neumann K, Mller M, Dreier JP, Vajkoczy P, et al.
Perfusion-dependent cerebral autoregulation impairment in hemispheric
stroke. Ann Neurol. 2021:89:358-68.

Oliveira-Ferreira Al, Major S, Przesdzing |, Kang E-J, Dreier JP. Spread-

ing depolarizations in the rat endothelin-1 model of focal cerebellar
ischemia. J Cereb Blood Flow Metab. 2020;40:1274-89.

Kirov SA, Fomitcheva IV, Sword J. Rapid neuronal ultrastructure disruption
and recovery during spreading depolarization-induced cytotoxic edema.
Cereb Cortex. 2020;30:5517-31.

Sanchez-Porras R, Kentar M, Zerelles R, Geyer M, Trenado C, Hartings JA,
et al. Eighteen-hour inhibitory effect of s-ketamine on potassium- and
ischemia-induced spreading depolarizations in the gyrencephalic swine
brain. Neuropharmacology. 2022;216: 109176.

Santos E, Olivares-Rivera A, Major S, Sdnchez-Porras R, Uhimann L,
Kunzmann K, et al. Lasting s-ketamine block of spreading depolarizations
in subarachnoid hemorrhage: a retrospective cohort study. Crit Care.
2019;23:427.

Kim H, Lee H-J, Kim Y-T, Son Y, Smielewski P, Czosnyka M, et al. Novel index
for predicting mortality during the first 24 hours after traumatic brain
injury. J Neurosurg. 2018;131:1887-95.

Canac N, Jalaleddini K, Thorpe SG, Thibeault CM, Hamilton RB. Review:
pathophysiology of intracranial hypertension and noninvasive intracra-
nial pressure monitoring. Fluids Barriers CNS. 2020;17:40.

Sandsmark DK, Kumar MA, Park S, Levine JM. Multimodal monitoring in
subarachnoid hemorrhage. Stroke. 2012;43:1440-5.

Copplestone S, Welbourne J. A narrative review of the clinical application
of pressure reactiviy indices in the neurocritical care unit. Br J Neurosurg.
2018;32:4-12.

Hockel K, Schuhmann MU. ICP monitoring by open extraventricular
drainage: common practice but not suitable for advanced neuromonitor-
ing and prone to false negativity. In: Heldt T, editor. Intracranial Pressure
& Neuromonitoring XVI. Cham: Springer International Publishing; 2018. p.
281-6.


https://doi.org/10.1007/s12028-021-01393-z

	Cerebrovascular Pressure Reactivity According to Long-Pressure Reactivity Index During Spreading Depolarizations in Aneurysmal Subarachnoid Hemorrhage
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	ECoG and ICP Monitoring
	Low-Frequency Sample (long) PRx Analysis
	Statistical Analysis

	Results
	Discussion
	Conclusions
	Anchor 15
	References




