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Abstract

Background: Spreading Depolarization (SD) often emerges 
post-Intracerebral Hemorrhage (ICH). Autoregulation of 
cerebral blood flow and vascular reactivity can be impaired 
following SD. However, it is still unclear whether the 
association of SD and Cerebral Autoregulation (CA). We 
designed an exploratory study to investigate the dynamic 
changes in CA according to changes in cerebrovascular 
pressure and oxygen pressure reactivity during the early 
phase after SD in a porcine model of autologous ICH. 

Material and methods: Nine craniotomized swine 
were monitored for Mean Arterial Pressure (MAP), 
Intracranial Pressure (ICP), Cerebral Perfusion Pressure 
(CPP), and partial pressure of brain tissue oxygen (PbrO₂). 
A subdural Electrocorticography (ECoG) recording strip 
was used to detect SD. ICH was induced by the injection 
of autologous arterial blood. The cerebrovascular Pressure 
Reactivity index (PRx) and a high-frequency PbrO₂ pressure 
reactivity index (H-ORx) were calculated, comparing 
measurements before and during SD development. 
Continuous multimodal monitoring enabled identification 
of transient cerebrovascular responses within short 
time windows (5–10 min) following each SD event.

Results: Following ICH, a total of 22 SDs occurred in 6 
of 9 swine. Depolarizations recurred at intervals of 47 min 
on average, with a mean propagation velocity of 1.87±1.02 
mm/min and a duration of 11.85±3.22 min. Both monitoring 
indices revealed transient impairment of autoregulation in 
the early phase of SD. For PRx, 9 SDs exhibited loss of CA 5 
min after detection (p=0.008), whereas for H-ORx, all 22 SDs 
showed CA disruption 9.5 min after detection (p=0.043). 
These changes were accompanied by increases in ICP and 
PbrO₂ (p<0.05). The short-lived fluctuations in PRx and 
H-ORx coincided with moderate rises in ICP and PbrO₂, 
suggesting a brief loss of vasomotor reactivity rather than 
systemic hemodynamic alterations.

Conclusion: Autoregulatory changes observed 
during the early phase of SD can be monitored using 
continuous assessment of cerebrovascular and oxygen-
pressure reactivity in a porcine model of autologous ICH. 
Disturbances of CA were found during SD occurrence. These 
findings suggest that SD may trigger transient vascular tone 
instability detectable by high-frequency CA monitoring, 
indicating a potential avenue for future translational 
research in neurocritical care.
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Background

Spreading Depolarization (SD), characterized by waves of 
neuronal and glial depolarization, has emerged as a crucial fac-
tor in the pathophysiology of cerebrovascular diseases, notably 
Intracerebral Hemorrhage (ICH) [15]. Despite its significance, 
the debate surrounding the efficacy of surgical interventions 
[8] has limited the enrolment of ICH patients in clinical stud-
ies. Nevertheless, SD has been reported in a substantial propor-
tion of ICH patients, with incidences exceeding 60% [11,12,15]. 
Experimental animal models have suggested the presence of 
impaired cerebrovascular reactivity and compromised neuro-
vascular coupling during the occurrence or propagation of an 
SD [1]. This phenomenon may result from the ability of SD to 
induce alterations in resistance vessel tone, potentially leading 
to vasoconstriction and hypoperfusion in impaired tissue, while 
eliciting vasodilation and hyperperfusion in unaffected tissue 
[10].

Autoregulation of Cerebral Blood Flow (CBF) can be defined 
as the ability of brain arteries to vasodilate or constrict in re-
sponse to blood pressure changes to maintain a stable CBF; 
this is essential to provide the brain with oxygen and energy 
substrates [16]. It is known that changes in arterial blood pres-
sure usually elicit a response in Intracranial Pressure (ICP), thus 
describing cerebrovascular pressure reactivity, defined as the 
capacity of vascular smooth muscle in the wall of cerebral arter-
ies and arterioles to respond to changes in transmural pressure 
[5,6]. This means that in a healthy brain, increases in MAP will 
tend to cause cerebral vasoconstriction with a subsequent de-
crease of ICP and cerebral blood volume. In cases of impaired 
cerebrovascular reactivity, increases in MAP will tend to lead to 
an increase of ICP due to a passive vasomotor response of the 
cerebral resistance vessels [1,5,6]. 

Direct CBF measurements provide the most comprehensive 
assessment of Cerebral Autoregulation (CA); however, they are 
not always feasible, particularly in experimental animal models. 
Indices of cerebrovascular reactivity have therefore been devel-
oped from the need for continuous CA monitoring. The cerebro-
vascular Pressure Reactivity index (PRx) [7] and oxygen pressure 
reactivity index (ORx) [14] provide information about Cerebral 
Blood Flow (CBF) fluctuations and have been used as predictors 
for neurological outcome [7,14,21].

PRx permits a continuous estimation of cerebrovascular re-
activity as a surrogate marker for CA, thereby reflecting the ca-
pacity of cerebral resistance vessels to modify their diameter 
in response to perfusion pressure changes [4-7]. PRx is derived 
from the correlation between Intracranial Pressure (ICP) and 
mean arterial pressure (MAP), serving as an indicator of the 
brain’s pressure reactivity. A positive PRx suggests impaired au-
toregulation, where MAP alterations are passively mirrored by 
ICP, signifying a compromised vascular response. Conversely, a 
negative PRx denotes active and robust autoregulation, with ce-
rebral vessels responding to uphold stable CBF [4-7]. ORx mea-
sures the correlation between the partial pressure of brain tis-
sue oxygen (PbrO₂) and Cerebral Perfusion Pressure (CPP). Since 
PbrO₂ is intimately associated with cerebral blood volume and 
flow, ORx acts as an indirect marker for shifts in cerebral oxy-
genation in response to changes in perfusion pressure. A posi-
tive ORx value implies that perturbations in CPP are mirrored 
by changes in PbrO₂, indicating potential autoregulatory dys-
function [14]. Both PRx and ORx are continuous, non-invasive 
indices that furnish instantaneous insights into cerebrovascular 
responsiveness. These indices adeptly monitor cerebrovascular 

reactivity to perturbations in perfusion pressure and thereby 
indirectly indicate variations in CBF.

However, the absence of continuous CA monitoring during 
SDs in a gyrencephalic animal model presents a knowledge gap 
in current research. To address this gap, this exploratory study 
aims to investigate the feasibility of monitoring cerebrovascular 
and oxygen-pressure reactivity during the early phase following 
or accompanying SD onset within a porcine model of autolo-
gous ICH.

Materials and methods

All procedures were conducted in accordance with the Eu-
ropean Directive 2010/63/EU for animal experiments and ap-
proved by the institutional ethics committee. The study design 
and reporting adhered to the ARRIVE 2.0 guidelines [19].

Animal preparation 

Male swine (n=9) with an average mean weight of 32 kg 
(range: 29 to 36 kg) were included in the study. A standardized 
animal preparation setup was followed as previously described 
[22]. Animals were anesthetized with midazolam (5 mg/kg) and 
azaperone (40 mg/kg) administered intramuscularly. A 2 to 3 
mg IV application of propofol was administered for sedation 
whenever necessary. They were orally intubated and mechani-
cally ventilated (FiO2=0.3). Anesthesia was maintained using 
isoflurane (1.0 to 1.8%). A venous line was placed in the right 
ear vein, and capillary oxygen Saturation (SO2) was continuously 
monitored from the left ear. After surgical exposure of the right 
femoral artery, a 4-French catheter was inserted for continu-
ous monitoring of mean arterial pressure (MAP) (Raumedic AG, 
Helmbrechts, Germany).

Operative procedure

A craniotomy with dura dissection was performed to expose 
the right cerebral hemisphere. A linear, subdural 8-contact plat-
inum electrocorticography (ECoG) recording strip (Wyler, 10/5 
mm, Ad-tech, Racine, USA) was placed on the surface of the 
cerebral cortex (Figure 1a). In addition, an intracranial pressure 
(ICP) probe (Neurovent-P®, Raumedic AG, Helmbrechts, Germa-
ny) and a partial pressure of brain tissue oxygen (PbrO2) probe 
(Neurovent-TO®, Raumedic AG, Helmbrechts, Germany) were 
inserted into the parietal white matter in proximity to each 
other (distance <10 mm). The distance between the ECoG strip 
and the ICP and PbrO2 probe was between 10 and 20 mm.  The 
center of the hematoma was located approximately 10–15 mm 
from the ICP and PbrO₂ probes and 10–20 mm from the nearest 
ECoG contacts. Finally, an autologous intracerebral hematoma 
with 3 ml arterial blood from the femoral artery was injected 
manually using a 22-gauge needle to a depth of ~3 mm below 
the dura, 0.5 cm anterior to the coronal suture in the right fron-
tal cortex. Injection was performed slowly over ~5 minutes to 
allow gradual volume expansion and to minimize tissue trauma, 
following previous descriptions [17,22], and the bone flap was 
replaced (Figure 1b).

Monitoring

Continuous monitoring of MAP, ICP, cerebral perfusion pres-
sure (CPP=MAP-ICP), PbrO2, and ECoG was conducted for 180 
min. Analogue data of MAP, ICP, CPP, and PbrO2 were collected 
and stored using the ICU Pilot™ software (CMA Microdialysis 
AB, Solna, Sweden). ECoG electrodes were connected sequen-
tially in a monopolar configuration. Sampling frequency was set 
at 1,000 Hz using a DC amplifier Powerlab 16/SP analogue-to-
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digital converter. SD duration was defined on ECoG as the inter-
val from the onset of the negative DC shift to the recovery to 
baseline (or near-baseline) potential across the recording con-
tact. Propagation velocity was calculated as the inter-electrode 
distance divided by the latency of SD arrival between consecu-
tive ECoG contacts along the linear strip. ECoG registration and 
analysis were performed with LabChart7 (AD Instruments, Bella 
Vista, Australia).

Autoregulatory indices calculation

PRx was calculated as a moving linear (Pearson’s) correlation 
coefficient between 30 past consecutive 10s averages of MAP 
and ICP, resulting in a time window of 5 min as described previ-
ously [4,5,7]. Due to the amount of monitoring time of 180 min, 
a modification of ORx [14] was applied to obtain more detailed 
information about changes in PbrO2 and CPP. Therefore, a high-
frequency ORx (H-ORx) was calculated as a moving linear (Pear-
son’s) correlation coefficient between 30 past consecutive 10s 
averages of PbrO2 and CPP, resulting in a time window of 5 min. 
The window was repeated every 10 s for both indices, generat-
ing an overlapping index.

Cerebral autoregulatory changes were assessed by compar-
ing the resulting indices at the time point following SD detection 
and evaluating for 30 minutes thereafter. Both indices yielded 
values with ranges of -1 to 1. Negative values were considered 
indicative of preserved autoregulation, while positive values 
implied a loss of cerebral autoregulation. As shown by various 
studies, we consider a value greater than 0.2 as a cut-off value 
for CA disruption. Clinical studies indicate that sustained values 
>0.20 are associated with unfavorable outcomes in neurological 
conditions [4,5,7,23].

Statistical analysis

Continuous variables were tested for normality using histo-
grams and the Shapiro–Wilk test. Parametric and non-paramet-
ric tests were used according to variable distribution. Given the 
exploratory design and the limited number of planned compari-
sons, no formal multiple-testing correction was applied; p<0.05 
was considered nominal significance and statistically significant. 
Statistical analyses were performed using the SPSS 20.0 soft-
ware (SPSS, Chicago, Illinois, USA).

Results

Continuous multimodal monitoring enabled the evalua-
tion of cerebrovascular and oxygen-pressure dynamics during 
the experimental period. Table 1 presents the mean values of 
physiological parameters and autoregulatory indices observed 
during monitoring. Following ICH, two-thirds (6/9) of the ani-
mals exhibited the development of 22 spontaneous and recur-
rent SDs. Notably, alterations in the ECoG were consistent with 
brain tissue depolarization, originating from channels nearest 
to the hematoma foci. The occurrences of SDs manifested at 
intervals averaging 47 min (range: 1 to 170 min), with a mean 
frequency of 1.38±0.46 SDs per hour. The average propagation 
velocity measured 1.87±1.02 mm/min, with a duration span-
ning 11.85±3.22 min.

Among the observed SDs, 40.90% (9/22) displayed dynamic 
fluctuations in PRx, transitioning from preserved to impaired 
autoregulation and subsequently normalizing within 30 minutes 
post-SD detection. Notably, PRx reached its peak value, denot-

ing impaired autoregulation at 0.38 (range: 0.10 to 0.55) after 5 
min (p=0.008) (Figure 2a). This change in PRx occurred together 
with an increase in ICP by 15.43%, escalating from 9.59±0.09 
mmHg to 11.07±0.29 mmHg within the initial 10 min following 
SD initiation (p=0.005) (Figure 2c). No significant MAP changes 
were found during the 30-minute post-SD.

Furthermore, in over 86.36% (19/22) of the recorded SD 
events, the H-ORx exhibited oscillations between preserved 
and impaired autoregulation subsequent to SD occurrences. 
The peak of impaired autoregulation for H-ORx measured 0.26 
(range: 0.05 to 0.46) after 9.5 min (p=0.043) (Figure 2b). In par-
allel, a transient increase in partial pressure of brain PbrO2 was 
noted, rising by 10.90% from 18.52±0.82 mmHg to 20.54±0.39 
mmHg within the initial 10 min post-SD detection (p=0.005) 
(Figure 2d). Ten to twenty minutes after SD occurrence, CPP 
slightly increased from 76.48±0.52 mm Hg to 79.55±0.57 mm 
Hg, which was found statistically significant (p=0.0005).

Figure 1: Schematic illustration of the experimental setup and probe 
placement in relation to the autologous Intracerebral Hemorrhage 
(ICH). (A) Subdural 8-contact Electrocorticography (ECoG) strip 
positioned over the right cerebral hemisphere. (B) Placement of 
the Intracranial Pressure (ICP) Probe, Brain tissue Oxygen partial 
pressure (PbrO₂) probe, and the autologous hematoma within the 
right frontal cortex. 

Figure 2: Cerebral autoregulation indices and physiological 
responses associated with SD. (A) Line plot of the Pressure 
Reactivity index (PRx) and (B) High-frequency Oxygen pressure 
reactivity index (H-ORx) from 5 minutes before to 30 minutes after 
SD onset. (C) Bar plot of mean Intracranial Pressure (ICP) and (D) 
bar plot of mean brain tissue oxygen partial pressure (PbrO₂) from 
10 minutes before to 10-, 20-, and 30-minutes relative to SD onset. 
Values are presented as mean±95% confidence intervals. Statistical 
significance was defined as p<0.05. 
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Table 1: Mean physiological parameters and cerebral autoregulation indices during continuous multimodal monitoring in the porcine 
Intracerebral Hemorrhage (ICH) model. Values represent mean ± SD for all animals (n=9), animals without spreading depolarization (SD) 
(n=3), and animals with SD (n=6). Physiological variables include Mean Arterial Pressure (MAP), Intracranial Pressure (ICP), Cerebral Perfusion 
Pressure (CPP), and brain tissue oxygen partial pressure (PbrO₂). Autoregulation indices include the pressure reactivity index (PRx) and High-
frequency Oxygen pressure reactivity index (H-ORx). p-values refer to comparisons between animals with and without SD. 

Parameter Total (n=9)
Animals without Spreading  

Depolarization (n=3)
Animals with Spreading  

Depolarization (n=6)
p-value

Physiological parameters

Mean arterial pressure (MAP) 83.3±9.8 83.2±16.4 83.4±8.2 p=0.985

Intracranial pressure (ICP) 8.2±2.9 8.7±4.0 7.8±2.9 p=0.606

Cerebral perfusion pressure (CPP) 74.5±10.3 74.5±15.3 75.6±9.8 p=0.796

Partial pressure of brain tissue Oxygen (PbrO2) 21.5±8.7 18.7±6.4 22.8±9.1 p=0.439

Cerebral autoregulation (CA)

Pressure reactivity index (PRx) 0.01±0.14 -0.07±0.11 0.06±0.13 p<0.001

High-frequency Oxygen pressure reactivity index (H-ORx) 0.09±0.14 0.05±0.08 0.11±0.17 p<0.001

Discussion

This preliminary study aimed to assess the feasibility of con-
tinuous CA monitoring during SD in an experimental gyrence-
phalic swine model of autologous ICH. The findings show a tran-
sient alteration in cerebrovascular reactivity during the early 
phase of SD development. Notably, indices of PRx and H-ORx 
displayed values exceeding 0.2 within 5-10 minutes post-SD on-
set, which may reflect a transient loss of CA. These fluctuations 
were temporally associated with increases in ICP and partial 
PbrO2 during the early stages of SD detection.

CA signifies the inherent capability of cerebral vessels to 
regulate CBF in response to changes in blood pressure. Under-
standing CA has become increasingly crucial in the evolution 
and management of cerebrovascular diseases [6]. Various indi-
ces, reflecting autoregulatory changes, have demonstrated that 
impaired CA contributes to vascular deterioration and height-
ened mortality. These indices offer insights into CBF fluctua-
tions, with the loss of autoregulation indicated by positive pla-
teau waves in intracranial pressure, accompanied by maximal 
cerebrovascular dilation [6,7]. Studies on CA have underscored 
that impaired cerebrovascular reactivity post-ICH contributes to 
subsequent injury and poor outcomes, as elucidated by PRx and 
ORx indices [21,22]. PRx, a monitoring index, indicates impaired 
pressure reactivity when cerebral blood volume increments are 
not compensated, causing passive responses in ICP following 
cerebral perfusion pressure variations [5,7]. Leveraging ORx, 
PbrO2 serves as a surrogate indicator of CBF [14]. In our experi-
ment, we adopted a similar index, H-ORx, focusing on a nar-
rower time window encompassing PbrO2 and CPP.

In this translational model of ICH, the observation of regu-
lar spontaneous SDs, akin to occurrences in the human brain, 
is notable. SD is recognized for inducing alterations in cerebral 
resistance vessels. Typically, under physiological conditions and 
in most species, SD triggers a characteristic hemodynamic re-
sponse, spreading hyperemia, marked by a substantial increase 
in CBF ranging from 35% to 250%. This response is accompa-
nied by pial artery dilation of 25% to 120%, persisting up to 3 
min [1,10,15]. However, in pathological scenarios, the typical 
response to SD may be disrupted and reversed, leading to hy-
poperfusion and ischemia due to pronounced vasoconstriction 
[1,10]. Hence, SD following ICH may be associated with distur-
bances in vascular tone, potentially contributing to autoregula-
tory impairment. 

Yet, establishing a direct causal relationship between SD and 
CA impairment remains unresolved. Our hypothesis posits that 
the transient autoregulatory disruption detected by both PRx 
and H-ORx could represent a hemodynamic response during SD 
expansion, possibly reflecting the impact of SD on ICP and PbrO2 
within the initial 5-10 min post-detection. This phenomenon 
might be linked to temporary impairment in vascular reactivity, 
as indicated by the observed changes in PRx and H-ORx. The 
finding that only 40% of SDs were associated with PRx altera-
tions may correspond to previous reports showing that clusters 
of SD, rather than isolated events, are more frequently accom-
panied by ICP elevations [9,20].

This supports the interpretation that temporally close SD 
developments, rather than isolated occurrences, may influence 
ICP. Furthermore, the greater number of SDs disrupting auto-
regulation in H-ORx might indicate hyperoxic responses to SD 
due to increases in CPP. Notably, H-ORx relies on PbrO2 fluctua-
tions in response to changes in CPP. Studies have indicated a 
high spatiotemporal association between SD and PbrO2, reach-
ing up to 90% [3]. Hence, it is plausible that both the insult from 
ICH and hemodynamic responses to SD collectively contribute 
to transient impairment in dilatory limits and autoregulatory 
mechanisms. This interaction between the ICH insult and the 
physiological responses to SD could significantly impact cere-
bral hemodynamics and autoregulation in the early stages post-
ICH.

Study limitations

The present study carries several limitations warranting 
cautious interpretation of the results. First, no sham group 
was included in this preliminary study, as the main goal was to 
evaluate the feasibility of continuous autoregulation monitor-
ing during SD rather than to compare normal and pathological 
conditions. Long-term dynamics of cerebrovascular reactivity 
were not evaluated, as this study focused on the early phase 
after ICH. Baseline recordings before ICH induction served as in-
ternal references, thereby reducing the number of animals used 
in accordance with the 3R principle (Replacement, Reduction, 
and Refinement).

Isoflurane was chosen because of its favorable anesthetic 
profile and its widespread use in experimental neurophysiology. 
It is a potent cerebral vasodilator with dose-dependent effects 
on cerebrovascular autoregulation: low-dose isoflurane 
delays dynamic autoregulatory responses but leaves static 
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autoregulation largely intact, whereas at 1.5 MAC, both 
dynamic and static cerebral autoregulation are abolished [24]. 
A minor influence on vascular tone cannot be entirely excluded, 
but identical anesthetic conditions across animals minimize 
potential bias. A further caveat is the potential impact of the 
craniotomy and experimental positioning on ICP, which should 
be taken into account when interpreting early ICP changes.

Additionally, the exploratory use of H-ORx derived from 
ORx represents another limitation. The relatively short moni-
toring duration of 3 hours led to a reduced time window of 5 
minutes, compared to the original 1-hour window used in ORx 
calculations. Although our results show a temporal association 
between spreading depolarizations and transient disturbances 
in cerebrovascular autoregulation, the study design does not 
permit causal inference. Therefore, the observed fluctuations 
in PRx and H-ORx should be interpreted as correlates of SD-re-
lated hemodynamic changes rather than direct effects. Future 
translational studies with extended monitoring periods could 
overcome this limitation and provide more robust data on long-
term autoregulatory trends.

The exploratory nature of the investigation primarily aimed 
to examine CA fluctuations during SD development in a trans-
lational animal model. Notably, similar temporal associations 
between SDs and alterations in CA indices have been report-
ed in clinical studies following subarachnoid hemorrhage and 
traumatic brain injury [13,18,20,25]. A further important con-
sideration arises from the potential coexistence of CA dysfunc-
tion and SD post-ICH. Establishing whether one phenomenon 
precedes or influences the other was beyond the scope of this 
study. The causal relationship between these processes, there-
fore, remains undetermined. It also remains speculative wheth-
er CA deficits might predispose tissue to spreading ischemia in 
response to SD, or whether SD itself could be linked to transient 
autoregulatory impairment and subsequent CBF reduction 
[2,13,25]. Addressing this question and exploring their dynamic 
interaction will require further experimental studies with dedi-
cated designs.

Conclusions

In this exploratory translational study, continuous assess-
ment of cerebrovascular and oxygen-pressure reactivity in an 
autologous ICH model revealed transient fluctuations in CA pa-
rameters following early SD development. These changes were 
temporally associated with increases in intracranial and oxygen 
pressure. Taken together, these observations suggest a poten-
tial interplay between SD-related hemodynamic dynamics and 
cerebrovascular reactivity, which warrants further investiga-
tion. Future studies with larger samples and extended monitor-
ing durations will be essential to confirm these associations and 
clarify their physiological significance.
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