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Preface 

The objective of this work is to compile selected scientific publications to which I have con-

tributed as the first or corresponding author. The compilation covers review articles as well 

as clinical and experimental research articles related to the topic of subarachnoid hemorrhage 

(SAH).   

Presented articles are organized thematically to put them into the context of SAH pathophys-

iology. The first chapter is an introduction covering the definition, epidemiology, clinical and 

research aspects of SAH. The second is dedicated to major complications such as cerebral 

vasospasms or delayed cerebral ischemia (DCI). Chapter three provides deeper insight into 

pathophysiology of SAH through the description of early brain injury and inflammation as its 

crucial contributor. Chapter four covers some problematic aspects of inflammation related to 

diagnostics and treatment, such as variability and deregulation of the inflammatory response. 

Finally, vagus nerve stimulation, which is a promising way to activate cholinergic anti-inflam-

matory pathway (CHAIP) and control inflammation, is discussed.  

 

SAH is a hemorrhagic subtype of stroke, which is predominantly caused by rupture of a cere-

bral aneurysm. Aneurysmal SAH represents a severe medical condition associated with high 

morbidity and mortality. Symptoms of SAH are very variable, from headache to coma. Treat-

ment of an aneurysm is a medical priority, and the most frequent treatment options are clip-

ping or coiling. Elimination of an aneurysm from blood flow prevents re-rupture, which is the 

most severe complication associated with SAH. Other life-threatening complications include 

acute hydrocephalus and DCI.  

DCI is a severe late complication, which usually occurs from day 4 to day 14 after SAH. DCI 

affects approximately 30% of patients with SAH and significantly contributes to worsening 

outcomes. Cerebral vasospasm was considered the only cause of DCI; however, DCI may occur 

independently of vasospasm development. The concept of early brain injury (EBI) was elabo-

rated to explain the pathophysiology of DCI. 

EBI represents pathologies that may cause direct damage to brain tissue or lead to DCI/vaso-

spasm development. EBI includes pathologies like transient global cerebral ischemia, oxida-

tive stress, blood-brain barrier disruption, brain edema, endothelial/neuronal apoptosis, and 

inflammation.  Inflammation plays a key role in the pathophysiology of EBI and SAH. Inflam-

mation interconnects EBI-related pathologies, and inflammation is also associated with both 

DCI and cerebral vasospasm. One of the most extensively studied proinflammatory markers 

associated with SAH is IL-6.  

The methods used in our studies were diverse and combined both experimental and clinical 

approaches. 

In experimental conditions, we used the perforation model of SAH in Sprague-Dawley rats. 

Subarachnoid hemorrhage was induced by perforation of the internal carotid artery in the 

bifurcation by a sharpened nylon suture introduced through the vessel in the neck. The 
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neurological impact of SAH was evaluated using the “Modified Garcia Score” assessment, 

which is designed to quantify both neurological deficit and impairment of consciousness.  

After euthanasia, the brain was removed, and a picture of the underside of the brain was 

taken to evaluate SAH grade using the “Sugawara Grading System”. In order to predict the 

severity of SAH, we have developed “Anesthesia Recovery Time System”, which is based on 

time to recover of vital reflexes/functions (spontaneous ventilation, pain reaction, conscious-

ness recovery).  

Clinical research was conducted in the Department of Neurosurgery, The University Hospital 

Brno and Faculty of Medicine, Masaryk University. The patients with a diagnosis of SAH who 

underwent surgical, endovascular, and conservative treatments were typically enrolled in 

studies presented in this compilation. The neurological impact of SAH was usually character-

ized by the Hunt-Hess scale, and the severity of bleeding was typically expressed using the 

Fischer scale. Cerebral vasospasm was assessed by transcranial dopplermetry, and brain oxy-

gen partial pressure was monitored in some patients using the Licox system. Outcomes of the 

patients were evaluated using the Glasgow Outcome Scale. 

Laboratory samples included brain tissue and blood in experimental research, while cerebro-

spinal fluid and blood were assessed in clinical conditions.  

Various laboratory methods were used to process laboratory samples; protein expressions 

were assessed using Western blot or ELISA, and mRNA expressions were evaluated by RT-PCR. 

Additionally, in some experimental studies, we evaluated brain water content to estimate 

cerebral edema and immunohistochemistry coupled with TUNEL staining to estimate the level 

of neuronal apoptosis. 

The results of the presented studies are mainly related to two major topics: partial pressure 

of oxygen in brain tissue (PbtO2), which was an important subject of our previous research 

and inflammation, which represents a main topic of our recent research.  

Regarding PbtO2, we found that the dynamics of PbtO2 is significantly higher in patients with-

out cerebral vasospasm when increasing the fraction of inspired oxygen to 100%, demonstrat-

ing the effect of cerebral vasospasm on blood supply to the brain.  We also described that 

PbtO2 correlates with those parameters of transcranial dopplermetry, which reflect condi-

tions related to vessel resistance and microvasculature, suggesting the role of small vessels in 

the development of delayed cerebral ischemia. Finally, we found a moderate negative corre-

lation between PbtO2 and IL-6 levels in cerebrospinal fluid of SAH patients, implying the role 

of inflammation in the pathophysiology of SAH. 

Inflammation is an important contributor to early brain injury. Our studies are focused on the 

early inflammatory response after SAH. We found that the best potential marker of SAH-re-

lated inflammation is IL-6, and the best compartment is cerebrospinal fluid (CSF). These find-

ings are in accordance with other studies. We also described that IL-6 is massively increased 

in CSF early after SAH, and the levels correlate with poor patient outcomes.  However, the 

variability of IL-6 levels is too high to establish a threshold for diagnostics. Subsequently, we 

studied the SAH-associated inflammatory response in experimental conditions and found that 

the inflammatory response is triggered early after SAH and is significantly pronounced in 
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severe cases. Additionally, we described that severe SAH is associated with an inflammatory 

response in the whole brain, not only in areas affected by the hematoma. This is an important 

finding suggesting that SAH may have a global impact on the brain or that severe SAH may 

lead to deregulation of inflammatory response. 

In the field of experimental research, we also described that the simultaneous collection of 

CSF and blood may lead to cerebral edema formation. Other methodical research was focused 

on the effect of SAH severity on anesthesia recovery time. This may be useful for prediction 

of SAH severity. Finally, the most complex experimental research was focused on the role of 

α7 nicotinic acetylcholine receptor in the pathophysiology of SAH. We described in this study 

that pharmacological stimulation of α7 nicotinic acetylcholine receptor reduces SAH-associ-

ated neuronal apoptosis. This was one of the first reports suggesting the role of cholinergic 

anti-inflammatory pathway (CHAIP) in the pathophysiology of SAH. 

In conclusion, subarachnoid hemorrhage is a severe condition associated with high morbidity 

and mortality.  Inflammation plays a crucial role in the pathophysiology of SAH. Inflammatory 

response is triggered early after SAH, and severe subarachnoid hemorrhage is associated with 

inflammation affecting the whole brain.  IL-6 represents the best marker of SAH-associated 

inflammation; however, there is a high variability in IL-6 levels after SAH. This is a problem for 

the effective treatment of inflammation after SAH. CHAIP is a promising target for the treat-

ment of the inflammatory response after SAH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 ________________________________________________________________________________  

 

8 

List of abbreviations 

ACM  – Arteria cerebri media 

BBB  – Blood-brain barrier 

CHAIP  – Cholinergic anti-inflammatory pathway  

CVS  – Cerebral vasospasm  

CSF  – Cerebrospinal fluid 

CT  – Computed tomography 

CTA  – Computed tomography angiography 

CBF  – Cerebral blood flow 

DCI  – Delayed cerebral ischemia 

DSA  – Digital subtraction angiography 

EBI  – Early brain injury 

EDV  – End-diastolic velocity 

FiO2   – Fraction of inspired oxygen  

GCS  – Glasgow coma scale 

GOS  – Glasgow Outcome Score   

HH  – Hunt-Hess scale 

ICH  – Intracerebral hemorrhage  

ICP  – Intracranial pressure 

ISCH  – Ischemic stroke  

MRA  – Magnetic resonance angiography 

mRS  – Modified Rankin Scale 

PbtO2  – Partial pressure of oxygen in brain tissue  

PI  – Pulsatility index 

PNS  – Parasympathetic nervous system 

PSV  – Peak systolic velocity 

RI  – Resistance index 

RNS  – Reactive nitrogen species 

SAH  – Subarachnoid hemorrhage 

SNS  – Sympathetic nervous system 

TCD  – Transcranial dopplermetry 

Vmean  – Mean Velocity 

VNS  – Vagus nerve stimulation 

 



 
 ________________________________________________________________________________  

 

9 

1. Introduction – Stroke and subarachnoid hemorrhage 

1.1 Stroke 

Stroke is a severe medical condition associated with high morbidity and mortality. Each year, 

around 12,2 million new cases of stroke occur worldwide (incidence around 158/100 000)  

and there are over 101 million surviving patients who have suffered from stroke (prevalence 

about 1002/100 000)1. Stroke accounts for 6,5 million deaths each year (mortality rate around 

85/100 000) representing the second leading cause of death worldwide1.  

The majority of strokes are of ischemic etiology, which develops due to cerebral vessel occlu-

sion, ischemic strokes account for over 62% of strokes1. The rest 38% of strokes are of hem-

orrhagic etiology, which develops due to non-traumatic cerebral vessel rupture either in cer-

ebral parenchyma or outside the parenchyma in subarachnoid space.  

The rupture of the parenchymal vessel leads to intracerebral hemorrhage, which accounts for 

around 75% of hemorrhagic strokes1. The rupture of the extraparenchymal vessel, which is 

localized in subarachnoid space, results in subarachnoid hemorrhage (SAH), which represents 

around 25% of hemorrhagic strokes. Figure 1 shows the number of new cases and deaths in 

2019. Although the ischemic subtype represents a majority of strokes (A), hemorrhagic stroke 

is associated with higher mortality, and the total numbers of deaths due to ischemic stroke 

and hemorrhagic stroke are similar (B).  

 

  

 

Figure 1: A - A total number of patients (in millions) suffering from ischemic stroke (ISCH), intracerebral 

hemorrhage (ICH), and subarachnoid hemorrhage (SAH) in 2019 worldwide. B – The total number of 

deaths (in millions) due to ischemic stroke (ISCH), intracerebral hemorrhage (ICH), and subarachnoid 

hemorrhage (SAH) in 2019 worldwide. The graphs are based on data in: Feigin VL, Brainin M, Norrving 

B, Martins S, Sacco RL, Hacke W, Fisher M, Pandian J, Lindsay P. World Stroke Organization (WSO): 

Global Stroke Fact Sheet 2022. Int J Stroke. 2022;17:18–29. 
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1.2 Subarachnoid hemorrhage 

Subarachnoid hemorrhage represents just a minority of strokes, global incidence is around 

15/100 000, and prevalence is 109/100 0001. However, SAH is very important from the clinical 

point of view, because it affects relatively young patients and is associated with high morbid-

ity and mortality. Approximately 2% of deaths due to ischemic strokes occur in patients 

younger than 50 years, 9% of deaths from intracerebral hemorrhage are in patients younger 

than 50 years, while 16% of deaths from SAH occur in patients younger than  

50 years1. The peak incidence of SAH is between 50 and 60 years and women are affected 

approximately 1,6 times more often than men2. Modifiable risk factors for SAH development 

represent hypertension, smoking, excessive alcohol intake, while non-modifiable risk factors 

are age, sex, polycystic kidney disease, family history and genetic factors (4q31.23 (EDNRA), 

8q11.23-q12.1 (SOX17), 9p21.3 (CDKN2A/CDKN2B), 10q24.32 (CNNM2), 12q22 

(NDUFA12/NR2C1/FGD6/VEZT), 13q13.1 (KL/STARD13) and 18q11.2 (RBBP8))2–9. There are 

also geographic factors associated with SAH, the highest incidence is in Japan (22,7/100 000) 

and Finland (19,7/100 000)6.  

Around 85% of SAH cases are of aneurysmal etiology, 10% of cases are non-aneurysmal 

(perimesencephalic) and the rest 5% represent bleeding caused by a wide range of other pa-

thologies, such as arteriovenous malformations, other vascular pathologies, tumors, infec-

tions and other causes2. Perimesencephalic SAH represents pathology that may be con-

sidered relatively benign, while aneurysmal SAH may potentially have a very bad pro-gno-

sis2,10.  

A cerebral aneurysm represents a bulge on the vessel wall which has a tendency to grow due 

to pressure inside the vessel and this mechanism represents a typical vicious circle possibly 

resulting in aneurysm rupture. The most common shape of an aneurysm is saccular (90%) and 

predominant localization is in the anterior part of the Willis circle (85%), especially at the 

branching sites11. As the aneurysm grows, the wall becomes weaker and weaker, while the 

tension in the wall increases according to Laplace law and once it reaches a critical level, the 

aneurysm ruptures resulting in subarachnoid hemorrhage. The annual risk of rupture is 

0,05%/0,5% for aneurysms smaller than 10mm in patients without/with  

a history of a ruptured aneurysm, and it is 6% for aneurysms larger than 25mm12. However, 

the majority of ruptured aneurysms are smaller than 1cm, van Gijn explains it as follows: “90% 

of all aneurysms are small and the small fraction of this majority that ruptures outnumber the 

greater fraction of the minority of large aneurysms that ruptures”13.   

Aneurysmal SAH represents a severe medical condition. Detailed pathophysiological mecha-

nisms will be described in Chapter 3, but it is necessary to mention two important aspects 

right now. First, aneurysmal SAH is of arterial origin (high blood pressure), the highest blood 

pressure in cerebral circulation is in Willis circle and the most often localization of cerebral 

aneurysms is on vessels of Willis circle or nearby branches13. 
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Second, the subarachnoid space is a relatively free space filled with cerebrospinal fluid, which 

does not represent significant resistance to bleeding. Thus, SAH associated with rupture of 

cerebral aneurysm usually represents massive bleeding.  

 

1.2.1 Diagnostics and treatment of SAH 

Symptoms of SAH are very variable, from headache to coma. Sudden onset of headache which 

is referred to be “the most severe headache in the life” is a typical feature of SAH which is in 

approximately 50% of patients the only symptom of SAH, other symptoms are nausea, vom-

iting, loss of consciousness, and focal neurological deficit2.  

Several classifications reflecting clinical symptoms were established.  Based on the character 

of headache, neurological deficit, and level of consciousness, the classification of SAH severity 

was elaborated in 1968 by William Hunt and Robert Hess14 (Table 1).  

 

Category Description 

Grade I 
Asymptomatic, or minimal headache and slight nuchal ri-

gidity. 

Grade II 
Moderate to severe headache, nuchal rigidity, no neuro-

logical deficit other than cranial nerve palsy. 

Grade III Drowsiness, confusion, or mild focal deficit. 

Grade IV 
Stupor, moderate to severe hemiparesis, possibly early 

decerebrate rigidity and vegetative disturbances. 

Grade V Deep coma, decerebrate rigidity, moribund appearance. 

Table 1: Classification published by Hunt Hess in 1968, originally entitled: “Classification of patients 

with intracranial aneurysms according to surgical risk”14. The classification is nowadays titled the Hunt-

Hess scale. 
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World Federation of Neurological Surgeons elaborated the SAH grading scale based on the 

Glasgow coma scale (GCS). Glasgow coma scale (Table 2) was elaborated in 1974, WFNS clas-

sification (Table 3) was originally developed in 1988 and modified in 201515–17.  

 

Response Scale Score 

Eye-opening 

Spontaneously 4 

To verbal stimulus 3 

To pain  2 

No eye opening 1 

Verbal response 

Oriented 5 

Confused 4 

Inappropriate, words discernible 3 

Incomprehensible 2 

No verbal response 1 

Motor response 

Obeys commands 6 

Purposeful movement to pain 5 

Withdraws from pain 4 

Flection 3 

Extension 2 

No motor response 1 

Minor Brain Injury: 13-15 points; Moderate Brain injury: 9-12 points; Se-
vere Brain Injury: 3-8 points 

Table 2: Glasgow coma scale 

 

Grade GCS 

I 15 

II 14 

III 13 

IV 7 - 12 

V 3 - 6 

Table 3: Modified WFNS scale 
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The second step in the diagnostic algorithm is a non-contrast computed tomography (CT) scan 

which represents the main diagnostic tool to confirm SAH. In case of negative CT findings, 

lumbar puncture may be used to confirm the SAH if clinical symptoms are obvious. The sen-

sitivity of CT to detect SAH is 100% within 6 hours and more than 97% within 72 hours after 

onset of bleeding2. Based on CT findings Fisher, Kistler, and Davies elaborated the SAH scoring 

system in 1980, which is nowadays known as the Fisher scale (table 4)18. 

 

Grade The character of bleeding on CT 

1 No blood in subarachnoid space 

2 Diffuse or vertical layers <1mm thick 

3 Localized clot or/and vertical layers ≥1mm 

4 Intracerebral or intraventricular clot with diffuse or no SAH 

Table 4: Fisher scale 

 

When the diagnosis of SAH is confirmed, the next step of medical management is to search 

for a source of bleeding. The gold standard is digital subtraction angiography (DSA) with 3D 

reconstruction, other options are CT angiography (CTA) and magnetic resonance angiography 

(MRA). Cerebral aneurysms account for approximately 85% of SAH2. 

Treatment of an aneurysm is a crucial part of medical management because a damaged vessel 

is prone to re-rupture if there is blood flow in the aneurysm. Thus, the main goal the of treat-

ment is to obliterate the aneurysm to prevent blood flow to it. The most often treatment 

options are clipping and coiling. Clipping represents surgical treatment; typically, the neck of 

the aneurysm is closed by the clip eliminating the aneurysm from circulation. Coiling repre-

sents an endovascular solution; filling the aneurysm with coils leads to aneurysm thromboti-

sation and elimination from circulation. The selection of treatment modality depends on sev-

eral factors including shape, size, localization of aneurysm, clinical condition, comorbidities, 

or age2. If possible, the aneurysm treatment should be performed as soon as possible to pre-

vent rebleeding.  

Following aneurysm treatment, neurointensive care is required to prevent possible complica-

tions and eventually treat them if they occur.  Neurological complications include rebleeding, 

hydrocephalus, and cerebral vasospasm/delayed cerebral ischemia. These major complica-

tions will be discussed in the next chapters. Non-neurological complications include stress 

cardiomyopathy, neurogenic pulmonary edema, and hyponatremia. Stress cardiomyopathy 

and pulmonary edema are associated with excessive activation of the sympathetic nervous 

system and related adrenergic surge, while hyponatremia is linked to cerebral salt-wasting 

syndrome and syndrome of inappropriate antidiuretic syndrome secretion19. Other goals of 

neurointensive care are to prevent infection and to control fever. Non-infectious SAH-associ-

ated fever is a frequent symptom, which is believed to be caused by irritation of the hypo-

thalamus by blood19.    
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The outcome of the patients is usually expressed as a Glasgow Outcome Score (GOS) and 

modified Rankin Scale (mRS). Glasgow Outcome Score (Table 5) was elaborated as a classifi-

cation of brain injury by Jennett and Bond in 197520.    
 

Grade Description 

1 Death 

2 Vegetative state 

3 Severe disability 

4 Moderate disability 

5 Low or no disability 

Table 5: Glasgow Outcome Score 

 

Rankin Scale was introduced in 1957 for the classification of cerebrovascular events and  

a modified version (table 6), which added grades 0 and 6 to the original scale, is used from 

200521,22. The modified Rankin Scale is nowadays considered to be a gold standard for out-

come assessment in clinical trials23. 

 

Grade Description 

0 No symptoms 

1 
No significant disability. Able to carry out all usual activities, despite 

some symptoms. 

2 
Slight disability. Able to look after own affairs without assistance, but 

unable to carry out all previous activities. 

3 
Moderate disability. Requires some help, but able to walk unas-

sisted. 

4 
Moderately severe disability. Unable to attend to own bodily needs 

without assistance, and unable to walk unassisted. 

5 
Severe disability. Requires constant nursing care and attention, bed-

ridden, incontinent. 

6 Death 

Table 6: Modified Rankin Scale 
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1.2.2 Subarachnoid hemorrhage in clinical and experimental research  

Subarachnoid hemorrhage is an important topic of both clinical and experimental research. 

The most widely studied pathologies are cerebral vasospasm and early brain injury. Besides 

basic clinical characteristics and radiologic findings, blood and cerebrospinal fluid are the only 

two compartments accessible for laboratory analyses in clinical settings.  

In experimental conditions, more consistent SAH may be produced, and all the organ com-

partments are accessible for laboratory analyses. The first experimental use of animals for 

experimentally induced SAH was published by Bagley in 192824. 

Recently, the most widely used models of SAH are the blood injection model and perforation 

model in rats25. In the blood injection model, the autologous blood is injected into the cisterna 

magna. This model is relatively easy and is associated with a constant blood volume in the 

subarachnoid space as well as with a low mortality rate25. The blood injection model, how-

ever, does not mimic the clinical situation, which is better reproduced by the perforation 

model. In the perforation model, a nylon suture is pushed through the internal carotid artery 

and SAH is induced by perforation of the artery (Figure 2). Real bleeding caused by vessel 

puncture leads to important pathological changes, such as an acute increase of intracranial 

pressure with subsequent transient ischemia, which plays a major role in the pathophysiology 

of SAH26. The perforation model is for this reason considered to be more appropriate than 

the blood injection model for SAH studies, even though the perforation model has several 

disadvantages including surgical difficulty, no possibility to control blood volume in subarach-

noid space, and high mortality rate25. 

 

 

Figure 2: Perforation model of SAH. A – Arteria carotis communis, externa, interna, and their branches. 

B – Preparation of arteria carotis externa, preparation, coagulation, and cutting of arteria occipitalis 

and arteria thyroidea superior, ligation, coagulation, and cutting of arteria carotis externa.  

C – Mobilization of the stem of arteria carotis externa, preparation of arteria carotis interna, coagula-

tion and cutting of arteria pterygopalatine, D – Temporary ligation of the stem of arteria carotis ex-

terna, introduction of nylon suture into the vessel, perforation of arteria carotis interna in bifurcation.    
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The impact of SAH on experimental animals may be evaluated using various behavioral tests. 

The most widely used neurological scoring system for experimental stroke research  

in rats was elaborated by Garcia27. This system was later modified by Sugawara to better re-

flect neurological deficit produced by the SAH model28. This scoring system known as the 

modified Garcia score, primarily designed to assess neurological deficit 24 hours after SAH, is 

depicted in Table 7.  

 

 

  0 1 2 3 

Spontaneous 
activity (in cage 

for 5 min) 
No movement 

Barely moves 
position 

Moves but does 
not approach at 

least 3 sides 

Moves and ap-
proaches at 
least 3 sides 

Spontaneous 
movements of 

all limbs 
No movement 

Slight move-
ment 

Moves all limbs 
but slowly 

Move all limbs 
same as pre-

SAH 

Movements of 
forelimbs (out-

stretching) 

No out-stretch-
ing 

Slight out-
stretching 

Outstretching 
limited and less 

than pre-SAH 

Outstretch 
same as pre-

SAH 

Climbing wall of 
wire cage 

Fall Fails to climb Climbs weakly Normal climbing 

Touch of trunk ------- No response Weak response 
Normal re-

sponse 

Vibrissae touch ------- No response Weak response 
Normal re-

sponse 

Table 7: Modified Garcia score 
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The severity of SAH is the most important characteristic of the SAH perforation model. Eval-

uation of SAH grade in living animals is not possible without sophisticated tools. A simple tool 

to assess SAH grade after animal sacrifice was elaborated by Sugawara28. It is based on the 

snapshot of the basal part of the brain and subsequent visual semiquantitative analysis  

of the amount of blood in the subarachnoid space (Figure 3). The base of the brain is divided 

into six parts and each part is scored according to the amount of blood as follows:  

Grade 0 – no blood, Grade 1 – minimal amount of blood, Grade 2 – moderate blood clot with 

recognizable vessels, Grade 3 – massive blood clot, vessels are not visible. The total score is 

calculated as a sum of all six sub-scores. Scores 13 - 18 represent severe SAH, scores 6-12 

mild/moderate SAH, and animals with a score lower than 6 are usually excluded for insuffi-

cient SAH29.    

 

Figure 3: SAH grading system. A – Segments used for SAH evaluation. B – Grade 0: no blood in sub-

arachnoid space. C – Grade 1: minimal amount of blood in subarachnoid space. D – Grade 2: moder-

ate amount of blood in subarachnoid space with a recognizable vessel, E – Grade 3: large amount of 

blood in subarachnoid space, vessels are not recognizable.   

Despite the differences between human beings and animal models, the basic mechanisms of 

pathophysiological reactions are similar between all the mammalians. Experimental models 

of SAH allow us to study the pathophysiology of SAH in fine detail, in homogenous animal 

groups, and strictly defined conditions. 
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2. Clinical complications related to subarachnoid hemorrhage 

2.1 Rebleeding and hydrocephalus 

Rebleeding is a re-rupture of an aneurysm, and it is one of the most serious complications 

associated with SAH. Rebleeding rate is around 20% within 72h of SAH onset and around 70% 

of rebleeding cases occur within 6h after SAH30. Rebleeding worse outcome in 40%-80% of 

patients and has a mortality rate of 20%-60%30. Successful treatment of aneurysm  

is the best prevention of rebleeding. That is why the aneurysm should be treated as soon as 

possible.  

Hydrocephalus is another severe complication of SAH which may develop early after the onset 

of bleeding or in a delayed manner. Acute hydrocephalus may develop within hours after 

onset of bleeding.  Blood clots may obstruct the liquor system causing intracranial hyperten-

sion and subsequent cerebral ischemia leading to quick deterioration of neurologic functions 

and eventually death of the patient, if not treated. The risk of acute hydrocephalus develop-

ment is more related to the presence of intraventricular blood rather than to the volume of 

cisternal hemorrhage31. Acute hydrocephalus affects approx. 20% of patients with SAH and 

acute intervention, implantation of external ventricular drainage, is required in patients with 

WFNS grade 2 or higher2. Chronic hydrocephalus usually develops over weeks after SAH due 

to impaired resorption of cerebrospinal fluid (CSF), which causes slow deterioration of neu-

rologic functions. Around 30% of patients after SAH need implantation  

of shunting system, most often ventriculoperitoneal shunt32.     

 

2.2 Delayed cerebral ischemia and cerebral vasospasm 

Delayed cerebral ischemia (DCI) is a severe late complication that affects around 30% of SAH 
patients33. DCI most typically develops between 4th and 14th day after the onset of bleeding 
and significantly contributes to worsening outcomes33,34. Cerebral vasospasm (CVS) develops 
in approximately 70% of patients with SAH, around 50% of these patients will be symptomatic 
due to cerebral ischemia, and finally, cerebral infarction develops in 50% of symptomatic pa-
tients35. A larger amount of blood in the subarachnoid space is more associated with vaso-
spasm development, while poor clinical status at admission is more associated with DCI de-
velopment33,36,37. Digital subtraction angiography is the gold standard for diagnostics of CVS, 
however, there are several other diagnostic tools to assess and monitor vasospasm develop-
ment including transcranial doppler (TCD), CTA, and MRA. Complex neurointensive care, 
which is among others focused on the management of blood pressure, volume, and tonicity 
therapy, is crucial for the prevention and medical management of cerebral vasospasm38. 
Thanks to modern neurointensive care, the risk of death or permanent disability due to CVS 
was reduced to less than 10%, however, the vasospasm is still a significant cause of poor out-
come35. 
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2.2.1 The author´s publications related to the topic of vasospasms 

2.2.1.1 Evaluation of changes in brain tissue oxygen levels (PbtO2) for detection of vaso-

spasm in patients after subarachnoid haemorrhage  

Duris K, Smrčka M, Ševčík P, Gál R, Juráň V, Neuman E, Sova M, Vybíhal V, Kýr M. Evaluation 
of changes in brain tissue oxygen levels (PbtO2) for detection of vasospasm in patients after 
subarachnoid haemorrhage. Anesteziologie a Intenzivni Medicina. 2009;20:102–106. 
 
Type of article: Research article 
IF (2009): - 
Number of citations without self-citations according to SCOPUS (7/2025): 2 
 
In this research, we aimed to evaluate the effect of SAH-associated CVS on oxygen levels  
in brain tissue (PbtO2). PbtO2 was monitored using the Licox system which represents a tool 
for direct local measurement of partial pressure of oxygen in tissue based on the principle  
of polarography. Licox probe is a Clark-type electrode isolated by Teflon membrane, which  
is permeable only to molecular oxygen. When oxygen reaches the cathode, it is electrolytically 
reduced generating a certain voltage. The area of monitoring is around 15mm2 and  
the physiological value of PbtO2 is above 20mmHg39,40.  
 
Twenty-six PbtO2 records from seven patients with severe SAH (HH3-HH5) due to rupture  
of an aneurysm on arteria cerebri media (ACM) were analyzed. The PbtO2 monitoring was 
performed for approximately ten days. The vasospasm screening was performed daily using 
TCD which represents a routine tool for vasospasm detection. Due to severe SAH, all the pa-
tients required mechanical ventilation, and a clinical experiment was performed following 
TCD assessment: Fraction of inspired oxygen (FiO2) was increased to 100% for 10 minutes and 
the response in PbtO2 was evaluated. Following the rise of FiO2, there was a significantly 
higher increase in PbtO2 in patients without CVS. The dynamics of PbtO2 were also associated 
with clinical status at admission (HH) and outcome (GOS). Better HH as well as better GOS 
were associated with a higher increase in PbtO2.      
 
FiO2 manipulation seemed to be an interesting option in CVS monitoring for patients with 
PbtO2 monitoring, however, later research indicated that high concentration of oxygen may 
be an important contributor to oxidative stress41. Further research on the diagnostic use  
of FiO2 manipulations was discontinued because of controversies around oxidative stress, 
though the use of 100% oxygen for a short period was still considered safe in intensive care 
at that time42,43.  
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2.2.1.2 Correlation between Brain Tissue Oxygen Monitoring Parameters and Transcranial 

Dopplerometry in Patients with Severe Subarachnoid Hemorrhage 
 

Duris K, Neuman E, Mrlian A, Vybihal V, Juran V, Kyr M, Smrcka M. Correlation between Brain 
Tissue Oxygen Monitoring Parameters and Transcranial Dopplerometry in Patients with Se-
vere Subarachnoid Hemorrhage. Cesk. Slov. Neurol. Neurochir. 2014;77:196–201. 
 
Type of article: Research article 
IF (2014): 0,165 
Number of citations without self-citations according to WoS (7/2025): 1 
 
The goal of this research was to evaluate the correlation between TCD parameters and PbtO2 
in patients suffering from SAH.  
 
Several parameters of TCD reflect CVS of which the most important are velocities reflecting 
the blood flow in a particular vessel: peak systolic velocity (PSV), end-diastolic velocity (EDV), 
and mean velocity (Vmean). Mean velocities higher than 120cm/s in ACM,  90cm/s  
in ACI, and  70 cm/s in basilar artery are considered as thresholds for cerebral vasospasm44. 
Other important parameters are the pulsatility index (PI) and resistance index (RI) which are 
based on the difference in velocity between systolic blood flow and diastolic blood flow re-
flecting flow resistance. PI is a complex parameter calculated as follows: PI = (PSV-EDV)/Vmean 
and the physiological value is below 1.245. When simplified, we may say that  
PI reflects overall resistance to blood flow, more accurately it reflects a complex interplay 
among cerebrovascular resistance/compliance and cerebral perfusion pressure46. RI is calcu-
lated as follows: RI = (PSV-EDV)/PSV and the physiological value is below 0.7545. RI reflects 
resistance to blood flow distally to probe, for example in microvessels45.           
 
Forty-two PbtO2 records from twenty-two patients with severe aneurysmal SAH (HH4-5) were 
analyzed. Periods of +/-10 or +/-60 minutes of PbtO2 monitoring, with a node point corre-
sponding to TCD assessment, were analyzed. No association of PbtO2 parameters with any of 
the velocities was found, however, there was a significant correlation of both PI and RI with 
PbtO2 in both 10 and 60 min. periods. 
 
Since PbtO2 is a direct tissue measurement, it reflects conditions related to microvascula-
ture/vessel resistance/cerebral perfusion pressure in a more complex manner than just blood 
flow velocities.       
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3. Pathophysiology of subarachnoid hemorrhage 

3.1 Early brain injury 

Cerebral vasospasm was traditionally considered the only cause of DCI. Although several 
promising mechanisms of vasospasm development were proposed, including smooth muscle 
dysfunction due to Ca2+ overload or endothelial dysfunction associated with excessive release 
of very potent vasoconstrictor endothelin, the research was initially focused mostly on vessels 
with insufficient respect to brain tissue47,48. Clinical trials focused on vasospasm brought con-
troversial results. In CONSCIOUS clinical trials, a selective antagonist to endothelin receptor 
clazosentan significantly reduced cerebral vasospasm but failed to improve patient out-
comes49,50. Additionally, DCI may develop independently of cerebral vasospasm and cerebral 
vasospasm is not always associated with DCI33,51,52.  
 
When research dominantly focused on vessels brought limited results, the field of SAH re-
search was redefined in order to understand the pathophysiology of SAH in its complexity and 
this resulted in the elaboration of early brain injury (EBI) concept53. EBI is a complex  
of pathologies that occur before vasospasm development, typically in the first 72 hours fol-
lowing SAH26,54. These pathologies may represent interlink among DCI, cerebral vasospasm, 
and poor outcome51,55.  The most important contributors to early brain injury are transient 
global cerebral ischemia, brain edema, apoptosis in neurons and endothelial cells, oxidative 
stress, and inflammation26,54.  
 
As mentioned in Chapter 2, SAH following aneurysm rupture is usually severe, because cere-
bral aneurysms are most often localized on Willis circus and because blood from ruptured 
aneurysm spreads relatively freely into subarachnoid space. Accumulation of blood in sub-
arachnoid space (mass effect) leads to critical elevation of intracranial pressure (ICP) resulting 
in a drop of cerebral blood flow (CBF) and temporal intracranial circulatory arrest56. Intracra-
nial circulatory arrest occurs when ICP reaches the level of mean arterial pressure, this devel-
ops within 1 minute after the onset of bleeding, and then during several minutes ICP drops 
but remains higher than normal56. Intracranial circulatory arrest may be considered  
a crucial pathophysiological event allowing blood clot formation in a ruptured aneurysm, 
which is essential for patient survival. However, intracranial circulatory arrest leads to transi-
ent global cerebral ischemia which is associated with severe pathophysiological conse-
quences. 
 
Transient global cerebral ischemia is associated with energetical disturbance in neurons and 
neuroglia resulting in cytotoxic edema formation57. Ischemic damage of endothelial cells and 
associated blood-brain barrier (BBB) disruption leads to vasogenic edema which occurs later 
than the cytotoxic type of edema57. Endothelial damage and BBB disruption are enhanced by 
ischemic damage of neurons and astrocytes via the HIF-1α-VEGF mechanism, which promotes 
endothelial apoptosis26. Cerebral edema formation may represent a vicious circle, because 
cerebral edema increases ICP compromising CBF, resulting in subsequent ischemia and 
edema formation.  
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The effect of ischemia on cells is very complex. Neuronal cells have a high metabolic rate  
to cover membrane electrical activity and this requires almost exclusively oxidative phopshor-
ylation58,59. SAH-associated transient global cerebral ischemia causes disruption  
of blood supply to neurons. Lack of oxygen and glucose leads to mitochondrial dysfunction 
and insufficient ATP production. ATP deficiency leads to the malfunction of ATP-dependent 
ion pumps, mainly sodium-potassium pumps resulting in the accumulation of sodium intra-
cellularly. Accumulation of sodium is accompanied by water influx forming cytotoxic edema.  
 
Mitochondrial dysfunction and subsequent malfunction of sodium-potassium pumps also 
lead to membrane depolarization because the membrane cannot be kept repolarized due to 
ATP insufficiency. Spreading depolarization wave is an important contributor to SAH-associ-
ated excitotoxicity, which is however mainly caused by an increase in extracellular levels of 
glutamate60. Excessive levels of glutamate may also result from decreased reuptake of gluta-
mate by neuroglia because this process is also ATP-dependent26.  
 
Accumulation of glutamate is associated with an influx of sodium, calcium, and chloride via 
AMPA and NMDA receptors. NMDA receptor is highly permeable for calcium playing a crucial 
role in excitotoxicity61. Accumulation of calcium in neurons may lead to cellular damage or 
apoptosis by several calcium-dependent mechanisms including activation of enzymes with 
proteolytic activity, enzymes generating reactive oxygen species (ROS), or mitochondrial 
pathway58,62.  
 
Oxidative stress is an important contributor to early brain injury because both ROS and reac-
tive nitrogen species (RNS) have a high potential to cause cellular/tissue damage. RNS  
is derived from nitric oxide which is overproduced by an inducible form of nitric oxide syn-
thase in response to ischemia63. An important source of ROS is respiratory chain leakage as-
sociated with mitochondrial dysfunction, and inflammation represents another significant 
source of both ROS and RNS64–66. Another significant source of oxidative stress is iron released 
during the degradation of extravasate hemoglobin67. Oxidative stress may lead to damage of 
crucial cellular macromolecules - lipid peroxidation, protein oxidation, or oxidative damage 
of DNA68–70. Oxidative stress also promotes BBB disruption and inflammation65,71.  
 
All above mentioned pathophysiological mechanisms as well as inflammation, which will  
be discussed in the next chapter, are closely interconnected processes that may result  
in cellular apoptosis. Both neuronal and endothelial apoptosis are important contributors  
to EBI, while necrosis does not play a major role in the pathophysiology of SAH in survival 
patients because transient global cerebral ischemia after SAH is not so severe as to cause 
direct irreversible ischemic damage resulting in necrotic cell death54. Massive necrotic cell 
death is on the contrary associated with SAH which is not compatible with life and which 
causes critical cerebral ischemia resulting in cerebral death in patients who die immediately 
due to do onset of bleeding54. Many apoptosis-associated pathways play a significant role in 
the pathophysiology of EBI including crucial cellular signaling pathways like PI3K-Akt, MAPK-
ERK/JNK/p38, and HIF-154. Prevention of neuronal apoptosis after SAH is an important topic 
of current research which recently also turns attention to autophagy as well as other ways of 
neuronal death like necroptosis, ferroptosis, or pyroptosis72–74.    
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3.1.1 The author´s publications related to the topic of early brain injury 

3.1.1.1 Sampling of CSF via the Cisterna Magna and Blood Collection via the Heart Affects 

Brain Water Content in a Rat SAH Model 

Duris K, Manaenko A, Suzuki H, Rolland W, Tang J, Zhang JH. Sampling of CSF via the Cisterna 
Magna and Blood Collection via the Heart Affects Brain Water Content in a Rat SAH Model. 
Transl Stroke Res. 2011;2:232–237. 
 
Type of article: Research article 
IF (2011): - 
Number of citations without self-citations according to WoS (7/2025): 19 
 
The reduction of the amount of animals used in experiments is an important issue of experi-
mental research. Collecting more samples from one animal is not only desirable from a scien-
tific point of view, but it is also a way, how to reduce the number of animals used in experi-
ments. However, collecting several samples from one living animal may significantly affect 
crucial physiological parameters.  
 
Simultaneous collection of blood and CSF from one subject is important for the comparison 
of pathophysiological processes in the brain and periphery. Brain water content reflects cer-
ebral edema and it is a widely used parameter in animal experiments.  The goal of this re-
search was to evaluate whether the collection of CSF via cisterna magna and blood via cardiac 
puncture may affect brain water content in rat SAH model. 
 
We used twenty-nine animals which were divided into four groups according to procedure 
(SAH or Sham) and sample collection (with or without): Sham S+, Sham S-, SAH S+, and SAH 
S-. The perforation model of SAH was used for the purpose of this study and the animals were 
sacrificed 24 hours after the surgery. Samples of CSF and blood were collected in S+ groups 
before scarification. After scarification brains were collected and cut into four parts (left/right 
hemisphere, cerebellum, and brain stem). Brain water content calculation was based on the 
difference between the weight of a particular part of the brain immediately after collection 
and after drying at 100°C for 72 hours75.  
 
Simultaneous collection of the CSF and blood samples did not affect the neurological score, 
however, brain water content was affected by sample collection. The brain water content  
of left hemisphere was significantly higher in Sham S+ animals compared to Sham S- animals 
indicating that simultaneous collection of CSF via cisterna magna and blood via the heart may 
affect brain edema formation in the experimental model of SAH.       
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3.1.1.2 Oxidative Stress in the Brain: Basic Concepts and Treatment Strategies in Stroke 

Jelinek M, Jurajda M, Duris K. Oxidative Stress in the Brain: Basic Concepts and Treatment 
Strategies in Stroke. Antioxidants (Basel). 2021;10:1886. 
 
Type of article: Review article 
IF (2021): 7,675 
Number of citations without self-citations according to WoS (7/2025): 121 
 
In this review article, we sketch the general concept of oxidative stress in the brain and its 
role in stroke.  In the first part, we describe the physiology and pathophysiology of free radi-
cals and oxidative stress in general as well as in the brain. The main part of the article is ded-
icated to treatment strategies targeted to oxidative stress in both ischemic and hemorrhagic 
stroke. Finally, the use of several antioxidants in combination and the limitations of antioxi-
dant therapy in stroke patients are discussed. 
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3.1.1.3 The Role of Oxidative Stress in Early Brain Injury after Subarachnoid Hemorrhage 

Jelinek M, Jurajda M, Duris K. The Role of Oxidative Stress in Early Brain Injury after Subarach-
noid Hemorrhage. Oxidative Medicine and Cellular Longevity. 2020;2020:e8877116. 
 
Type of article: Review article 
IF (2020): 6,543 
Number of citations without self-citations according to WoS (7/2025): 8 
 
This review article is focused on the role of oxidative stress in early brain injury. In the first 
part, we describe the pathophysiology of oxidative stress associated with SAH, i.e. sources of 
free radicals in EBI and disruption of antioxidant mechanisms after SAH. In the main part, we 
cover the topic of molecular signaling in oxidative stress and molecular mechanisms  
of EBI related to oxidative stress.   
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3.1.1.4 α7 nicotinic acetylcholine receptor agonist PNU-282987 attenuates early brain in-

jury in a perforation model of subarachnoid hemorrhage in rats 

Duris K, Manaenko A, Suzuki H, Rolland WB, Krafft PR, Zhang JH. α7 nicotinic acetylcholine 
receptor agonist PNU-282987 attenuates early brain injury in a perforation model of sub-
arachnoid hemorrhage in rats. Stroke. 2011;42:3530–3536. 
 
Type of article: Research article 
IF (2011): 5,729 
Number of citations without self-citations according to WoS (7/2025): 85 
 
In this article, we describe the beneficial effect of α7 agonist PNU-282987 on early brain injury 
in an experimental model of SAH.  α7 receptor is a subtype of the nicotinic receptor, which is 
specific for the cholinergic anti-inflammatory pathway (this pathway will  
be described in Chapter 4). In this research, we studied the anti-apoptotic properties  
of  α7 signaling because the α7 receptor was described to be associated with the PI3K-Akt 
pathway, which plays, among others, an important role in the downregulation of apoptosis-
related processes.   
 
A perforation model of SAH in rats was used for this study. Parameters of early brain injury 
were studied at the time points of 24 and 72 hours after SAH. PNU-282987 improved 
neurological scores at both time points and reduced brain water content in the left 
hemisphere 24 hours after the SAH. On the molecular level, PNU-282987 significantly 
increased levels of phosphorylated Akt and decreased levels of cleaved caspase 3 which  
is a crucial proapoptotic factor. The beneficial effect of PNU-282987 was reversed  
by receptor antagonist methylcaconitine as well as by PI3K inhibitor wortmanin proving the 
mechanism of PNU-282987 action. Using immunohistochemistry, we demonstrated, that 
phosphorylated AKT was mainly localized in non-apoptotic neurons and that the treatment 
decreased the overall level of neuronal apoptosis. 
 
This study was, according to our best knowledge, the first study describing the beneficial 
effect of CHAIP stimulation after subarachnoid hemorrhage.  
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3.1.1.5 Role of microRNA in Ischemic and Hemorrhagic Stroke 

Lipkova J, Duris K. The Role of microRNA in Ischemic and Hemorrhagic Stroke. Curr Drug Deliv. 
2017;14:816–831. 
 
Type of article: Review article 
IF (2017): 2,078 
Number of citations without self-citations according to WoS (7/2025): 23 
 
MicroRNAs represent the most flexible network of gene regulation and thus miRNAs seem to 
be a promising target for therapeutic interventions focused on apoptosis and inflammation. 
This review article is focused on the description of the role of microRNA in stroke. After a brief 
summarization of microRNA signalization and microRNA functions in the central nervous sys-
tem, the main part of the article reviews the involvement of microRNA in the pathophysiology 
of both ischemic and hemorrhagic stroke. Several promising candidate microRNAs are dis-
cussed more in detail. These include microRNAs which are mainly involved in apoptosis (miR-
124, mir-29), inflammation (miR-181 family, mir-29, miR-21, let-7 family) and microRNAs as-
sociated with hypoxia/ischemia (miR-210, miR-21).  
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3.2 Inflammation - a crucial pathophysiological aspect of early brain injury 

Inflammation is a crucial contributor to EBI; inflammatory response is exaggerated after SAH 
and it represents a potential cross-link among all EBI-associated pathologies, DCI, and vaso-
spasms33,76–78. Inflammatory response associated with SAH is thus an important topic  
of research in both clinical and experimental conditions.  
 
The immune system in the brain is mainly represented by macrophages, which are localized 
in the parenchyma – microglia, as well as outside the parenchyma, alongside barriers – peri-
vascular macrophages, meningeal macrophages, circumventricular organs associated macro-
phages and choroid plexus associated macrophages79. Individual immune cells may traffic be-
tween CSF and parenchyma, while trafficking between CSF and regional lymph nodes  
is possible via nasal and dural lymphatics, which drains CSF to cervical lymph nodes80–82.  
 
Microglia is the most frequent myeloid population in the brain and have several crucial func-
tions, like synaptic pruning, synthesis of neurotrophic factors, immune surveillance,  
or phagocytosis83–86. In response to pathology, microglia is activated shifting to proinflamma-
tory M1 or anti-inflammatory M2 phenotype87.    
 
Inflammatory response after SAH develops in two steps, it is initially a local reaction which  
is subsequently generalized to systemic response88,89. Local reaction peaks between 4 and 6 
hours after SAH and subsequent inflammatory response may persist for approximately two 
weeks90–92. Inflammatory response after SAH is triggered in reaction to tissue damage and 
transient global cerebral ischemia90,93,94. These are strong signals mainly for microglia activa-
tion, which starts to release proinflammatory cytokines, activating endothelial cells and pe-
ripheral leukocytes95,96.  
 
Microglia is also a source of chemokines, which attract peripheral leukocytes to the affected 
area, while endothelial cells produce adhesive molecules allowing diapedesis of peripheral 
leukocytes, which are mainly represented by neutrophils and monocytes/macro-
phages96,97,95. However, diapedesis is complicated, because BBB is permeable for single leu-
kocytes, however, it is not permeable for the trafficking of large leukocyte populations98. 
When leukocytes are stuck in perivascular space, they release proteolytic enzymes which 
cause BBB disruption and allow them to penetrate BBB99,98.  This is an important mechanism 
of BBB disruption in EBI100,101.  
 
Besides BBB disruption, infiltrating immune cells cause additional tissue damage by overpro-
duction of ROS and proinflammatory cytokines102. Neutrophils represent a major source of 
ROS, which are mainly produced by NADPH oxidase and myeloperoxidase103. Besides super-
oxide and hypochlorous acid, the neutrophils produce a significant amount of other ROS such 
as hydrogen peroxide, chloramine, or hypothiocynite103. As mentioned above, oxidative stress 
may damage lipids, proteins as well as DNA and promotes further inflammatory response68–

70,65.  
 
Cytokines represent a complex net of molecules that regulate key homeostatic proceses104. 
Inflammatory response after SAH is associated with increased levels of TNFα, IL-1β, IL-6, and 
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IL-8 which may reflect patient outcome105,106. Probably the most extensively investigated pro-
inflammatory cytokine in stroke research is IL-6105–110. High levels of IL-6 in CSF and serum are 
associated with DCI and patient outcome109,110. IL-6 is involved in several crucial pathophysi-
ological processes such as oxidative stress, apoptosis, and BBB disruption102.       
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3.2.1 The author´s publications related to the topic of SAH associated inflammation 

3.2.1.1 The Role of Inflammatory Response in Stroke Associated Programmed Cell Death 

Duris K, Splichal Z, Jurajda M. The Role of Inflammatory Response in Stroke Associated Pro-
grammed Cell Death. Curr Neuropharmacol. 2018;16:1365–1374.  

Type of article: Review article 
IF (2018): 4,568 
Number of citations without self-citations according to WoS (7/2025): 58 
 
In this review article, we discuss the contribution of inflammation to cell death after stroke. 
At the beginning, we outline the pathophysiology of stroke-associated primary and secondary 
brain injury and describe the activation of inflammatory response after stroke. The main sec-
tion is dedicated to the characterization of various types of cell death after stroke with respect 
to inflammation. Particularly we cover necrosis, apoptosis, necroptosis, pyroptosis, and au-
tophagy. Finally, we discuss inflammation as a target for therapy after stroke. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

91 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

92 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

93 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

94 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

95 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

96 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

97 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

98 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

99 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

100 

 
 
 

 
 
 
 
 
 



 
 ________________________________________________________________________________  

 

101 

3.2.1.2 IL-6 Levels in the Cerebrospinal Fluid and their Association with Brain Oxygen Par-

tial Pressure and Cerebral Vasospasm Development in Patients with Aneurysmal Sub-

arachnoid Haemorrhage 

Duris K, Neuman E, Vybihal V, Juran V, Gottwaldova J, Kyr M, Vasku A, Smrcka M. IL-6 Levels 

in the Cerebrospinal Fluid and their Association with Brain Oxygen Partial Pressure and Cere-

bral Vasospasm Development in Patients with Aneurysmal Subarachnoid Haemorrhage. Cesk. 

Slov. Neurol. Neurochir. 2016;79:573–578. 

Type of article: Research article 
IF (2016): 0,368 
Times cited according to WoS (7/2025): 0 
 
In this research, we tried to find out whether there is a relation between IL-6, parameters of 
TCD, and PbtO2 in patients suffering from SAH. IL-6 is one of the most widely studied markers 
of inflammation in stroke.  
 
We studied IL-6 levels in CSF on day four and compared them to the parameters of TCD and 
PbtO2 on day 5 after the onset of bleeding. This time point represents the period when the 
highest risk of vasospasm development begins. In total 20 patients with both mild/moderate 
and severe SAH were enrolled in the study. Although there was a correlation between IL-6 
and PbtO2 in our study group and a clear tendency to higher IL-6 levels in patients with cere-
bral vasospasm and low PbtO2 levels, the differences were not statistically significant.  
 
This study demonstrated that IL-6 may be a promising diagnostic marker, however prediction 
of DCI using this marker slone is problematic.     
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3.2.1.3 Early Dynamics of Interleukin-6 in Cerebrospinal Fluid after Aneurysmal Subarach-

noid Hemorrhage 

Duris K, Neuman E, Vybíhal V, Juráň V, Gottwaldová J, Kýr M, Vašků A, Smrčka M. Early Dy-

namics of Interleukin-6 in Cerebrospinal Fluid after Aneurysmal Subarachnoid Hemorrhage. 

J Neurol Surg A Cent Eur Neurosurg. 2018;79:145–151. 

Type of article: Original article 
IF (2018): 1,060 
Number of citations without self-citations according to WoS (7/2025): 15 
 
In this study, we aimed to characterize the early dynamics of inflammatory response after 
SAH with regard to basic clinical characteristics such as HH or GOS. To characterize inflamma-
tory response, we chose widely used markers TNFα, IL-1β, and IL-6. Blood and CSF samples 
were collected every 8 hours for four days.  
 
In total 47 patients with all grades of SAH were enrolled in the study. Compared to blood, CSF 
was shown to be a better compartment and IL-6 was a better marker than TNFα and  
IL-1β for evaluation of early inflammatory response in the brain. Levels of IL-6 were massively 
increased early after SAH, and the additional increase was visible at 72 hours and later. There 
was a significant association between IL-6 and GOS in both overall levels (IL-6 was higher in 
patients with bad outcomes) and dynamics after 72 hours (IL-6 rose more rapidly in patients 
with bad outcomes after 72 hours).  
 
These findings indicate that a massive inflammatory response is triggered immediately after 
SAH and that IL-6 is a good candidate as an early marker of inflammation after SAH. However, 
it was not possible to define clinically relevant threshold levels due to the high variability of 
IL-6.  
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3.2.1.4 Early Inflammatory Response in the Brain and Anesthesia Recovery Time Evalua-

tion After Experimental Subarachnoid Hemorrhage 

Duris K, Lipkova J, Splichal Z, Madaraszova T, Jurajda M. Early Inflammatory Response in the 
Brain and Anesthesia Recovery Time Evaluation After Experimental Subarachnoid Hemor-
rhage. Transl. Stroke Res. 2019;10:308–318.  
 
Type of article: Original article 
IF (2019): 5,780 
Number of citations without self-citations according to WoS (7/2025): 17 
 

To better understand the nature of inflammatory response after SAH, we conducted this ex-
perimental study in which we studied inflammatory response in different points and various 
areas of the brain. The main goal of this study was to find out whether the SAH-associated 
inflammatory response in the brain occurs just in areas affected by the hematoma or in the 
whole brain.  
 
We used the perforation model of SAH for the purpose of this study. For the final evaluation, 
we used 84 animals divided into three groups (sham, mild SAH, severe SAH) and four time 
points (2, 4, 6, and 8 hours). In the above-mentioned time points, we studied the dynamics of 
mRNA expressions of TNFα, IL-1β, IL-6, ICAM-1, and VCAM-1 in areas adjacent to hematoma 
and distant areas. Serum levels of TNFα, IL-1β, and IL-6 were evaluated at 4 and 8 h 
timepoints. In the case of severe SAH, the mRNA expressions of pro-inflammatory cytokines 
were significantly increased in both adjacent and distant areas, while the inflammatory re-
sponse was less pronounced in mild/moderate SAH. The peak of the initial inflammatory re-
sponse was at 4 hours after SAH. Expression of mRNA for adhesive molecules ICAM-1 followed 
the pattern of proinflammatory cytokines mRNA expression, while mRNA expression of 
VCAM-1 was not significantly different among the groups. 
 
These findings indicate that severe subarachnoid hemorrhage triggers the strong and early 
inflammatory response not only in areas affected by bleeding (where a certain level of inflam-
matory response is required for cleaning/reparation), but the inflammatory response is also 
triggered in areas that are not primarily affected by hematoma. This may suggest either that 
SAH may cause global damage to the brain (for example by transient global cerebral ischemia) 
or that severe SAH may lead to deregulation of inflammatory response. Anyway, these results 
indicate that early inflammatory response after SAH is a more complex phenomenon than 
just a cleaning reaction.  
 
In this research, we also evaluated the association of SAH severity with anesthesia recovery 
time. This may be useful for the prediction of severity of SAH immediately after surgery. SAH 
grade is evaluated after animal sacrificing and removal of the brain, it may be also predicted 
using neurological testing, which is primarily designed for 24 hours and later time points, 
however we do not have a tool for earlier prediction of SAH severity. We addressed this issue 
in the second aim of this research.  
 
Anesthesia recovery time was evaluated for pain reaction recovery time (spinal level), 
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spontaneous ventilation recovery time (brain stem level), and consciousness recovery time 
(neocortical level). The anesthesia recovery time of all selected parameters reflected the se-
verity of SAH. The consciousness recovery time test had the best predictive value, but the 
spontaneous ventilation recovery time test may bring the information in the shortest time. 
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4. SAH-associated inflammation as a problem for diagnostics and treatment 

Comprehension of inflammatory response is essential for understanding the pathophysiology 
of SAH and stroke in general. Stroke-associated inflammatory response is relatively uniform 
in both ischemic and hemorrhagic stroke and it is also similar in other acute pathologies like 
traumatic brain injury111–113. A certain level of Inflammatory response is essential for cleaning 
reaction and tissue repair114. However, following severe pathologies, the inflammatory re-
sponse may be exaggerative and deregulated, possibly resulting in subsequent tissue damage 
and systemic inflammatory response syndrome with multi-organ dysfunction syndrome113.  
 
Thus, an inflammatory response associated with severe pathologies may trigger a vicious cir-
cle of tissue damage – inflammation – additional tissue damage – more inflammation.  
An important question related to the inflammatory vicious circle is whether and when the 
inflammatory response becomes deregulated and whether and eventually how we can pre-
vent it. Every patient in severe condition has some kind of anti-inflammatory treatment that 
is driven by symptoms/clinical needs, i.e. antiphlogistic to control pain, body temperature, 
sedation, or general anesthesia in intubated patients. However, we do not have enough con-
sistent markers of inflammation that would help us to conduct anti-inflammatory treatment 
specifically, because most inflammation-related laboratory markers have high interindividual 
variability.  
 
A promising option to control inflammation represents vagus nerve stimulation (VNS) which 
is based on a complex mechanism, cholinergic anti-inflammatory response (CHAIP). CHAIP  
is a physiological mechanism of immune system regulation by CNS. The main components  
of CHAIP include the vagus nerve, spleen, and α7 nicotinic acetylcholine receptor  
(α7 nAChR).  
 
Severe conditions are associated with a disbalance between the activity of the sympathetic 
(SNS) and parasympathetic nervous system (PNS) because of stress which contributes to ac-
tivation of SNS. The activity of autonomic nervous system is closely linked to inflammation, 
physiological activation of the sympathetic nervous system is in general pro-inflammatory, 
while parasympathetic activity is anti-inflammatory115,116.  
 
VNS decreases inflammation but does not cause immunosuppression116. In experimental con-
ditions, VNS was to decrease inflammation in various severe conditions such as sepsis, septic 
shock, hypovolemic hemorrhagic shock, or stroke117–120. The effect of VNS is anti-inflamma-
tory, anti-apoptotic, and antioxidative making VNS very complex and promising therapeutic 
tool121,122.  
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4.1 The author´s publications related to the topic of SAH associated inflammation as a 

problem for diagnostics and treatment 

4.1.1 Evolutionary concept of inflammatory response and stroke 

Duris K, Jurajda M. Evolutionary concept of inflammatory response and stroke. J Neurosci Res. 

2020;98:98–104. 

Type of article: Review article 
IF (2020): 4,164 
Number of citations without self-citations according to WoS (7/2025): 11 
 

In this conceptual review article, we aimed to build a logical construction of arguments that 

implicate possible reasons for the deregulation of inflammatory response after stroke.  

We discuss immune system–brain interactions from an evolutionary point of view in order to 

demonstrate that the immune system cannot be designed to deal with severe pathologies 

such as stroke.  

After a short recapitulation of elementary notes about evolution and epigenetics, we sketch 

an overview of the functions of the immune system. We are mainly focused on the fact that 

the immune system has both analytic (immune surveillance) and executive (defense and heal-

ing) functions, which make this system very powerful. If we take into account that  

the immune system has a natural tendency to act aggressively, because dealing with patho-

gens has to be resolute - the immune system cannot lose (in another case the organism may 

be lost), it is not a surprise that massive activation of the immune system may cause serious 

damage to organism.  

The next parts are dedicated to a description of the role of the immune system in CNS under 

physiological conditions and after stroke. We mainly discuss the fact that the immune system 

cannot be designed to deal with severe pathologies like stroke because such pathologies are 

typically not compatible with life in wild nature. Even if the organism survives,  

the evolutionary selection mechanism cannot be applied, because stroke predominantly oc-

curs in the postreproductive period of life.  

We may conclude that for above mentioned reasons, evolution has no chance to prepare the 

immune system for such severe conditions as severe stroke, severe craniotrauma  

or polytrauma. These conditions may be associated with exaggerated/deregulated inflamma-

tory response, which may cause more damage than initial pathology.  
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4.1.2 Inflammatory response in sepsis and hemorrhagic stroke 

 

Jelinek M, Duris K. Inflammatory response in sepsis and hemorrhagic stroke. Brain Hemor-
rhages. 2023;4:96–107 
 
Type of article: Review article 
IF (2023): 1,300 
Number of citations without self-citations according to WoS (7/2025): 10 
 
In this review article, we intended to describe inflammatory responses in sepsis and hemor-
rhagic stroke side by side to highlight similar features and differences. Sepsis represents an 
inflammatory response that has a systemic character from the beginning, while hemorrhagic 
stroke represents pathology, in which inflammation has initially local character and subse-
quently turns into systemic inflammation. Inflammatory response is often exaggerated/de-
regulated in severe cases of both sepsis and hemorrhagic stroke. 
 
The initial part is dedicated to the description of pathophysiological and clinical aspects  
of sepsis and hemorrhagic stroke including molecular mechanisms and treatment strategies. 
In the next section, we describe experimental models of both conditions. In the final section, 
we describe the role of inflammatory response and underlying molecular signaling mecha-
nisms in sepsis and hemorrhagic stroke.  
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4.1.3 Cholinergic Anti-inflammatory Pathway and Stroke 

 

Duris K, Lipkova J, Jurajda M. Cholinergic Anti-inflammatory Pathway and Stroke. Curr Drug 
Deliv. 2017;14:449–457. 
 
Type of article: Review article 
IF (2017): 2,078 
Number of citations without self-citations according to WoS (7/2025): 33 
 

CHAIP represents a physiological mechanism by which CNS regulates an activity of an immune 

system and controls inflammation. In this review article, we discuss the role of CHAIP in stroke 

and VNS as a possible tool to control inflammation.  

After brief introduction notes on stroke and inflammatory response, we describe the main 

components of CHAIP which include the vagus nerve, spleen, and α7 nicotinic acetylcholine 

receptor  

(α7 nAChR). We cover anatomy, physiology, and molecular signaling pathways in CHAIP. In 

the next part, we overview CHAIP as a potential target for therapy after stroke. We discuss 

pharmacological stimulation of  α7nAChR as well as both direct and indirect vagus nerve stim-

ulation.      
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4.1.4 Vagus nerve stimulation as immunomodulatory therapy for stroke: A comprehensive 

review 

 

Jelinek M, Lipkova J, Duris K. Vagus nerve stimulation as immunomodulatory therapy for 
stroke: A comprehensive review. Exp Neurol. 2024;372:114628. 
 
Type of article: Reviewl article 
IF (2024): 4,200 
Number of citations without self-citations according to WoS (7/2025): 9 
 

In this review article, which may be considered as an update of previous article, we aimed to 

summarize current knowledge about the immunomodulatory effect of VNS. We extensively 

review signaling pathways associated with VNS and bring a comprehensive overview of ex-

perimental studies focused on targeting CHAIP after stroke.  
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5. Conclusion 

Subarachnoid hemorrhage (SAH) is predominantly caused by the rupture of a cerebral aneu-

rysm, and it represents a severe medical condition associated with high morbidity and mor-

tality. There are several life-threatening complications associated with SAH, like acute hydro-

cephalus, rebleeding, or delayed cerebral ischemia (DCI). 

DCI is a severe late complication, which affects approximately 30% of patients with SAH and 

significantly contributes to worsening outcomes. Cerebral vasospasm was considered the 

only cause of DCI however, DCI may occur independently of vasospasm development. The 

concept of early brain injury (EBI) was elaborated to explain the pathophysiology of DCI. EBI 

includes pathologies like transient global cerebral ischemia, oxidative stress, blood-brain bar-

rier disruption, brain edema, endothelial/neuronal apoptosis, and inflammation.   

Inflammation plays a key role in the pathophysiology of SAH, interconnecting all EBI-related 

pathologies. Inflammation is also associated with both DCI and cerebral vasospasm. One of 

the most extensively studied proinflammatory markers associated with SAH is IL-6. IL-6 is as-

sociated with severity of SAH as well as with outcome. However, there is a high variability in 

levels of IL-6 which is a problem for effective therapy targeting inflammation after SAH. Vagus 

nerve stimulation is a promising way to activate CHAIP and control inflammation without a 

risk of immunosuppression. 
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6. Full list of the author´s publications in chronological order (publication highlighted in bold are 
commented above) 
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