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Abstract

Streszczenie

Spontaneous subarachnoid haemorrhage accounts for 5% of strokes and it usually affects healthy and active people. It is most
often caused by a rupture of an intracranial aneurysm and it bears a great burden of death and further complications,
i.e. cerebral vasospasm and hydrocephalus, both of which still pose a great diagnostic and therapeutic challenge for physicians.
Management of patients after aneurysmal subarachnoid haemorrhage largely consists of monitoring and prevention of
a secondary injury. While some promising modalities of neuromonitoring have not been universally acknowledged yet, novel
and less invasive strategies are studied. Metabolomics, which is one of them, is an analysis of all or at least of a large number
of small molecule metabolites in a biological sample at one time. Herein we present a systematic literature review on metabolic
changes after aneurysmal subarachnoid haemorrhage, with particular emphasis on concentration of excitatory amino acids
and free fatty acids in cerebrospinal fluid. Although the literature review demonstrates limited knowledge in this field,
it seems to be a beneficial direction for further research. Small molecule metabolites carry out important physiological
functions which, however, may convert to deleterious effects under pathological conditions. As they are ubiquitous across
the body, they constitute an ideal target for biomarker research.
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Samoistny krwotok podpajeczynéwkowy jest przyczyng 5% udaréw mozgu i zwykle wystepuje u zdrowych i aktywnych
zawodowo 0s6b. Najczesciej jest spowodowany peknieciem tetniaka wewnatrzczaszkowego, ktore wiaze si¢ z duza
$miertelnoscia i czestymi powikianiami, m.in. skurczem naczyn mézgowych i wodoglowiem. Stanowig one duze wyzwanie
dla lekarzy zaréwno w kontekscie diagnostyki, jak i leczenia. Postepowanie u chorych po krwotoku podpajeczynéwkowym
z peknietego tetniaka w przewazajacej czesci sklada si¢ z monitorowania i zapobiegania wtérnemu urazowi moézgu.
Obiecujace sposoby prowadzenia neuromonitoringu wciaz nie zyskaly powszechnego uznania i badane sa nowe i mniej
inwazyjne strategie. Jedng z nich jest metabolomika, zajmujaca si¢ analizg wszystkich lub duzej liczby metabolitow
matoczasteczkowych w prébce biologicznej w jednym czasie. W ponizszym przegladzie piémiennictwa przedstawiamy
doniesienia na temat zmian metabolicznych zachodzacych po krwotoku podpajeczynéwkowym z peknietego tetniaka,
podkreslajac znaczenie pobudzajacych neuroprzekaznikéw aminokwasowych oraz wolnych kwaséw ttuszczowych w plynie
moézgowo-rdzeniowym. Chociaz przeglad piémiennictwa wskazuje na ograniczong wiedze w tej dziedzinie, wydaje sie, ze
jest to obiecujacy kierunek badan. Metabolity maloczasteczkowe pelnig w organizmie wazne funkgje fizjologiczne, jednak
w warunkach patologicznych moga by¢ szkodliwe. Poniewaz s3 w nim wszechobecne, stanowig idealny cel badan nad
biomarkerami.

Stowa kluczowe: metabolomika, krwotok podpajeczynéwkowy, skurcz naczyn mézgowych, biomarker
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INTRODUCTION

accounts for 5% of strokes (Feigin et al., 2009; Rosen

et al,, 2007), and it tends to affect otherwise healthy
and active people. It is caused by a rupture of an intracra-
nial aneurysm in 85% of cases (van Gijn et al., 2007) and it
bears a great burden of death and morbidity especially from
further complications.
Cerebral vasospasm (CVS) is one of the most common
complications after SAH (Frontera et al., 2006), and in
fact - the least understood one. In the literature, it is defined
either as arterial narrowing on digital subtraction angiog-
raphy (DSA) or simply as neurological deterioration in
absence of rebleeding, hydrocephalus or other identifiable
cause (e.g. electrolyte disturbances); hence the possible des-
ignations, respectively: angiographic CVS or symptomatic
CVS. There is scant information concerning its treatment.
The only recommendation with “A” level of evidence is pro-
phylactic administration of oral nimodipine to all patients
with aneurysmal SAH (aSAH), whereas induction of hyper-
tension, which constitutes a part of haemodynamic aug-
mentation therapy, aka triple-H therapy, was labelled with
“B” level of evidence (Connolly et al., 2012).
Hydrocephalus (HCP) occurs in up to 30% of patients after
SAH (Germanwala et al., 2010), and requires shunting in
nearly half of the cases (Park et al., 2018). Although the pres-
ence of acute HCP was clearly associated with higher Fisher
grade (Demirgil et al., 2003), independent risk factors for
late shunt placement were bleeding from the middle cerebral
artery aneurysm and cerebral infarction due to vasospasm
(Shigematsu et al., 2016). Both CVS and HCP continue to
pose a great diagnostic and therapeutic challenge for phy-
sicians (Geraghty and Testai, 2017; Paisan et al., 2018).
Management of patients after aSAH largely consists of mon-
itoring and prevention of a secondary injury (Roh et al.,
2016). Although continuous monitoring of the brain func-
tion is possible, it requires invasive procedures, i.e. microdi-
alysis via intracerebral microprobes and assessment of cere-
bral blood flow and brain tissue oxygenation (Arshi et al.,
2013; Findlay et al., 2016; Spiotta et al., 2011; Vajkoczy et al.,
2003). While these promising modalities have not been uni-
versally acknowledged yet, novel and less invasive strategies
are studied (Przybycien-Szymanska and Ashley, 2015).
The term “metabolomics” was coined in the recent litera-
ture to connote attempts to measure all (or at least a large
number) of small molecule metabolites in a biological sam-
ple at one time. In reality, its history goes back to pioneer-
ing application of analytical chemistry in clinical medicine.
In 1927 Warburg et al. described altered glucose metabo-
lism in rat carcinoma on the basis of lactose concentrations
in arterial and venous blood, thus laying the foundation for
future development of biomarker research.
Liquid chromatography-mass spectrometry became an
established technology in the field of metabolomics due to
its versatility and robustness (Gika et al., 2014). Some authors
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have reported its utility in stroke as well (Guo et al., 2019;
Laborde et al., 2012). As it is compatible with various mate-
rials, i.e. body fluids and tissue homogenates, it gives clear
advantage in biomarker research by means of minimally
invasive procedures. Detected changes of small molecules
concentration may either be an effect of altered metabolism
thus having prognostic value, or contribute to secondary
brain injury. In the latter case, the use of such a biomarker
could prompt administration of adequate treatment before
clinical deterioration. In the future it may also constitute an
ideal diagnostic tool for screening programs.

REVIEW OF THE LITERATURE

To identify original studies on metabolic changes after
aSAH, we performed a PubMed database search using
a combination of queries “metabolic,” “metabolomic,”
“subarachnoid,” “h(a)emorrhage,” and “aneurysm(s).”
We excluded reviews, meta-analyses, studies on animals
and those focusing on stroke in general. Eventually, we
identified 16 original papers, which are summarised in
Tab. 1. Various target samples of potential clinical value
were considered: cisternal and lumbar cerebrospinal fluid
(CSE), arterial and jugular vein blood, serum, plasma, and
brain tissue. At first sight, this situation seems to indicate
a serious gap in this field of knowledge as well as our efforts
to establish a new clinical biomarker.

Concentration of amino acids in CSF was studied most
frequently, particularly of excitatory amino acids (EAA)
(Barges-Coll et al., 2013; von Holst and Hagenfeldt, 1985;
Jung et al., 2013, 2012; Kofler et al., 2015; Li et al., 2018;
Lindgren et al., 2014; Lu et al., 2018; Sokét et al., 2017; Staub
et al., 2000;). In 1995 Bullock et al. demonstrated a release
of glutamate and aspartate to the brain tissue in a patient
after occlusive stroke. It prompted further research on
excitatory neurotransmitters antagonists as neuroprotec-
tive agents (Myseros and Bullock, 1995; Turski et al., 1998),
which failed to provide clinical benefit, though (Chen and
Wang, 2016). Still, in symptomatic CVS a decrease in
regional cerebral blood flow correlated with extracellu-
lar concentration of EAA (Sarrafzadeh et al., 2004), and
there was clear evidence that it is much greater in isch-
emia as compared with penumbra or noninfarcted brain
tissue (Berger et al., 2002; Sahu et al., 2017). Kett-White
etal. (2005) set a threshold of cerebral tissue oxygen pres-
sure that induced metabolic changes after stroke. Inter-
estingly enough, Hutchinson et al. (2002) indicated that
an increase in EAA levels happens together with an
increase in concentration of inhibitory amino acids, nota-
bly y-aminobutyric acid (GABA), and suggested possible
therapeutic effect of exogenous GABA agonists. At that
time, Globus et al. (1991) had already suggested the usage
of so-called excitotoxic index as a biomarker of neuronal
vulnerability, which appeared useful in detecting patients
with lacunar infarcts who had been experiencing motor
function deterioration (Serena et al., 2001).
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Year

Authors

Origin

Study
group

Controls

Material

Conclusion

1985

von Holst and
Hagenfeldt

Sweden

26

(SF-Land CSF-C

« Increased concentration of amino acids in CSF after aSAH may result
from proteolysis due to catabolic processes, and from impaired clearance
of amino acids from CSF

1988

Paoletti et al.

Italy

48

12

(SF-L and CSF-C

« Enhanced metabolism of arachidonic acid via the lipoxygenase pathway
was associated with aSAH

« Increased concentration of leukotriene C, in CSF was associated with occurrence
of symptomatic CVS

1992

Gaetani et al.

Italy

13

Straight gyrus

- Enhanced metabolism of arachidonic acid in human brain tissue was associated
with aSAH

2000

Staub et al.

Germany

10

(SF-C

« Increased concentration of excitatory amino acids and lactate in CSF
was associated with poor outcome after aSAH

2002

Pilitsis et al.

USA

20

73

(SF-Lor CSF-C

« Increased concentration of free fatty acids in CSF was associated with
occurrence of angiographic CVS

2012

Jung etal.

Germany

30

(SF-C

« Increased concentration of ADMA in CSF was associated with occurrence
of angiographic CVS

2013

Jung et al.

Germany

18

(SF-C
Serum

« Increased concentration of glutamate, glutamine, glycine, and histidine in CSF
was associated with occurrence of angiographic CVS

2013

Barges-Coll et al.

Mexico

40

18

Plasma

- Increased concentration of taurine in plasma was associated with poor
outcome

2013

Barcelos et al.

France

68

Blood from
jugular and radial
catheters

« Decreased metabolic ratio and increased lactate-oxygen index were associated
with poor outcome after aSAH

2014

Lindgren et al.

Sweden

56

12

Serum

« Increased concentration of ADMA in serum was associated with aSAH
and particularly with poor outcome

« Decreased arginine/ADMA ratio in serum after aSAH was associated
with poor outcome

2014

Kurtz et al.

USA

28

Blood

« Increased systemic glucose variability was associated with mortality
after severe aSAH

2015

Kofler et al.

Austria

25

ECF

« Increased concentration of taurine in ECF after aSAH was associated
with delayed cerebral infarction

2015

Sjoberg et al.

Sweden

50

Serum

« Increased concentration of myo-inositol in serum after aSAH was associated
with good outcome

2017

Sokét et al.

Poland

23

25

(SF-C

« Increased concentration of amino acids in CSF was associated with aSAH
- Concentration of amino acids in CSF increased up to 10 days after aSAH

« Increased concentration of excitatory amino acids in CSF after aSAH
was associated with poor outcome

2018

Lietal.

China

40

(SF-Lor CSF-C

« Increased concentration of pyruvic acid and decreased concentration
of 2-phosphoglyceric acid, and 3-phosphoglyceric acid in CSF after aSAH
were indicators of high score in Hunt—Hess scale

- Increased concentration of aspartate, asparagine, methionine, phenylalanine,
tryptophan, leucine, isoleucine, ornithine, tyrosine, phenylpyruvate, serine,
glycine, threonine, valine, alanine, histidine, 3-phospho-serine, homoserine,
homocysteine, homocysteic acid, glutamate, glutamine, and ornithine in CSF
after aSAH was associated with poor outcome

2018

Luetal.

USA

15

(CFs-C

« Increased concentration of 2-hydroxyglutarate, tryptophan, glycine, proline,
isoleucine, and alanine in CSF after aSAH was associated with poor outcome

spasm; ADMA — asymmetric dimethyl-L-arginine; ECF — brain extracellular fluid.

CSF-C — central cerebrospinal fluid; CSF-L — lumbar cerebrospinal fluid; aSAH — aneurysmal subarachnoid haemorrhage; CSF — cerebrospinal fluid; CVS — cerebral vaso-

Tab. 1. Review of the literature on metabolic changes in body fluids after aSAH
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In 1992 Gaetani et al. demonstrated that arachidonate metab-
olism in brain tissue is enhanced after SAH (Gaetani et al.,
1992), which was later confirmed (Pilitsis et al., 2002; Poloyac
etal., 2005). It is suspected that initial efflux of free fatty acids
(FFA) into CSF after aSAH underlies the mechanism of CVS
through an increase in intracellular calcium concentration
(Jaskdlski and Zawirski, 1988; Pilitsis et al., 2002). In patients
after stroke, high level of FFA in CSF appeared to be an inde-
pendent risk factor of unfavourable outcome, was associated
with increased mortality (Wei et al., 2015), and recurrence in
a 1-year follow-up (Wang et al., 2016). The level was higher
after cardioembolic ischaemia (Sun et al., 2015). Serum FFA
level was associated with unfavourable outcome after stroke
as well (Duan et al., 2017). Preclinical evidence has demon-
strated that inhibition of synthesis of 20-hydroxyeicosatetrae-
noic acid (20-HETE), a product of omega-oxidation of ara-
chidonic acid, reduced the size of infarct in an animal stroke
model (Marumo et al., 2010; Miyata et al., 2005). In addition,
detectible 20-HETE level in CSF was associated with poor
outcome after aSAH (Crago et al., 2011). Recently, Nakagawa
et al. (2017) observed reduced frequency of CVS in patients
after aSAH treated with omega-3 fatty acids.

In 2014 Kurtz et al. demonstrated that increased systemic
glucose variability may be associated with mortality after
severe aSAH (Kurtz et al., 2014). In contrast to the previ-
ously mentioned findings, this one concerns general neuro-
critical care rather than presence of specific complications
after aSAH (Krinsley, 2008). In contrast to the poor-prog-
nosis factors, increased concentration of myo-inositol in
serum after aSAH appeared associated with good outcome
(Sjoberg et al., 2015). Eventually, in 2018 Li et al. showed
that increased concentration of pyruvic acid and decreased
concentration of 2-phosphoglyceric acid, and 3-phosphogly-
ceric acid in CSF after aSAH were indicators of high score in
Hunt-Hess scale (Li et al., 2018).

It is also important to indicate some protein-derived bio-
markers in patients after aSAH. Various authors observed
that an increased S100 protein level in both CSF and serum
after aSAH may be associated with poor outcome and par-
ticularly with occurrence of cerebral infarction (Hardemark
et al., 1989; Jung et al., 2013; Moritz et al., 2010; Takayasu
et al., 1985). What is more, Kacira et al. (2007) revealed
increased concentration of caspase-3, neuron-specific eno-
lase (NSE), and high-sensitivity C-reactive protein in both
CSF and serum in patients after aSAH and commented that
NSE level in CSF may be associated with poor outcome
and occurrence of cerebral infarction. On the other hand,
Bellapart et al. (2014) denied any association between NSE
or S100 and occurrence of CVS after aSAH, and suggested
measurement of serial plasma endothelin-1 concentration
as a potential screening marker of vasospasm.

CONCLUSIONS

Although the literature review demonstrates limited
knowledge in the field of metabolic changes after aSAH,

DOI: 10.15557/AN.2018.0024

it seems to be a promising direction for further research.
Small molecule metabolites carry out important phys-
iological functions which convert to deleterious effects
under pathological conditions. As they are ubiquitous
across the body, they constitute an ideal target for research
on biomarkers.

Conflict of interest

The authors do not report any financial or personal connections with
other persons or organisations which might negatively affect the content
of this publication and/or claim authorship rights to this publication.

Funding/Support and role of the sponsor
This work was supported by Ministry of Science and Higher Education
Funding for Young Scientists, No. 502-03/1-121-03/502-14-286.

References

Arshi B, Mack W], Emanuel B: Invasive and noninvasive multimodal
bedside monitoring in subarachnoid hemorrhage: a review of tech-
niques and available data. Neurol Res Int 2013; 2013: 987934.

Barcelos GK, Tholance Y, Grousson § et al.: Outcome of poor-grade
subarachnoid hemorrhage as determined by biomarkers of glucose
cerebral metabolism. Neurocrit Care 2013; 18: 234-244.

Barges-Coll J, Pérez-Neri I, Avendano J et al.: Plasma taurine as a pre-
dictor of poor outcome in patients with mild neurological deficits
after aneurysmal subarachnoid hemorrhage. ] Neurosurg 2013;
119:1021-1027.

Bellapart ], Jones L, Bandeshe H et al.: Plasma endothelin-1 as screen-
ing marker for cerebral vasospasm after subarachnoid hemor-
rhage. Neurocrit Care 2014; 20: 77-83.

Berger C, Schibitz WR, Georgiadis D et al.: Effects of hypothermia on
excitatory amino acids and metabolism in stroke patients: a micro-
dialysis study. Stroke 2002; 33: 519-524.

Bullock R, Zauner A, Woodward J et al.: Massive persistent release of
excitatory amino acids following human occlusive stroke. Stroke
1995; 26: 2187-2189.

Chen X, Wang K: The fate of medications evaluated for ischemic
stroke pharmacotherapy over the period 1995-2015. Acta Pharm
Sin B 2016; 6: 522-530.

Connolly ES Jr, Rabinstein AA, Carhuapoma JR et al.; American Heart
Association Stroke Council; Council on Cardiovascular Radiology
and Intervention; Council on Cardiovascular Nursing; Council on
Cardiovascular Surgery and Anesthesia; Council on Clinical Car-
diology: Guidelines for the management of aneurysmal subarach-
noid hemorrhage: a guideline for healthcare professionals from the
American Heart Association/American Stroke Association. Stroke
2012543:1711-1737.

Crago EA, Thampatty BP, Sherwood PR et al.: Cerebrospinal fluid
20-HETE is associated with delayed cerebral ischemia and poor
outcomes after aneurysmal subarachnoid hemorrhage. Stroke
2011; 42: 1872-1877.

Demirgil BT, Tugcu B, Postalci L et al.: Factors leading to hydroceph-
alus after aneurysmal subarachnoid hemorrhage. Minim Invasive
Neurosurg 2003; 46: 344-348.

Duan XX, Zhang GP, Wang XB et al.: Elevated serum and cerebrospi-
nal fluid free fatty acid levels are associated with unfavorable func-
tional outcome in subjects with acute ischemic stroke. Mol Neuro-
biol 2017; 54: 1677-1683.

Feigin VL, Lawes CM, Bennett DA et al.: Worldwide stroke incidence
and early case fatality reported in 56 population-based studies:
a systematic review. Lancet Neurol 2009; 8: 355-369.

Findlay JM, Nisar J, Darsaut T: Cerebral vasospasm: a review. Can
] Neurol Sci 2016; 43: 15-32.

AKTUALN NEUROL 2018, 18 (4), p. 171-176




Systematic review of the literature on metabolic changes after aneurysmal subarachnoid haemorrhage

Frontera JA, Claassen J, Schmidt JM et al.: Prediction of symptomatic
vasospasm after subarachnoid hemorrhage: the modified Fisher
scale. Neurosurgery 2006; 59: 21-27; discussion 21-27.

Gaetani P, Marzatico F, Rodriguez y Baena R: Ex vivo release of eico-
sanoids after aneurysmal subarachnoid hemorrhage: a preliminary
experience in humans. Acta Neurol Scand 1992; 86: 184-189.

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

Germanwala AV, Huang J, Tamargo RJ: Hydrocephalus after aneurys-
mal subarachnoid hemorrhage. Neurosurg Clin N Am 2010; 21:
263-270.

van Gijn J, Kerr RS, Rinkel GJ: Subarachnoid haemorrhage. Lancet
2007; 369: 306-318.

Gika HG, Theodoridis GA, Plumb RS et al.: Current practice of liquid
chromatography-mass spectrometry in metabolomics and meta-
bonomics. ] Pharm Biomed Anal 2014; 87: 12-25.

Globus MY, Ginsberg MD, Busto R: Excitotoxic index — a biochemical
marker of selective vulnerability. Neurosci Lett 1991; 127: 39-42.
Guo X, LiZ, Zhou Y et al.: Metabolic profile for prediction of ischemic
stroke in Chinese hypertensive population. J Stroke Cerebrovasc
Dis 2019. pii: $1052-3057(18)30735-3. DOI: 10.1016/j.jstrokecere-

brovasdis.2018.12.035.

Hérdemark HG, Almgqvist O, Johansson T et al.: S-100 protein in cere-
brospinal fluid after aneurysmal subarachnoid haemorrhage: rela-
tion to functional outcome, late CT and SPECT changes, and signs
of higher cortical dysfunction. Acta Neurochir (Wien) 1989; 99:
135-144.

von Holst H, Hagenfeldt L: Increased levels of amino acids in human
lumbar and central cerebrospinal fluid after subarachnoid haem-
orrhage. Acta Neurochir (Wien) 1985; 78: 46-56.

Hutchinson PJ, O’Connell MT, Al-Rawi PG et al.: Increases in GABA
concentrations during cerebral ischaemia: a microdialysis study of
extracellular amino acids. ] Neurol Neurosurg Psychiatry 2002; 72:
99-105.

Jaskolski D, Zawirski M: [Pathophysiology of cerebral vasospasm after
subarachnoid hemorrhage from ruptured intracranial aneurysm].
Pol Tyg Lek 1988; 43: 748-752.

Jung CS, Lange B, Zimmermann M et al.: CSF and serum biomarkers
focusing on cerebral vasospasm and ischemia after subarachnoid
hemorrhage. Stroke Res Treat 2013; 2013: 560305.

Jung CS, Lange B, Zimmermann M et al.: The CSF concentration of
ADMA, but not of ET-1, is correlated with the occurrence and
severity of cerebral vasospasm after subarachnoid hemorrhage.
Neurosci Lett 2012; 524: 20-24.

Kacira T, Kemerdere R, Atukeren P et al.: Detection of caspase-3, neu-
ron specific enolase, and high-sensitivity C-reactive protein levels
in both cerebrospinal fluid and serum of patients after aneurysmal
subarachnoid hemorrhage. Neurosurgery 2007; 60: 674-679; dis-
cussion 679-680.

Kett-White R, O’'Connell MT, Hutchinson PJ et al.: Extracellular
amino acid changes in patients during reversible cerebral isch-
aemia. Acta Neurochir Suppl 2005; 95: 83-88.

Kofler M, Schiefecker A, Ferger B et al.: Cerebral taurine levels are
associated with brain edema and delayed cerebral infarction in
patients with aneurysmal subarachnoid hemorrhage. Neurocrit
Care 2015; 23: 321-329.

Krinsley JS: Glycemic variability: a strong independent predictor of
mortality in critically ill patients. Crit Care Med 2008; 36:
3008-3013.

Kurtz P, Claassen ], Helbok R et al.: Systemic glucose variability pre-
dicts cerebral metabolic distress and mortality after subarachnoid
hemorrhage: a retrospective observational study. Crit Care 2014;
18: R89.

Laborde CM, Mourino-Alvarez L, Akerstrom F et al.: Potential blood
biomarkers for stroke. Expert Rev Proteomics 2012; 9: 437-449.

Li YC, Wang R, Xu MM et al.: Aneurysmal subarachnoid hemorrhage
onset alters pyruvate metabolism in poor-grade patients and clinical
outcome depends on more: a cerebrospinal fluid metabolomic study.
ACS Chem Neurosci 2018. DOI: 10.1021/acschemneuro.8b00581.

AKTUALN NEUROL 2018, 18 (4), p. 171-176

Lindgren C, Hultin M, Koskinen LO et al.: ADMA levels and arginine/
ADMA ratios reflect severity of disease and extent of inflamma-
tion after subarachnoid hemorrhage. Neurocrit Care 2014; 21:
91-101.

Lu AY, Damisah EC, Winkler EA et al.: Cerebrospinal fluid untargeted
metabolomic profiling of aneurysmal subarachnoid hemorrhage:
an exploratory study. Br ] Neurosurg 2018; 32: 637-641.

Marumo T, Eto K, Wake H et al.: The inhibitor of 20-HETE synthesis,
TS-011, improves cerebral microcirculatory autoregulation
impaired by middle cerebral artery occlusion in mice. Br J Phar-
macol 2010; 161: 1391-1402.

Miyata N, Seki T, Tanaka Y et al.: Beneficial effects of a new
20-hydroxyeicosatetraenoic acid synthesis inhibitor, TS-011
[N-(3-chloro-4-morpholin-4-yl) phenyl-N'-hydroxyimido for-
mamide], on hemorrhagic and ischemic stroke. ] Pharmacol Exp
Ther 2005; 314: 77-85.

Moritz S, Warnat J, Bele S et al.: The prognostic value of NSE and
S100B from serum and cerebrospinal fluid in patients with spon-
taneous subarachnoid hemorrhage. ] Neurosurg Anesthesiol 2010;
22:21-31.

Myseros ]S, Bullock R: The rationale for glutamate antagonists in the
treatment of traumatic brain injury. Ann N'Y Acad Sci 1995; 765:
262-271; discussion 298.

Nakagawa I, Yokoyama S, Omoto K et al.: w-3 fatty acids ethyl esters
Suppress cerebral vasospasm and improve clinical outcome follow-
ing aneurysmal subarachnoid hemorrhage. World Neurosurg
20175 99: 457-464.

Paisan GM, Ding D, Starke RM et al.: Shunt-dependent hydrocepha-
lus after aneurysmal subarachnoid hemorrhage: predictors and
long-term functional outcomes. Neurosurgery 2018; 83: 393-402.

Paoletti P, Gaetani P, Grignani G et al.: CSF leukotriene C, following
subarachnoid hemorrhage. ] Neurosurg 1988; 69: 488-493.

Park YK, Yi HJ, Choi KS et al.: Predicting factors for shunt-dependent
hydrocephalus in patients with aneurysmal subarachnoid hemor-
rhage. Acta Neurochir (Wien) 2018. DOI: 10.1007/s00701-018-
3560-6.

Pilitsis JG, Coplin WM, O’'Regan MH et al.: Free fatty acids in human
cerebrospinal fluid following subarachnoid hemorrhage and their
potential role in vasospasm: a preliminary observation. ] Neuro-
surg 2002; 97: 272-279.

Poloyac SM, Reynolds RB, Yonas H et al.: Identification and quantifi-
cation of the hydroxyeicosatetraenoic acids, 20-HETE and
12-HETE, in the cerebrospinal fluid after subarachnoid hemor-
rhage. ] Neurosci Methods 2005; 144: 257-263.

Przybycien-Szymanska MM, Ashley WW Jr: Biomarker discovery in
cerebral vasospasm after aneurysmal subarachnoid hemorrhage.
] Stroke Cerebrovasc Dis 2015; 24: 1453-1464.

Roh DJ, Morris NA, Claassen J: Intracranial multimodality monitor-
ing for delayed cerebral ischemia. ] Clin Neurophysiol 2016; 33:
241-249.

Rosen DS, Amidei C, Tolentino J et al.: Subarachnoid clot volume cor-
relates with age, neurological grade, and blood pressure. Neurosur-
gery 2007; 60: 259-266; discussion 266-267.

Sahu S, Nag DS, Swain A et al.: Biochemical changes in the injured
brain. World ] Biol Chem 2017; 8: 21-31.

Sarrafzadeh AS, Haux D, Liidemann L et al.: Cerebral ischemia in
aneurysmal subarachnoid hemorrhage: a correlative microdialy-
sis-PET study. Stroke 2004; 35: 638-643.

Serena ], Leira R, Castillo J et al.: Neurological deterioration in acute
lacunar infarctions: the role of excitatory and inhibitory neu-
rotransmitters. Stroke 2001; 32: 1154-1161.

Shigematsu H, Sorimachi T, Osada T et al.: Predictors of early vs. late
permanent shunt insertion after aneurysmal subarachnoid hem-
orrhage. Neurol Res 2016; 38: 600-605.

Sjoberg RL, Bergenheim T, Morén L et al.: Blood metabolomic predic-
tors of 1-year outcome in subarachnoid hemorrhage. Neurocrit
Care 2015; 23: 225-232.

Soko? B, Urbaniak B, Wasik N et al.: Amino acids in cerebrospinal
fluid of patients with aneurysmal subarachnoid haemorrhage: an
observational study. Front Neurol 2017; 8: 438.

DOI: 10.15557/AN.2018.0024

175



176

Ernest J. Bobeff, Karol Wisniewski, Michat Piotrowski, Matgorzata Bukowiecka-Matusiak, Lucyna A. WoZniak, Dariusz J. Jaskdlski

Spiotta AM, Provencio JJ, Rasmussen PA et al.: Brain monitoring after
subarachnoid hemorrhage: lessons learned. Neurosurgery 2011;
69: 755-766; discussion 766.

Staub F, Graf R, Gabel P et al.: Multiple interstitial substances mea-
sured by microdialysis in patients with subarachnoid hemorrhage.
Neurosurgery 2000; 47: 1106-1115; discussion 1115-1116.

Sun GJ, Ding SC, Ling WY et al.: Cerebrospinal fluid free fatty acid
levels are associated with stroke subtypes and severity in Chinese
patients with acute ischemic stroke. World Neurosurg 2015; 84:
1299-1304.

Takayasu M, Shibuya M, Kanamori M et al.: S-100 protein and
calmodulin levels in cerebrospinal fluid after subarachnoid hem-
orrhage. ] Neurosurg 1985; 63: 417-420.

DOI: 10.15557/AN.2018.0024

Turski L, Huth A, Sheardown M et al.: ZK200775: a phosphonate qui-
noxalinedione AMPA antagonist for neuroprotection in stroke and
trauma. Proc Natl Acad Sci U S A 1998; 95: 10960-10965.

Vajkoczy P, Horn P, Thome C et al.: Regional cerebral blood flow mon-
itoring in the diagnosis of delayed ischemia following aneurysmal
subarachnoid hemorrhage. ] Neurosurg 2003; 98: 1227-1234.

Wang X, Feng A, Zhu C: Cerebrospinal fluid levels of free fatty acid
associated with ischemic stroke recurrence and functional out-
come. Neurol Sci 2016; 37: 1525-1529.

Warburg O, Wind E, Negelein E: The metabolism of tumors in the
body. ] Gen Physiol 1927; 8: 519-530.

Wei XJ, Han M, Wei GC et al.: Prognostic value of cerebrospinal fluid
free fatty acid levels in patients with acute ischemic stroke. Front
Hum Neurosci 2015; 9: 402.

AKTUALN NEUROL 2018, 18 (4), p. 171-176




