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Wykaz skrotéw uzytych w pracy:

aSAH aneurysmal subarachnoid hemorrhage

APACHE II | Acute Physiology and Chronic Health Evaluation II
AUC area under the ROC curve

CUN centralny uktad nerwowy

DCI delayed cerebral ischemia

EVD external ventricular dreinage

GCS Glasgow Coma Scale

GFAP glial fibrillary acidic protein

GOS Glasgow Outcome Scale

MAPT microtubule associated protein tau

NSE neuron- specific enolase

OIT Oddziat Intensywnej Terapii

PMR ptyn mézgowo- rdzeniowy

ROC receiver operating characteristic
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1. WSTEP

Krwotok podpajeczynéwkowy z peknietego tetniaka naczyn moézgowych
(aneurysmal subarachnoid hemorrhage, aSAH), to choroba o nagtym i ciezkim przebiegu.

Krwotok podpajeczyndéwkowy stanowi ok. 5% wszystkich udaréw mozgu [1].
Najczestsza przyczyng samoistnych krwotokéw podpajeczyndwkowych jest pekniety tetniak
tetnicy mozgowej. Choroba dotyczy najczesciej osob w wieku produktywnym, obarczona jest
znaczng $miertelnoscig oraz powstaniem trwatych deficytow neurologicznych, czy zaburzen
kognitywnych u tych, ktérzy przezyja krwotok pierwotny [2, 3]. W aSAH dochodzi do
wynaczynienia si¢ krwi do przestrzeni miedzy opona pajecza i opona migkka w wyniku
pekniecia tetniaka tetnicy mézgowej. Rozlegtos¢ krwotoku moze by¢ rézna- od niewielkiego
do masywnego krwawienia z powstaniem krwiaka srodmoézgowego lub przebiciem sie krwi do
uktadu komorowego. Wiagza si¢ z tym r6znego stopnia wczesne uszkodzenia tkanki mézgowej
rozwijajace si¢ w pierwszych 72 godzinach. Sg one spowodowane zar6wno wynaczynieniem
si¢ krwi pod wysokim ci$nieniem, jak i przez ratunkowe mechanizmy powodujace
niedokrwienie, konieczne do ograniczenia lub zahamowania krwotoku, takie jak odruchowy
skurcz w  obszarze uszkodzonego naczynia i gwattowny wzrost ciSnienia
wewnatrzczaszkowego. Krwiakowi srodmézgowemu towarzyszy obrzgk powodujacy ucisk
przylegtych tkanek i przemieszczajacy struktury moézgu. Natomiast krwotok do uktadu
komorowego moze prowadzi¢ do powstania ostrego wodogtowia obturacyjnego i gwattownego
wzrostu cisnienia wewnatrzczaszkowego [4, 5].

Poza urazem powstatymi we wczesnej fazie choroby, u czesci pacjentow dochodzi do
wystapienia p6znego niedokrwienia i zawaléw mézgu (delayed cerebral ischemia, DCI) w
obszarze naczyniowym tetniaka, a nawet w oddalonych od niego naczyniach. Obecnie uwaza
sig, ze przyczyna DCI jest nie tylko skurcz naczyn mozgowych rozwijajacy si¢ zwykle miedzy
trzeciag a dwunasta doba od aSAH, ale szereg czynnikéw generowanych we wczesnej fazie
krwotoku, takich jak uszkodzenie bariery krew- mozg, stres oksydacyjny, reakcja zapalna i
rozprzestrzeniajaca si¢ depolaryzacja (spreading depolarization) [6, 7].

Pomimo duzego postepu w diagnostyce obrazowej, leczeniu neurochirurgicznym i
intensywnej terapii, aSAH jest nadal powaznym wyzwaniem dla medycyny. Okoto 50%
pacjentéw umiera we wczesnej fazie choroby, a okoto potowa tych, ktorzy przezyli pierwotny
krwotok doznaje trwatych deficytow neurologicznych [2].

Ocene ciezkosci krwotoku podpajeczyndwkowego przeprowadza si¢ na poczatku

leczenia przy uzyciu powszechnie stosowanych skal. Okreslaja one stan kliniczny pacjenta
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biorac pod uwage jakosciowe i ilosciowe deficyty neurologiczne (skala Glasgow Coma Scale,
GCS; skala Hunta- Hessa, skala World Federation of Neurological Surgeons, WFNS) oraz
rozlegtos¢ krwotoku w badaniu tomografii komputerowej (skala Fishera). Ocena jakosciowych
i ilosciowych zaburzen neurologicznych we wczesnej fazie leczenia pacjentéw z aSAH na
Oddziale Intensywnej Terapii (OIT) ma jednak ograniczong warto$¢. Wynika to z koniecznosci
stosowania glebokiej analgosedacji, wykorzystywanej jako jeden z elementow terapii
ograniczajacej uraz wtomy po krwotoku podpajeczyndwkowym lub po operacji
neurochirurgicznej oraz w celu zniesienia dolegliwosci bélowych, nieprzyjemnych doznan i
odruchéw przy stosowaniu inwazyjnych technik leczenia np. wentylacji mechaniczne;.

W ostatnich latach pojawity sie nowe mozliwosci oceny uszkodzenia komorek
moézgowych wykorzystujace oznaczanie we krwi i ptynie mézgowo- rdzeniowym (PMR)
stezenia biatek specyficznych dla tych komoérek. Biatka te, zawarte w duzej ilosci w komérkach
moézgowych, nie wystepuja fizjologicznie we krwi lub ich stgzenie jest bardzo niskie. W
sytuacji, kiedy dochodzi do uszkodzenia tkanki mézgowej uwalniaja si¢ one z uszkodzonych
komorek do PMR, a przy przerwaniu bariery krew- mozg przedostaja si¢ do krwi, gdzie mozna
je zidentyfikowa¢ oraz zmierzy¢ ich stezenie [8]. Najczesciej wykorzystywanymi w badaniach
biatkami specyficznymi dla komérek uktadu nerwowego sa:

enolaza neuronalna (NSE, neuron- specific enolase)- biatko enzymateczne zawarte
w cytoplazmie komérek neuronalnych centralnego uktadu nerwowego (CUN), katalizujace
jeden z etapow glikolizy beztlenowej,

biatko tau (MAPT, microtubule associated protein tau)- proteina biorgca udziat w
budowie cytoszkieletu, odpowiadajaca gtownie za utrzymywanie stabilnosci mikrotubul w
aksonach komdrek neuronalnych CUN,

biatko S100beta (S100B)- biatko regulatorowe wiazace wapn, charakterystyczne dla
komorek glejowych CUN, gtéwnie dla astrocytow,

kwasne wlokienkowe biatko gleju (GFAP, glial fibrillary acidic protein)- biatko
cytoplazmatyczne, sktadnik cytoszkieletu komdrek glejowych, charakterystyczne dla
astrocytow.

Od wielu lat biatka te sa przedmiotem badan w réznych schorzeniach CUN, jak na
przyktad udar niedokrwienny, urazowe uszkodzenie mézgu, krwotok podpajeczynéwkowy, a
takze choroby neurodegeneracyjne [9-12]. W wielu pracach wykazano wzrost stezenia tych
biatek zaréwno w PMR jak i we krwi, jednakze nie ustalono punktéw odciecia dla
poszczegllnych biomarkerow uszkodzenia mozgu, ktére mogtyby by¢ przydatne w praktyce

klinicznej do prognozowania wynikow leczenia.



Zdefiniowanie panelu specyficznych biomarkerow mozliwych do oznaczenia we krwi,
ktére odzwierciedlatyby wielkos¢ uszkodzenia mézgu analogicznie do stezenia troponiny w
zawale mies$nia sercowego, mogtoby by¢ uzytecznym narzedziem w praktyce klinicznej.
Bytoby pomocne w diagnostyce i planowaniu intensywnosci nadzoru nad chorym.
Umozliwiatoby monitorowanie skutecznosci leczenia w ostrej fazie choroby oraz

przewidywanie wczesnych i péznych wynikéw leczenia.



2. CELE PRACY

Celem przedstawionego cyklu prac byta:

1. Analiza zmian stezen wybranych biomarker6w uszkodzenia mézgu w grupie pacjentow z
krwotokiem podpajeczynéwkowym z peknigtego tetniaka hospitalizowanych na oddziale
intensywnej terapii.

2. Zbadanie zaleznosci miedzy oznaczonymi stezeniami biomarkerow, a ciezkoscig krwotoku
ocenianego za pomoca rutynowo stosowanych skal klinicznych.

3. Ocena przydatnosci oznaczonych biomarkeréw uszkodzenia mézgu w prognozowaniu
wczesnych wynikow leczenia u pacjentow z krwotokiem podpajeczyndwkowym z

peknigtego tetniaka.



3. PUBLIKACJE STANOWIACE PRACE DOKTORSKA
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Abstract

Background: Subarachnoid bleeding is associated with brain injuries and ranges from almost negligible to acute
and life threatening. The main objectives were to study changes in brain-specific biomarker levels in patients after an
aneurysmal subarachnoid hemorrhage (@SAH) in relation to early clinical findings, severity scores, and intensive care
unit (CU) outcome. Analysis was done to identify specific biomarkers as predictors of a bad outcome in the acute
treatment phase.

Methods: Analysis was performed for the proteins of neurofilament, neuron-specific enolase (NSE), microtubule-asso-
ciated protein tau (MAPT), and for the proteins of glial cells, STO0B, and glial fibrillary acidic protein (GFAP). Outcomes
were assessed at discharge from the ICU and analyzed based on the grade in the Glasgow Outcome Scale (GOS).
Patients were classified into two groups: with a good outcome (Group 1: GOS V-V, h=24) and with a bad outcome
(Group 2: GOS I-lIl, n =31). Blood samples were taken upon admission to the ICU and afterward daily for up to 6 days.

Results: In Group 1, the level of STOOB (1.0,0.9,0.7,2.0, 1.0, 0.3 ng/mL) and NSE (15, 2.0, 1.6, 1.2, 16.6, 2.2 ng/mL) was
significantly lower than in Group 2 (5100B: 4.7, 4.8, 4.4, 4.5, 6.6,6.8 ng/mL; NSE: 4.0,4.1,4.3,3.8,4.4,2.5 1.1 ng/mL) on day
1-6, respectively. MAPT was significantly lower only on the first and second day (832 £25.1, 132.7+88.1 pg/mL in Group
1vs.62504250.7,616.44391.6 pg/mL in Group 2). GFAP was elevated in both groups from day 1 to 6. In the ROC analy-
sis, S100B showed the highest ability to predict bad ICU outcome of the four biomarkers measured on admission [area
under the curve (AUC) 0.81; 95% Cl 0.67-0.94, p<0.001]. NSE and MAPT also had significant predictive value (AUC 0.7T;
95% C10.54-0.87, p=0.01; AUC 0.74; 95% Cl 0.55-0.92, p=0.01, respectively). A strong negative correlation between the
GOS and S100B and the GOS and NSE was recorded on days 1-5, and between the GOS and MAPT on day 1.

Conclusion: Our findings provide evidence that brain biomarkers such as S100B, NSE, GFAP, and MAPT increase
significantly in patients following aSAH. There is a direct relationship between the neurological outcome in the acute
treatment phase and the levels of ST00B, NSE, and MAPT. The detection of brain-specific biomarkers in conjunction
with clinical data may constitute a valuable diagnostic and prognostic tool in the early phase of aSAH treatment.

*Correspondence: barbara.adamik@umed.wroc.pl

! Department of Anaesthesiology and Intensive Therapy, Wroclaw
Medical University, Borowska St. 213, 50-556 Wroctaw, Poland

Full list of author information is available at the end of the article
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Introduction

Subarachnoid bleeding is associated with brain inju-
ries and ranges from almost negligible to acute and life
threatening. An acute brain injury after an aneurysmal
subarachnoid hemorrhage (aSAH) leads to the destruc-
tion of brain cells and the release of brain-specific
proteins to the cerebrospinal fluid and systemic blood
circulation. Brain proteins can pass directly through a
damaged blood-brain barrier into the systemic circula-
tion, where they can be detected [1, 2]. Therefore, the
proteins abundant in the neurons and glia of the central
nervous system (CNS) can be sensitive markers of brain
damage caused by aSAH in the acute and long-term
treatment phases. The severity of the initial brain dam-
age is one of the most important factors associated with
outcome after aSAH. Brain ischemia associated with an
increase in intracranial pressure (ICP) and focal brain
ischemia, caused by tissue compression, are the main
mechanisms of initial brain damage after aSAH [3, 4].
Therefore, the identification of biomarkers that are
known to be released during brain ischemia after aSAH
could be useful in the clinical setting [5]. The concept
of brain-specific biomarkers refers to substances found
in high concentration in the central nervous system
(CNS) and absent or present in low concentration in
blood. Proteins abundant in the neurons and glia of the
CNS are neuron-specific enolase (NSE), S100B pro-
tein, microtubule-associated protein tau (MAPT), and
glial fibrillary acidic protein (GFAP), and these proteins
may be considered to be brain-specific biomarkers that
can be used to assess brain damage caused by a rup-
tured aneurysm in the acute and long-term phases of
treatment.

Outcome prediction using clinical scores recognized
in neurological critical care, such as the Glasgow Coma
Scale score, WEFNS, and Hunt and Hess grade, has been
useful in patients with SAH. However, the clinical eval-
uation is of limited value to ICU physicians, when there
is prolonged sedation of a patient that is often required
to treat elevated intracranial pressure or in patients on
mechanical ventilation. The scientific evidence to date
suggests that SAH-associated brain injury is a complex,
multifactorial process, where early brain damage affects
secondary damage and the end result of treatment.
Thus, independent mechanisms from vasoconstriction,

such as early brain damage, spreading depolarization,
oxidative stress, inflammation, and blood—brain barrier
disruption, can have a much greater effect on delayed
cerebral ischemia and outcome than the mere pres-
ence of cerebral vasospasm [6, 7]. Defining a panel of
brain-specific biomarkers that would reflect the degree
of brain damage could be useful in planning and deter-
mining therapeutic directions at the ICU. In the early
phase after aSAH, reliable laboratory tools for outcome
prediction could be particularly helpful and could facili-
tate the management of the patient. In very few studies,
the patient outcome was evaluated in the acute phase
of aSAH treatment in relation to the patient’s clinical
condition at discharge from the ICU; most studies eval-
uated the predictive value of brain biomarkers in rela-
tion to the long-term outcome after SAH. The primary
goal of this paper was to predict outcome within the
very early phase after SAH. Analysis was done to iden-
tify specific biomarkers that are predictors of a bad out-
come at ICU discharge. Early changes in brain-specific
biomarker levels were assessed in patients after aSAH,
in the acute phase of treatment, in relation to clinical
findings, severity scores, and ICU outcome.

Materials and Methods

Study Population

This observational, prospective study included patients
with aSAH admitted to the Intensive Care Unit (ICU)
at the University Hospital in Wroclaw between July
2014 and January 2017.

1. Inclusion criteria: age>18 years, ICU admission
within 48 h after clinical diagnosis of aSAH. An
aneurysm in cerebral arteries as the cause of bleeding
was confirmed using computer tomography angiog-
raphy (CTA), magnetic resonance imaging (MRI) or
conventional angiography,

2. Exclusion criteria: previously diagnosed neurological
disease.

Patients with previously diagnosed aneurysms, with a
history of stroke, epilepsy, neurodegenerative diseases
such as Parkinson’s disease, dementia, cerebrovascu-
lar diseases, motor neuron diseases, traumatic brain
injury, schizophrenia, or depression were excluded.



Exclusion criteria were based on previously published
data, indicating that levels of some brain-specific bio-
markers may be elevated in these diseases [8—12].

Outcome Assessment, Study Groups
The neurological condition of the patients was graded
according to the 5-grade Glasgow Outcome Scale (GOS).
The GOS is the most commonly used outcome measure-
ment after an acute brain injury. To calculate the GOS,
the best source of available information should be used.
Therefore, for this study, the parameters of patient con-
ditions at discharge from the ICU were used to calculate
the GOS, and the GOS results were dichotomized into
two categories: good or bad outcome.

Study Group 1 consisted of patients with a good out-
come (GOS IV-V).

Study Group 2 consisted of patients with a bad out-
come (GOS I-III) (Table 1).

Clinical Evaluation and Management

Patients were given treatment according to a stand-
ardized management protocol [13], and study proce-
dures were previously described in detail [14]. Briefly,
all patients diagnosed with a subarachnoid hemorrhage
caused by a ruptured cerebral aneurysm were admitted
to the ICU. Neurosurgical intervention was undertaken
within the first 24 h after aSAH. The decision on the type
of procedure (surgical clipping or endovascular coiling,)
as well as the time of the procedure was made by a team
of neurosurgeons and interventional neuroradiologists
based on medical indications, such as the results of the
complete blood count, size and location of the aneurysm,
and the neurological status of the patient. In patients
assessed as a IV or V on the WENS scale, for early man-
agement of hydrocephalus and elevated intracranial pres-
sure, external continuous ventricular drainage (EVD)
with of the cerebrospinal fluid was first implanted. Then,
after stabilization of the general and neurological condi-
tion, endovascular coiling was performed. In patients
with uncontrolled elevated intracranial pressure (ICP),
due to an intracerebral hematoma or edema, open surgi-
cal clipping was done. The decision to place the sensor

for measuring intracranial pressure, EVD or decompres-
sive craniectomy was made individually for each patient.
After securing the aneurysm, the EVD was removed as
quickly as clinically feasible. Most often, intermittent
drainage of cerebrospinal fluid was used, with an early
attempt to clamp. At the ICU, all treatment algorithms
included euvolemia, analgesia, sedation, and inotropic
support, when indicated. Nimodipine was adminis-
tered to all patients with aSAH to improve neurological
outcome. Depending on the indications, patients were
either mechanically ventilated or they remained on pas-
sive oxygen therapy. A control CT scan was performed
within 24 h after excision or collapse of the aneurysm.
Neurological examinations were performed by an ICU
physician daily to detect neurological impairment (move-
ment disorders, mental disorders, aphasia). Demographic
data, medical history, and baseline clinical parameters
were obtained shortly after admission. At the ICU, the
patient’s clinical status was assessed with the APACHE 11
score (Acute Physiology and Chronic Health Evaluation
II). Neurological status was assessed with the GCS (Glas-
gow Coma Scale). To classify the severity of aSAH based
on the patient’s clinical condition, the Hunt—Hess scale
was used, and the extent of the hemorrhage on the CT
was graded with the Fisher scale [15]. Additionally, the
patient’s follow-up was done with a Glasgow Outcome
Scale (GOS) at hospital discharge and with a Glasgow
Outcome Scale Extended (GOSE) after 6 months.

Blood Sample Collection and Biomarker Detection

For each patient, blood samples were collected at the
time of admission (day 1), and on day 2, 3, 4, 5, and 6
after aSAH. A blood sample was drawn from an intra-
venous catheter to a tube (2.7 mL). Each blood sample
was centrifuged after 30 min (10,000 rpm for 15 min),
and the supernatant was aliquoted and stored at
— 70 °C until assayed. A solid phase enzyme linked-
immuno-sorbent assay (ELISA) was used to meas-
ure serum levels of S100B (Cloud-Clone Corp., Katy,
TX, USA), GFAP (Elabscience, Houston, Texas, USA),
MAPT (Cusabio TECHNOLOGY LLC, Houston, TX,

Table 1 Classifying study groups based on the Glasgow Outcome Scale (GOS)

Study groups GOS rating
Group 1 5: Good recovery

4: Moderate disability
Group 2 3: Severe disability

2: Persistent vegetative
1: Death

Definition

Resumption of normal life despite minor deficits
Disabled but independent. Can work in sheltered setting
Conscious but disabled. Dependent for daily support
Minimal responsiveness

Nonsurvival




USA), and NSE (R&D Systems, Minneapolis, MN,
USA). Concentrations of mediators were measured in
duplicate with appropriate controls, according to the
manufacturer’s instructions using an ELx800 absorb-
ance microplate reader (BioTek, Winooski, VT, USA).

Statistical Analysis

All analysis was performed with Statistica 13 software
(StatSoft, Inc. Tulsa, USA). The distribution was not nor-
mal based on the Shapiro—Wilk test. Therefore, statisti-
cal analysis was performed using nonparametric tests.
Comparisons of biomarker levels within a single group
among different time points (day 1, 2, 3, 4, 5, and 6)
were performed using the Friedman analysis of variance
(ANOVA) and Kendall’s coefficient of concordance test.
Categorical variables were analyzed using the Chi-square
test. The Mann—Whitney U test was used for compari-
son of continuous variables between study groups at each
time point. The Spearman rank test was used for corre-
lations. A comparison of the predictive accuracy of the
biomarkers measured on admission to the ICU was made
using receiver operating characteristics curve (ROC)
analysis, by calculating the area under the curve (AUC),
including 95% confidence intervals (CI), to determine
sensitivity and specificity. Multivariate logistic regres-
sion analysis was performed to evaluate the association
between baseline S100B, NSE, MAPT, and GFAP and
covariates age, gender, GCS, APACHEII, WENS scale,
Hunt and Hess scale, Fisher scale) and ICU outcome; the
results were reported as odds ratio (OD) and 95% con-
fidence intervals (CI). The first prepared model included
all biomarkers and all selected covariates (age, gender,
GCS, APACHEII, WENS scale, Hunt and Hess scale,
Fisher scale). The collinearity of the variables was tested.
Four of the covariates (GCS, WENS scale, Hunt and Hess
scale, Fisher scale) were collinear, so those features were
excluded from the analysis. The choice of the best model
was proposed based on the Akaike information crite-
rion and the backward selection of the model. From the
four biomarkers (S100B, NSE, MAPT, and GFAP) and
the three covariates (age, gender, APACHEII), the pro-
cedure of minimizing Akaike criterion chose the model
with two biomarkers (S100B, NSE) and two covariates
(APACHEIL, gender). The statistical analysis was con-
ducted using R 3.6.01: R Core Team (2013). Continuous
variables were reported as mean values +standard error
and minimum-maximum. All the tests were conducted
with a 5% significance level.

Results
Out of the 60 patients with aSAH who met the inclusion
criteria, 5 were excluded due to an incomplete acquisition

of samples. The analysis was performed on 55 patients
(Group 1, N=24 and Group 2, N=31). The mean admis-
sion GCS was 11.6 (range 4-15), a WFNS grade of I-1II
was recorded in 36 patients (65%) and a WENS grade of
IV-V in 19 patients (35%). The results of the general clin-
ical assessment scores WENS, GCS, Hunt—Hess, and the
Fisher scale were significantly better in Group 1 than in
Group 2. The APACHE II score, used for the classifica-
tion of disease severity in ICU patients, was significantly
lower in Group 1, indicating a better clinical status on
admission to the ICU (Group 1: 9.6+0.8 pts, Group 2:
17.1+1.2 pts., p<0.001). A summary of patient baseline
characteristics is given in Table 2.

Table 2 Characteristics of the study population on admis-
sion to theICU

Group2 p
(N=31)
Age (years) 588+19 529400 633x24 0.005
(25-83) (25-82) (30-83)
Gender (F/M) 36/19 17/7 19/12 0460
APACHE Il 138+£09  96+08 171£12 <0001
2-29) @21 4-29)
WEFNS scale [n (%)] 0020
[l 36 (65) 20(83) 16 (52)
V-V 19 (35) 4(17) 15 (48)
Initial CT Fisher scale (subarachnoid blood) [n (9%)] 0002
Grade | (none) 0 0 0
Grade Il (diffuse only) 1202 10 42) 2 (6)
Grade lll (clot or thick 15027) 7 (29) 8(26)
layer)
Grade IV (diffuse or 28 (51) 7 (29) 21 (68)
none, with cerebral or
ventricular blood)
GCS 1164054 136+04 100+08 <0001
4-15) 5-15) 4-15)
Huntand Hess scale, (the severity of subarachnoid hemorrhage) 0.011
[n (%)]
Grade | 10(18) 8(33) 2(6)
Grade Il 8(15) 4(17) 4(13)
Grade lll 1527) 8(33) 7(23)
Grade IV 10 (18) 3(15) 7(23)
Grade V 1222 14 1135
Treatment [ (%)] 0.227
Neurosurgical clipping 23 (42) 9 (38) 14 (45)
Endovascular emboliza- 27 (49) 14 (58) 13 42)
tion
Conservative 509 1) 4(13)

Data are presented as mean+ standard error (min-max), unless other stated; CT,
computed tomography; GCS, Glasgow Coma Score; LOS, length of stay; WFNS,
the World Federation of Neurological Surgeons; p value represents a comparison
between groups



Aneurysm Treatment

All patients had an aneurysm in a cerebral artery which
was confirmed as the cause of bleeding using com-
puter tomography angiography (CTA), magnetic reso-
nance imaging (MRI) or conventional angiography.
Twenty-three patients (42%) underwent neurosurgical
clipping of the aneurysm, 27 (49%) underwent endovas-
cular embolization, and the other patients were treated
conservatively (N=5, 9%) (Table 2). Patients treated
conservatively (H-H score 5, Fisher score 4) had only
external ventricular drain (EVD) in the acute phase of
treatment as decided by the attending neurosurgeons.
Lack of improvement in the neurological condition was
the reason for disqualification of these patients from
further neurosurgical interventions. There was no sta-
tistically significant difference in the distribution of
the treatment methods between Group 1 and Group 2
(p=0.227). Patients, who underwent either embolization
or clipping, did not differ significantly in age, gender, and
the results of the clinical scores on admission to the ICU
(APACHE 1I p=0.952, WENS p-0.912, GCS p=0.629,
Hunt and Hess p=0.503, and Fisher scale p=0.401).
S§-100B, NSE, GFAP, and MAPT levels recorded on
days 1, 2, 3, 4, 5, and 6 were not significantly different in
patients whose aneurysms were coiled and clipped. The
Glasgow outcome score at ICU discharge was not differ-
ent for patients who underwent clipping or embolization
(respectively, 2.954+0.239 and 3.18+£0.238, p=0.451).
Vasospasm occurred in 15 patients (62%) in Group 1 and
in 18 patients (58%) in Group 2 (p=0.739). S-100B, NSE,
GFAP, and MAPT levels were not significantly different
in patients with and without vasospasm.

Biomarker Kinetics in the Acute Treatment Phase

S100B, MAPT, and NSE levels were correlated with the
neurological outcome of the patients evaluated with
the GOS at discharge from the ICU. At baseline, there
was a significant increase in the level of the biomarkers
in the group of patients with a bad outcome (Group 2)
but not in Group 1 (S100B: 1,0£0.3 vs. 4.7+0.1.1 ng/
mL; MAPT: 83.2+25.1 vs. 625,0+£250.7 pg/mL; NSE:
1.5£0.3 vs. 4.0£1.2 ng/mL in Group 1 and 2, respec-
tively). In Group 2, S100B and NSE levels remained sig-
nificantly elevated during the whole study period (S100B:
48+14, 44£0.8, 45+£1.3, 6.6£3.3, 6.8+3.2 ng/mlL,;
NSE: 41+£0.9, 43+1.1, 3.8£1.0, 44+1.1, 25+ 1.1 ng/
mlL on day 2, 3, 4, 5, and 6, respectively) and stayed low
in Group 1 (S100B: 0.94+0.3,0.7£0.1, 2.0+ 1.3, 1.0+ 0.4,
0.3£02 ng/mlL, NSE: 20405, 1.6+£04, 1.2+0.3,
16.6£0.4, 2.2+ 0.4 ng/ml on day 2, 3, 4, 5, and 6, respec-
tively). The MAPT level remained elevated only until
the second day of observation in Group 2 (617.4+391.6,
195.0+115.6, 379.94+277, 315.5+167.0, 86.9 +34.8 pg/

mlL on day 2, 3, 4, 5, and 6, respectively) and stayed low
in Group 1 (132.7488.1, 438.7+316.9, 102.9£62.2,
79.7+14.7, 81+£8.0 pg/ml on day 2, 3, 4, 5, and 6,
respectively). The difference between groups in S100B
and NSE was significant during the whole study period,
and the difference in the MAPT level between groups
was significant on day 1 and 2. An aSAH increased the
blood concentration of GFAP significantly from day 1
and remained high till the end of the observation period
(Group 1: 5.7£15,6.9+£1.6,69+1.5,7.3+15,85+17,
6.5+ 3.3 ng/mL; Group 2: 6.6+1.1, 7.0+£1.2, 7.8+1.3,
81412, 7.54+2.4, 53£1.9 ng/ml on day 1, 2, 3, 4, 5,
and 6, respectively); however, no significant differences
were observed between the groups studied. The tempo-
ral course in biomarkers in Groups 1 and 2 is presented
in Fig. 1. No significant correlation was found between
a patient’s age or gender and the levels of GFAP, MAPT,
S100B or NSE.

Prediction of Clinical Outcome After aSAH

Based on the value of the GOS recorded upon discharge
from the ICU, 44% of the study population had a good
outcome (Group 1, GOS IV-V) and 56% had a bad out-
come (Group 2, GOS I-III). The majority of patients
within Group 1 were graded with a GOS of IV (79%), and
in Group 2, the majority were graded with a GOS of III
(61%). Table 3 displays a comparison between patients
with a good versus bad clinical status based on the GOS
recorded at ICU discharge. There were no patients with a
grade 2 on the GOS.

Based on the value of the GOS recorded at hospital
discharge, the majority of patients within Group 1 (good
ICU outcome) were graded with a GOS of V (75%) indi-
cating a good hospital outcome; in Group 2 (bad ICU
outcome), 42% of patients died (GOS of I), and among
the survivors, the majority were graded with a GOS of 111
and IV (22% and 29%, respectively) (Table 3). At 6-month
follow-up, based on the value of the Glasgow Outcome
Scale Extended (GOSE), the majority of patients within
Group 1 were graded with a GOSE of VII (50%) and VIII
(33%) indicating improvement in the clinical condition
and only one patient died (GOSE of I). In Group 2, there
were two additional deaths (15 deaths in total, 48%), and
the majority of survivors were graded with a GOSE of IV
(6%) or V (23%) indicating severe or moderate disability,
respectively (Table 3).

The receiver operating characteristic curves for out-
come prognosis of the baseline S100B, NSE, MAPT,
and GFAP in the serum of patients after an aneurys-
mal subarachnoid hemorrhage are shown in Fig. 2. In
the ROC curve analysis, S100B (AUC 0.813; 95% CI
0.677-0.948, p<0.001) showed the highest ability to
predict bad ICU outcome among the single biomarkers
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Fig. 1 Temporal course of S1008, glial fibrillary acidic protein (GFAP), neuron-specific enolase (NSE), and microtubule-associated protein tau (MAPT)
in patients with a good outcome (Group 1) and in patients with a bad outcome (Group 2), based on the grade in the Glasgow Outcome Scale at

measured on admission. The optimal threshold value
for the baseline S100B was 0.625 ng/ml., with sensi-
tivity of 0.913 (95% CI 0.833-1.067) and specificity of
0.625 (95% CI 0.651-1.249). The baseline NSE also had
significant predictive value (AUC 0.706; 95% CI 0.541—
0.871, p=0.015); however, for the optimal threshold
value of 1.613 ng/ml, the sensitivity (0.667; 95% CI
0.719-1.180) of the marker was no longer as good as
for S100B, and specificity was 0.733 (95% CI 0.689—
1.211). The baseline MAPT had significant predictive
value (AUC 0.735; 95% CI 0.550-0.892, p=0.012); for
the optimal threshold value of 240.7 pg/mL, the sen-
sitivity was low (58.8%; 95% CI 0.647-1.253), but the
specificity of the marker was very good (0.909; 95% CI
0.830-1.070). The baseline GFAP prediction value was
not significant (p =0.46).

In addition, a multivariate logistic regression analysis
was performed to create a model predicting bad out-
come. The choice of the variables from the set of bio-
markers (S100B, NSE, MAPT, and GFAP) and covariates
(age, gender, GCS, APACHEIL, WENS scale, Hunt and
Hess scale, Fisher scale) was determined by the minimiz-
ing of the Akaike information criterion and the backward
selection of the model; collinear covariates were excluded

from the analysis. Therefore, the only variables that were
included in the final model were the initial S100B, NSE,
gender, and APACHEIIL The initial S 100B, APACHEII,
and gender were significant predictors of bad outcome.
The initial NSE had no statistical significance in the
model (p=0.088). Results of analysis are presented in
Table 4.

Correlations of Brain Biomarkers with GOS

At ICU discharge, a strong negative correlation between
the GOS and the level of S100B was recorded on days
1-6, between the GOS and the level of NSE on days
1-5 (Table 5), and between the GOS and the level of
MAPT on day 1; there was no correlation between GOS
and GFAP. There was no correlation between any of the
biomarkers measured on day 1, and the severity scores
recorded on admission to the ICU (APACHE II, GCS,
H-H, Fisher, and WENS).

Discussion

In this report, we describe a panel of proteins abundant
in the cells of the central nervous system that increase
in the blood following an aSAH, and they may be early
predictors of the neurological outcome in the acute



Table 3 A comparison of patients with a good (Group 1) versus poor (Group 2) status based on the value of the GOS

recorded at discharge from the ICU

Group 1 (N=24)

Group 2 (N=31)

GOS at ICU discharge [n (%)] NA
Grade 1 - 12 (39)
Grade 3 = 19 (61)
Grade 4 19 (79) =
Grade 5 5020 -~
ICU LOS (day) 104+£1.7 2-44) 179+£25 (3-62) ol
Hospital LOS (day) 253+£6.5 (9-145) 523+£7.1 (9-120) <0.001
ICU survival [n (9)] 24 (100) 19 (61) <0.001
Hospital survival [17 (%)] 24(100) 18 (58) 0.001
Patient’s status, discharge from hospital [ (%)] <0.05
Dead 0 13 (42)
Home 20 (83) 13 (42)
Rehabilitation ward 1@ 2 ®6)
Another hospital 3(13) 3010
Follow-up:
GOS at hospital discharge [ (%)] < 0.001
Grade 1 — 13 (42)
Grade 2 - 13)
Grade 3 - 7022
Grade 4 6 (25) 99
Grade 5 8 13)
GOSE at 6-month follow-up [ %)] < 0.001
Grade 1 1@ 15 (48)
Grade 4 = 2 6)
Grade 5 1@ 7 23)
Grade 6 28 2(6)
Grade 7 12 (50) 4(13)
Grade 8 8333 13)

Data are presented as mean= standard error (min-max), unless other stated; GOS, Glasgow Outcome Scale; GOSE, Glasgow Outcome Scale Extended; LOS, length of

stay; p value represents a comparison between groups

treatment phase. In this study, we limited the question
of outcome prognostication to the acute phase of aSAH
treatment, i.e., at discharge from the ICU, and the bio-
marker concentrations were evaluated for six consecutive
days after aSAH. Evaluating aSAH patients using clinical
scores becomes more difficult with ICU patients receiv-
ing sedatives and analgesics. Biomarkers assessments
might be an independent, additional tool to support the
clinical evaluation at the ICU. Analysis was performed for
the proteins of neurofilament, neuron-specific enolase
(NSE) and microtubule-associated protein tau (MAPT),
and for the proteins of glial cells, S100B and glial fibril-
lary acidic protein (GFAP). Outcomes were assessed at
discharge from the ICU and analyzed based on the grade
in the Glasgow Outcome Scale. Patients were classified
into two groups: patients with a good outcome (GOS
IV-V) and patients with a bad outcome (GOS I-III).
The main findings are: (1) brain biomarkers S100B, NSE,

GFAP, and MAPT increase markedly following an aSAH,
(2) the baseline S100B shows the highest ability to predict
bad ICU outcome after aSAH, and (3) in acute phase of
aSAH treatment, S100B and NSE correlates with neuro-
logical outcome.

For practical reasons, all biomarker measurements
were performed in serum samples. A high level of neu-
ronal biomarkers in the blood of patients with an aSAH
is a consequence of the damage to the neurons and to the
blood-brain barrier, in which biomarkers are allowed to
pass from the cerebrospinal fluid into the bloodstream.
The ability to measure the level of brain damage markers
in serumn instead of in the cerebrospinal fluid seems more
useful and universal, because patient blood samples can
be collected regardless of elevated intracranial pressure.
Moreover, it has been found that the duration of external
ventricular drainage (EVD) and CSF sampling frequency
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Fig. 2 Receiver operating characteristic curves for outcome progno-

sis of the baseline S100B (AUC 0.813), neuron-specific enolase (NSE;

AUC 0.706), microtubule-associated protein tau (MAPT; AUC 0.735),

and glial fibrillary acidic protein (GFAP; AUC 0.575) levels in the serum

of patients after an aneurysmal subarachnoid hemorrhage

Table4 Results of a multivariate logistic regression
analysis model predicting bad ICU outcome in patients
after aSAH

Odds ratio 95% confidence p value
intervals
S100B 22729 1.275-5.168 0.023
NSE 1354 1.062-2.020 0.088
APACHE Il 1.303 1.119-1.601 0.002
Gender 0.089 0.008-0.575 0.022

Table5 The Spearman’s rank correlation coefficient
between neuronal biomarkers and the Glasgow Outcome
Scale

Day S100B NSE and GOS MAPT GFAP and GOS
and GOS and GOS
1 —0.6%* —04* —04* ns.
) — 0.5% —04% n.s. n.s.
3 —0.7%* —06** n.s. ns.
4 —04* — 05 n.s. n.s.
5 —06* —05% n.s. ns.
6 —08* n.s. n.s. n.s.

*p<0.05; **p <0.001, n.s. statistically non-significant

were significant risk factors for EVD-related infections,
i.e., meningitis or ventriculitis (Hoefnagel et al. [16].
S100B, NSE, GFAP, and MAPT have previously been
used as markers of neuronal damage, such as in stroke
[17, 18], traumatic brain injury [19, 20], and aneurysmal
SAH [21, 22]. Though a substantial number of studies
have been performed to examine serum and CSF levels
in patients with a range of neurological disorders, find-
ings have been inconsistent regarding the changes in
concentration of brain-specific biomarkers after an aneu-
rysmal type SAH. Several clinical investigations have
shown that the concentrations of S100B, NSE, GFAP,
and MAPT are elevated in the serum and CSF samples
of patients with an aSAH; however, large variations in
the concentrations of the markers were reported. In an
early study by Nylén et al. [23], increased s-GFAP levels
were seen in a majority of aSAH patients, but the corre-
lation with a WENS was weak on admission (correlation
coeflicient <0.4). Vos et al. [24] demonstrated increased
glial (S100b and GFAP) but not neuronal (NSE) protein
levels in peripheral blood at hospital admission. Addi-
tionally, high S100b and GFAP serum concentrations
found after SAH were associated with the clinical sever-
ity of the initial injury, as measured by the WENS scale.
In another study, an early temporal profile of the S100B
concentration after an aSAH was characterized by peak
initial values followed by a decrease during the ensu-
ing days post-injury [25]. Moreover, a threshold of ini-
tial S100B levels of >0.7 pg/dl in serum was associated
with 100% mortality. Our results also show large vari-
ation in concentrations of all the tested markers, from
negligible to very high. However, certain kinetic pat-
terns can be identified. Changes in S100B and NSE can
be characterized with a similar pattern: S100B and NSE
increased significantly at baseline and remained elevated
throughout the study period in the group of patients
with a bad outcome, while it stayed low in patients with
a good outcome. The MAPT level was significantly ele-
vated during the first 2 days of observation in the group
of patients with a bad outcome, while it remained low in
patients with a good outcome; the fifth and sixth day of
observation had a similar pattern: the mean MAPT level
decreased in both study groups. The mean GFAP level
was elevated throughout the study period, and this pat-
tern was seen in both groups, without significant differ-
ences in the kinetics. It should be noted that the initial
hemorrhage in aSAH patients can be accompanied by a
number of other factors, including intracerebral hemato-
mas, re-bleedings, secondary ischemic events, and com-
plications after surgery. All these factors may contribute
to changes in the brain-specific biomarkers measured in
the serum at different points in time. According to the
multivariate logistic regression analysis, the best model



predicting bad ICU outcome after SAH included initial
S100B, NSE, APACHEII score and gender. An elevated
S100B, and APACHE 1I score, and male gender indicated
a significantly higher risk of bad ICU outcome, resulting
in severe disability, persistent vegetative state or death
(GOS rating 1-3).

Findings of other authors regarding the prognos-
tic potential of S100B, NSE, GFAP, and MAPT after an
aSAH have been inconsistent. Our results indicate that
S100B and NSE were strongly associated with neurologi-
cal outcome measured with the GOS at discharge from
the ICU. In the group of patients with a bad outcome,
S100B and NSE levels increased significantly at baseline
and remained elevated throughout the study period. The
strong relationship of serum S100B, NSE, and MAPT
levels with patient status at ICU discharge (AUC=0.813,
AUC=0.706, AUC=0.735, respectively) indicates that
these two proteins may be potential predictors of a bad
outcome in the clinical setting. We found that baseline
S100B with a cutoff value of 0.625 ng/ml. provided very
good sensitivity of 91.3% and the NSE with a cutoff value
of 1.613 ng/ml. provided a sensitivity of 66.7% in predict-
ing bad ICU outcome. It was notable that the baseline
MAPT provided a specificity of 90.9% in predicting a
good ICU outcome.

Our findings are in line with some previously published
results. However, in very few studies was patient outcome
evaluated in the acute phase of aSAH treatment, i.e., at
discharge from the ICU; most studies evaluated the pre-
dictive value of brain biomarkers in relation to the long-
term outcome after SAH. Based on earlier data on the
utility of measuring biomarkers with aSAH, there is some
controversy regarding the threshold value for the predic-
tion of a bad outcome. Moritz et al. [26] found that mean
and peak values of S100B (cutoff 0.17 and 0.23 pg/L,
respectively) provided the ability to distinguish between
patients with good and bad outcome at ICU discharge,
while NSE did not provide predictive value.

In a study of fifty-one SAH patients, an S100B that
was higher than 1 pg/L within the first 3 days after SAH
was predictive of an unfavorable outcome at 6-month
follow-up, and the NSE concentration was not related to
the outcome [27]. Sanchez-Pefia et al. [28] observed that
an elevated level of S100B over the first 15 days after a
subarachnoid aneurysmal hemorrhage was associated
with a bad outcome after SAH at 12-month follow-up
and the best cutoff for the mean 15-day S100B value
was 0.23 pg/L (specificity 90%, sensitivity 91%), which
was much lower than in the study by Oertel and in our
study. Abboud et al. [29] found that S100B and NSE lev-
els measured daily for the first 3 days after a hemorrhage
accurately predicted the neurological outcome in poor-
grade aSAH patients at 6-month follow-up. The best

cutoff for the mean 3-day S100B value was 1.172 pg/L
with a specificity of 75%, and for the mean 3-day NSE
value 14.6 pg/L, with a specificity of 71.4%.

Quite opposite results have recently been published.
Kiiski et al. [30] found that S100B and NSE measured
during the first 24 h were not associated with neurologi-
cal outcome evaluated at 6 months after an aSAH. Simi-
lar results were published by Olivecrona et al. [31]; based
on the biomarker concentrations determined twice daily
for five consecutive days, there was no significant clinical
value of S100B and NSE as predictors of clinical outcome
at 3 and 12-month follow-up.

As shown above, the time at which the determination
of the biomarker concentrations would have the highest
prognostic value and be of the greatest importance in
identifying patients at risk of poor results remains a mat-
ter of dispute. Moreover, different values were used for
the analyses: the value from the first day only, the mean
of all measurements, the peak value. Different follow-up
points were taken into consideration: short-term, such as
ICU discharge, hospital discharge, 3-month follow-up,
and long-term, such as 6- or 12-month follow-up.

The significant differences in the published results and
the importance of biomarkers in predicting long-term
clinical outcome after an aSAH may be also due to differ-
ences in the management of patients after the completion
of ICU treatment. Rehabilitation content is a challenge,
requires interdisciplinary cooperation, and may vary
depending on the patient’s clinical status. In addition,
rehabilitation programs specializing in neurologic disor-
ders after an aSAH may differ from country to country
and may not be equally available to patients.

The limitation of this study is the relatively small size
of the group, and a larger population of patients should
be included to increase the statistical power of the find-
ings. Like most previous studies, our study is based on
the experiences from one clinical center; therefore, it may
not be possible to generalize to a larger population.

Conclusions

Detecting the initial S100B, NSE, and MAPT in blood
samples may prove to be a valuable diagnostic and prog-
nostic tool in the very early phase of aSAH treatment.
Tools for early outcome prediction in individual patients
with SAH are needed, especially in the population of ICU
patients receiving sedatives and analgesics, to more accu-
rately assess clinical status, to direct care, and provide
families with the most accurate information. Our find-
ings provide further evidence that brain biomarkers such
as S100B, NSE, GFAP, and MAPT increase markedly in
patients following an aSAH. There is a direct relationship
between the neurological outcome in the acute treatment



phase and the levels of S100B, NSE, and MAPT. Meas-
uring biomarkers should be considered as a potential
additional tool, supporting but not replacing the results
of clinical scales such as the APACHEII, WENS, GCS,
Hunt—Hess scale, the Fisher scale, and GOS.
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Abstract: Aneurysmal subarachnoid haemorrhage (aSAH) is a serious condition with a high mortality
and high permanent disability rate for those who survive the initial haemorrhage. The purpose of this
study was to investigate markers specific to the central nervous system as potential in-hospital mortality
predictors after aSAHL. In patients with an external ventricular drain, enolase, S100B, and GFAP levels
were measured in the blood and cerebrospinal fluid (CSF) on days 1, 2, and 3 after aSAH. Compared
to survivors, non-survivors showed a significantly higher peak of S100B and enolase levels in the
blood (S100B: 5.7 vs. 1.5 ng/mL, p = 0.031; enolase: 6.1 vs. 1.4 ng/mL, p = 0.011) and the CSF
(5100B: 18.3 vs. 0.9 ng/mL, p = 0.042; enolase: 109.2 vs. 6.1 ng/mL, p = 0.015). Enolase showed the
highest level of predictability at 1.8 ng/mL in the blood (AUC of 0.873) and 80.0 ng/mL in the CSF
(AUC of 0.889). The predictive ability of S100B was also very good with a threshold of 5.7 ng/mL in the
blood (AUC 0.825) and 4.5 ng/mL in the CSF (AUC 0.810). In conclusion, enolase and S100B, but not
GFAP, might be suitable as biomarkers for the early prediction of in-hospital mortality after aSAIL.

Keywords: subarachnoid haemorrhage; outcome; S100B protein; enolase; GFAP; brain damage
markers; cerebrospinal fluid

1. Introduction

In patients who have suffered brain injury, the concentrations of certain markers in the cerebrospinal
fluid (CSF) and blood are correlated with the severity of brain damage and the outcome [1-3]. Markers
specific to the central nervous system (CNS) have been the focus of research as potential post-injury
outcome biomarkers, in particular those derived from neurons and astrocytes [4]. Neuron-specific
enolase is a cytoplasmic enzyme of neurons and has no extracranial sources. Therefore, NSE has the
potential to be useful as a marker of destructive processes in the central nervous system. Another
marker, S100B, is a protein found predominantly in astrocytes, glial and Schwann cells in the CNS.
S100B is released after brain injury and high levels of S100B can be detected in a variety of pathological
injuries to the CNS, such as subarachnoid haemorrhage (SAII), acute brain injury, traumatic brain
injury (TBI), and acute ischemic stroke [5,6]. Glial fibrillary acid protein (GFAP), a cytoskeleton protein,
is another promising marker of brain injury. It serves as an intermediate filament in numerous cell types
of the CNS, including mature astrocytes. The concentration of GFAP is higher in brain pathologies
such as stroke, intracerebral haemorrhage, dementia, and SAI [7].
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Aneurysmal subarachnoid haemorrhage (aSAH), which is subarachnoid bleeding resulting from
an intracranial aneurysm, is a serious condition with a high mortality rate and high permanent disability
rate for those who survive the initial haemorrhage. Previously published studies indicated that aSAH
occurs at a relatively young age and has a mortality rate of 8% to 67% [8,9]. Outcome indicators of
aSAH evaluate the patient’s condition on admission and most often include age, admission neurologic
grade (assessed with the World Federation of Neurological Surgeons grade and Hunt and Hess score)
and the appearance of SAH on admission with a computed tomography scan (assessed with the Fisher
grade or a similar classification). Failure of cerebral autoregulation and delayed cerebral ischemia also
affects the overall prognosis [10]. In addition to clinical parameters and clinical grades, the use of
biomarkers after brain injury may be of interest not only for diagnosis and identification of intracranial
lesions, but also for assessing severity, treatment effectiveness, and prognosis. An increase in some
biomarkers can be detected before the presentation of neurological deterioration [11]. Consequently,
patients can be identified earlier in the acute period after aSAL, as a high risk for a bad outcome and
death [12]. Patients with a bad prognosis on admission would require long-term intensive care with
frequent neurological examinations and continuous monitoring.

Markers specific to the central nervous system, enolase, S100B, and GFAP were the focus of this
research as potential outcome predictors after aSAH [13,14]. In the majority of previously published
studies, brain biomarkers were assessed in blood samples of patients diagnosed with aSAL], and only
a few studies investigated S100B, enolase, and GFAP in the cerebrospinal fluid (CSF). The procedure of
collecting CSF in aSAH patients is performed for clinical reasons, such as acute hydrocephalus, severe
intraventricular haemorrhage or to measure and treat elevated intracranial pressure [15,16]. It should
also be emphasized that a Hunt and Hess grade > 3 and Glasgow Coma Score < 12 are the thresholds
for strong consideration of placing an external ventricular drain [15]. Some studies suggested that CSF
drainage reduced the vasospasm-related delayed ischemic neurological deficit and improved outcomes.
On the other hand, external ventricular drain management influences the rate of complications, stich as
infection, a ventriculo-peritoneal shunt, CSF leak, or intracranial subdural hygroma or haematoma;
moreover, prolongation of the ICU and hospital stay and the deterioration of cognitive outcome were
observed in SAH survivors [17,18]. However, in cases when CSF was collected for a clinical reason,
measuring the concentration of brain-specific biomarkers in a CSF sample might provide additional
valuable information about the degree of brain cell damage, while measuring brain-specific markers in
the blood relies on the assumption that the blood-brain barrier has been damaged, allowing proteins to
pass from the cerebrospinal fluid into the bloodstream.

It is important to have sufficiently sensitive markers for the brain that can be determined in the
CSF and blood. An accurate interpretation of brain biomarkers in relation to predicting mortality in
the acute phase of aSAH treatment requires a deeper understanding of the patterns in which they
are released. Therefore, the aim of this study was to investigate whether enolase, S100B, and GFAP
would be suitable as sensitive biomarkers for the early prediction of in-hospital mortality after aSAH.
We analysed biomarker concentrations in the cerebrospinal fluid and blood in aSAI patients who
were initially treated with an external ventricular drain and correlated this to patient outcome at
hospital discharge.

2. Experimental Section

2.1. Patient Population

Seventy patients with a diagnosis of spontaneous aSAI1 were admitted to the Neuro-Intensive
Care Unit (ICU) from 2014 to 2017. Patients who were treated with an external ventricular drain and
met the inclusion criteria were included in the study.

Inclusion criteria: age > 18 years, an aneurysm in the cerebral arteries as the cause of bleeding
confirmed using computer tomography angiography (CTA), magnetic resonance imaging (MRI) or
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conventional angiography, ICU admission within 24 h after the clinical diagnosis of aSAH, and CSF
that was accessible for collection for three consecutive days after the SAH.

Exclusion criteria: previously diagnosed neurological disease, such as previously diagnosed
aneurysms, stroke, epilepsy; neurodegenerative diseases such as Parkinson’s disease, dementia,
cerebrovascular diseases, motor neuron diseases, and traumatic brain injury.

Cerebrospinal fluid was collected only if the procedure was medically justified and safe for
a patient.

Overall, sixteen patients met the inclusion criteria and were included in the final analysis.
The study flowchart is shown in Figure 1.

Patients admitted to neuro-critical ICU with a
diagnosis of aSAH, N=70

Excluded:
Admission >48hours, N=3
5| Traumatic brain injury, N=1
PreviousaSAH, N=1
No written informed consent, N=1

v
I Patients included in the study, N=64 |

Excluded:

_—
CSF not accessible for collection, N=48

v
I Patients included in the final analysis, (N=16) I

Figure 1. Flow diagram of the study.

2.2. Ethics

The protocol was approved by the Bioethics Committee of the Medical University in Wroclaw
(KB-688/2014) and complies with the Declaration of Helsinki of the World Medical Association. In all
cases, written informed consent was obtained from the patient or a legally authorized representative.

2.3. Clinical Assessment

All patients had an aneurysm in a cerebral artery which had been confirmed as the cause of
bleeding by using computer tomography (CT), magnetic resonance imaging (MRI) or conventional
angiography. Patients underwent either early clipping or coiling of the detected ruptured aneurysm,
within 72 h after the initial bleeding.

The following data were collected: patient age, sex, medical history, aneurysm location, Hunt and
Hess, Fisher, WENS, and GCS grades on admission to the ICU, the timing of surgery or coiling,
postoperative complications, the length of stay in the ICU and hospital, and outcomes. A standard
clinical treatment protocol was used to manage patients, including early CT angiography and/or
three-dimensional digital subtraction angiography, and early surgery when possible, based on aneurysm
characteristics, neurological and the general status of the patient. Poor-grade patients with acute
hydrocephalus or severe intraventricular haemorrhage were treated with supplementary external
ventricular drainage (EVD). Postoperative management included computed tomography of the brain
to detect postoperative complications (performed within 24 h after surgical or endovascular treatment),
analgesia, sedation, mechanical ventilation, and euvolemia and catecholamine support, where indicated.
Induced hypertension was used to improve cerebral circulation and perfusion pressure in patients
with cerebral vasospasm (CV) or delayed cerebral ischemia (DCI). All patients received nimodipine.
Screening for cerebral vasospasm (CVS) was performed daily using neurological examination and
transcranial Doppler ultrasound (TCD) measurements. Cerebral vasospasm was defined as a mean
cerebral blood flow velocity (CBFV) in the middle cerebral artery that exceeded 120 cm/s or a daily
increase of CBFV of approximately 20%.
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Focal neurological impairment and weakness or paralysis in the arms and legs were investigated
daily by physical examination. DCI was defined as a new focal or global neurological impairment
lasting for at least one hour, together with a cerebral infarction that was not caused by other factors
(e.g., systemic or surgical complications). On admission, patients were assessed using the Glasgow
Coma Scale (GCS). Subarachnoid haemorrhage severity was evaluated with the Hunt and Hess (H-1)
scale and defined as severe (4-5) or moderate (1-3). The extent of haemorrhaging was assessed with a
computerized tomography (CT) scan of the head and classified using the Fisher scale, where 1 = no
subarachnoid (SAH) or intraventricular haemorrhage (IVIH) detected, 2 = diffuse thin (<1 mm) SAH,
no clots, 3 = localized clots and/or layers of blood >1 mm in thickness, no IVH, and 4 = diffuse or no
SAI an intracerebral or intraventricular clot. Outcomes were assessed at discharge from the hospital
using the Glasgow Outcome Scale (GOS). Long-term outcomes were assessed with GOS at six months
after discharge.

2.4. Blood and CSF Sampling and Measurement of Biomarkers

CSF samples (4.5 mL) were collected via an external ventricular drain at the ICU on days 1, 2, and 3.
CSF samples were treated with an anticoagulant, centrifuged and the supernatant was aliquoted and
kept at —80 degrees Celsius. Blood samples were collected using an intravenous catheter at the ICU on
days 1, 2, and 3. Samples were centrifuged, and the supernatant was aliquoted and kept at —80 degrees
Celsius. An ELISA assay was used to measure the concentration of S100B (Cloud-Clone Corp.,
Katy, TX, USA), GFAP (Elabscience, Houston, TX, USA), and enolase (R&D Systems, Minneapolis,
MN, USA). The concentrations of the mediators were measured in duplicate with appropriate controls,
according to the manufacturer’s instructions using an ELx800 absorbance microplate reader (BioTek,
Winooski, VT, USA). As we did not measure CSF biomarkers in another group of neurosurgical patients,
we used reference ranges previously reported in the literature. Hajdukova et al. established reference
ranges for S100B and enolase in CSF based on the results of a study involving a group of 601 patients with
no pathological findings (inflammatory, vascular, degenerative, or traumatic impairment of CNS) and
without clinical or CT/MRI signs of CNS tissue damage; biochemical, cytological, and immunological
values in CSF were normal [19]. The following reference intervals were calculated as 2.5th and 97.5th
percentiles: for S100B, 0.3-1.6 ng/mL, and for enolase, 3.5-22.9 ng/mL.

2.5. Groups

Patients were categorized based on their status at hospital discharge into two groups: survivors
and non-survivors. After 6 months, the clinical status of the patients was assessed with the Glasgow
Outcome Scale. To explore the relationship between the CSF and blood biomarkers and outcome,
the maximum (peak) values were determined in each patient for the analysed biomarkers, based on
values recorded on days 1, 2, and 3.

2.6. Statistical Analysis

Continuous variables are presented as the median (interquartile range between the 25th and 75th
percentiles); categorical data are presented as numbers and percentages. All analysis was performed
with Statistica, version 13 (StatSoft Inc., Tulsa, OK, USA). The distribution was not normal based
on the Shapiro-Wilk test. Therefore, statistical analysis was performed using nonparametric tests.
The Mann-Whitney U test was used for the comparison of continuous variables between the study
groups. For categorical variables, Fisher’s exact test was used to check the level of significance in small
sample sizes; contingency tables were used to summarize the relationship between several categorical
variables. The Friedman ANOVA test was used to detect differences in biomarker concentrations
across multiple test attempts (day 1, 2, and 3). The peak values were determined in each patient
for S100B, enolase, and GFAP in the blood and CSF, based on concentrations recorded on days 1, 2,
and 3. Spearman’s rank correlation was used to determine the relationship between the CSF and blood
biomarkers and the clinical scores. Receiver operating characteristic (ROC) curve analysis was used to
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measure the ability of the biomarkers measured in the CSF and blood to discriminate between hospital
death and survivors by calculating the area under the curve (AUC), including 95% confidence intervals
(CI), to determine sensitivity and specificity. A “p” value of < 0.05 was accepted as significant.

3. Results

Seventy consecutive patients with a diagnosis of aSAI were screened for inclusion/exclusion
criteria. Of this number, 64 patients met the inclusion criteria. The 16 patients in whom cerebrospinal
fluid was available for collection for three consecutive days after SAH were included in the final
analysis. The flow diagram of the study is presented in Figure 1.

The median age was 67 (range 53-76) and 8 patients (50%) were female. On admission to the
ICU, 7 patients (44%) were in poor clinical condition (WENS 4-5). CT scans on admission were graded
as follows: 2 patients were graded II (diffuse blood only) on the Fisher scale, 2 were graded III
(localized clots and/or vertical layers of blood 1 mm or greater in thickness), and 12 were graded IV
(diffuse or no subarachnoid blood with cerebral or ventricular blood). Aneurysms were treated with
endovascular coiling in 3 patients and with surgical clipping in 13 patients (81%). During treatment at
the ICU, 2 patients showed ventriculitis, which was closely related to site leakage and the duration of
catheterization. Both patients received early aggressive treatment, including re-insertion of the drain and
treatment with antibiotics. A good outcome was obtained in 1 of these patients; the ventriculoperitoneal
shunt (VPS) was inserted in this patient. The second patient was in poor neurological condition,
with an intracerebral hematoma and a blood clot in the ventricles. In both patients, we kept the EVD
open with a gradual EVD weaning approach. Attempts were made to close the drain, but due to clinical
symptoms such as nausea/vomiting, headache, and altered mental status, the drain was reopened and
finally the VPS was inserted. The decision to repeat a clamp trial or place a VPS after a failed clamp
trial was made by the attending neurosurgeon.

Nine patients survived and 7 died (44%); all deaths occurred at the ICU. After a 6-month follow-up,
the mortality rate had increased to 56% with 2 additional deaths.

GCS on admission to the ICU was significantly lower in non-survivors than in survivors (4 vs.
14 points, p = 0.022); the results of other clinical scales (WFNS, Hunt-Tess, and Fisher) did not differ
significantly between survivors and non-survivors. The length of stay in the hospital for non-survivors
(109 days) was 5x longer than for survivors (21 days). The demographic and clinical data are shown in
Table 1.

Table 1. Characteristics of patients with aneurysmal subarachnoid haemorrhage (aSAH).

Total Non-Survivors  Survivors P
(N =16) (N=7) (N=9)
Age, [years] 67 (53-76) 75 (38-82) 67 (56-67)  0.606
Gender male/female, [1] 8/8 3/4 4/5 0.500
Glasgow Coma Scale 11 (4-14) 4 (4-12) 14 (10-14)  0.022
WENS, severity of symptoms, [1 (%)] 0.141
I-IIT 7 (44) 1 6
v-v 9 (56) 6 3
Hunt-Hess grade, severity of symptoms, [11 (%)] 0.216
Mild headache 2(12) 0 2
Severe headache 2 (12) 1 1
Lethargy or confusion 2 (12) 0 2
Stupor 3(19) 2 1
Coma 7 (44) 4 3
Fisher grade, SAH on CT scan, [# (%)] 0411
none 0
diffuse only 2 (12) 1 1
clot or thick layer 2 (12) 0 2

[o)%
[o)Y

diffuse or none, with cerebral/ventricular blood 12 (75)
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Table 1. Cont.

Total Non-Survivors  Survivors P
(N =16) (N=7) (N=9)
Delayed cerebral vasospasm, [1 (%)] 11(69) 5 6 0.634
Intensive Care Unit LOS [day] 15 (8-21) 13 (8-18) 19 (13-28)  0.210
Hospital LOS [day] 43 (20-109) 109 (23-114) 21(18-57)  0.055

Data are presented as the median (25th-75th percentiles), unless otherwise stated; SAH, subarachnoid haemorrhage;
LOS, length of stay.

3.1. Blood and CSF Biomarkers Concentration

The peak value is the highest value of the biomarker recorded on days 1 to 3. Non-survivors
showed significantly higher peaks of 5100B and enolase levels compared to survivors (5100B: 5.7 vs.
1.5 ng/mL, p = 0.031; enolase: 6.1 ng/mL vs. 1.4 ng/mL, p = 0.011) in the blood. Similar relationships
were observed in the CSF: in non-survivors the peak 5100B and peak enolase levels were significantly
higher compared to survivors (5100B: 18.3 vs. 0.9 ng/mL, p = 0.042; enolase: 109.2 vs. 6.1 ng/mL,
p = 0.015). It is worth noting that, in the CSF, the peak value of S100B and enolase was within the
reference range in the group of survivors and exceeded the reference range several times in the group
of non-survivors (5100B ref. range: 0.3-1.6 ng/mL; enolase ref. range: 3.5-22.9 ng/mL).

There were no significant differences in the GFAP peak values between the study groups, neither
in the blood samples nor the CSF. Detailed data on the peak values of individual biomarkers, including
the interquartile range, are presented in Table 2.

Table 2. The peak values determined in each patient for S100B, enolase, and GFAP in the blood and
CSF based on values measured on days 1, 2, and 3.

Blood CSF

Non-Survivors Survivors P Non-Survivors Survivors P

S100B [ng/mL] 57(16-112)  15(07-23) 0031  18.3(8.9-78.1) 0.9(0.6-134)  0.042
Enolase [ng/ml]  6.1(19-108)  14(14-16) 0011 1092(31.7-269.0)  6.1(48-165)  0.015
GFAP [ng/mL.] 44(30-156)  45(23-91) 0469  1.37(0.03-4.88)  0.05(0.03-0.09) 0.438

Data are presented as the median (25th-75th percentiles); p-value, the difference between non-survivors and survivors.

The biomarker concentrations on consecutive days after the SAH showed significantly higher
levels of S100B in non-survivors than in survivors, both in the blood samples (day 1: 1.7 vs. 0.7 ng/mL,
p =0.041; day 2: 5.6 vs. 0.7 ng/mL, p = 0.007; day 3: 3.6 vs. 0.3 ng/mL p < 0.001, in non-survivors vs.
survivors, respectively) and the CSF (day 1: 21.9 vs. 3.9 ng/mL, p = 0.031; day 2: 25.6 vs. 0.6 ng/mL,
p =0.002; day 3: 23.9 vs. 0.6 ng/mL, p = 0.002, in non-survivors vs. survivors, respectively). Similar
patterns were observed in the changes in enolase concentrations in the blood (day 1: 6.0 vs. 1.3 ng/mL,
p = 0.046; day 2: 4.2 vs. 0.9 ng/mL, p = 0.005; day 3: 3.4 vs. 1.1 ng/mL, p = 0.049, in non-survivors vs.
survivors, respectively) and the CSF (day 1: 52.6 vs. 5.4 ng/mL, p = 0.029; day 2: 16.9 vs. 4.1 ng/mL,
p = 0.035; day 3: 80.0 vs. 3.4 ng/mL, p = 0.031, in non-survivors vs. survivors, respectively). It is worth
noting, that on all days, the median of both biomarkers was higher in the cerebrospinal fluid than in
the blood. In contrast, the concentrations of GFAP were not statistically different for non-survivors and
survivors (Figure 2). A log scale was used to plot the data in order to compare the concentrations using
the same range of scales for individual biomarkers in the blood and cerebrospinal fluid. The Friedman
ANOVA test did not detect significant differences in the biomarker concentrations between days 1, 2,
and 3.
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Figure 2. Graphs comparing the levels of S100B, enolase, and GFAP in the blood (left panel) and CSF
(right panel) of non-survivors and survivors. The statistically significant differences in the levels of
biomarkers between non-survivors and survivors on corresponding days were marked with * (p < 0.05)
or ** (p < 0.001). A logarithmic scale was used to plot the data. The box plots represent the median
values (midpoint) with upper and lower quartiles (box); the whiskers represent the minimum and

maximum values.

3.2. Association between Biomarkers and Severity Scores

The peak concentrations of enolase recorded in the CSF were strongly correlated with GCS(R=0.7,
p = 0.005), the Hunt-Hess score (R = 0.6, p = 0.027), the Fisher score (R = 0.6, p = 0.009), and the WENF
score (R = 0.7, p = 0.003) calculated on admission to the ICU. The peak concentrations of enolase in the
blood and the peak concentrations of S100B in the blood or CSF did not show a significant correlation
to the clinical scores.

3.3. Biomarkers as Outcome Predictors

In the ROC curve analysis, the peak concentrations of enolase recorded in the blood (AUC 0.873;
95% CI 0.682-1.000, p = 0.001) and the CSF (AUC 0.889; 95% CI 0.716-1.000, p < 0.001) showed the
highest ability to predict hospital mortality (Figure 3). The optimal threshold value for the peak
concentration of enolase in the blood was 1.8 ng/mL, with sensitivity of 100% and specificity of 78% and
in the CSF it was 80.0 ng/mL, with sensitivity of 67% and specificity of 100%. The peak concentrations
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of S100B in the blood (AUC 0.825; 95% CI 0.592-1.000, p = 0.006; CSF) and the CSF (AUC 0.810; 95% CI
0.595-1.000, p < 0.004) also had significant predictive value. The optimal threshold value for the
peak concentration of S100B in the blood was 5.7 ng/mL, with sensitivity of 71% and specificity of
100%, and in the CSF it was 4.5 ng/mL, with sensitivity of 100% and specificity of 56%. The GFAP
prediction value was not significant either in the blood (p = 0.488) or CSF (p = 0.443). For comparison,
among clinical scores calculated on admission to the ICU, only GCS showed the ability to predict
hospital mortality (AUC 0.833; 95% CI 0.632-1.000, p = 0.001), while the Hunt-Iess grade, the Fisher
grade, and the WENS score results of the ROC curve analysis were not significant. The optimal
threshold value for the GCS was 13 points, with sensitivity of 100% and specificity of 55%.

— s100B in blood — s100B in CSF
— enolase in blood — enolase in CSF

J
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0.8

o
o
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°
»
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Figure 3. Receiver operating characteristic curve analysis of the peak concentration of S100B in blood
(AUC = 0.825) and CSF (AUC = 0.810) and enolase in blood (AUC = 0.873) and CSF (AUC = 0.889) as
mortality predictors after aSAH.

4. Discussion

The results of this study are consistent with the hypothesis that enolase and 5100B measured
in the cerebrospinal fluid and blood are sensitive biomarkers for predicting in-hospital mortality in
patients with aSAH. This study focused on the first 3 days after SAH. We found that S100B and enolase
were significantly higher in patients who died than in those who survived, and the peak concentrations
of these biomarkers recorded in the cerebrospinal fluid and blood showed a clear ability to predict
in-hospital mortality. The authors found very few published reports evaluating the usefulness of
cerebrospinal fluid and blood biomarker measurements in predicting mortality in the acute period
after aSAIL], i.e., at hospital discharge.

Brain cells are damaged to varying degrees by SAH. As a result, various proteins are released
into the subarachnoid space from damaged neurons, oligodendrocytes and glial cells [20]. Depending
on their molecular weight and the integrity of the blood-brain barrier, these proteins pass to the
subarachnoid space and/or to the bloodstream. Proteins that are not physiologically present in the
cerebrospinal fluid or blood, or are present at a very low level, can be indicators of brain damage.
Here, we showed that determining the concentration of S100B and enolase in the CSF and blood
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samples could support the early prediction of mortality after aSATI; the concentrations of S100B and
enolase measured in the CSF in the early phase of treatment were several times higher in non-survivors
than in survivors. Moreover, a similar pattern was observed in the blood samples, indicating
damage to the blood-brain barrier, showing that SAH disrupted the integrity of the blood-brain
barrier and resulted in the leakage of endogenous proteins. In a previous study by Kellerman et al.,
when assessing the prognostic value of early blood and CSF concentrations of S100B after subarachnoid
haemorrhage, significant differences were found between patients with a bad and good outcome [13].
S100B concentrations in the CSF and blood were significantly higher in patients with an unfavourable
outcome (GOS 1-3) in comparison to patients with a good outcome (GOS 4-5), and similar to our
results, the concentration of S100B in the CSF was markedly higher than in the blood samples on
corresponding days. In a study by Petzold et al., SI00B concentrations in the blood measured on
admission to the ICU and then at day 1 were significantly higher in patients with a fatal outcome
compared with survivors [11]. Importantly, early S100B measurements predicted patient mortality
3-4 days before high intracranial pressure (ICP) readings predicted the same. Quite the opposite
results were documented recently by Kiiski et al., who found that elevated S100B at day 1 was strongly
associated with a less severe initial clinical representation of aSAI, and the study concluded that
plasmatic biomarkers should not be used to guide clinical decision-making in patients with aSAH,
in prognostication based on S100B [3].

The time course of blood-brain barrier disruption after SAH has not been fully investigated.
The results of both experimental and clinical studies indicate that it is most useful to monitor the
biomarkers of brain damage in the first 2-3 days after SAH [21,22]. In our study, the longitudinal
profile of biomarkers was rather constant in both non-survivors and survivors over the 3 days of
observation. Previously, the time course of barrier breakdown was assessed in an animal model of
SAH using Evan’s blue dye extravasation [21]. The breakdown to the barrier began at 36 h, peaked at
48 h, and resolved 3 days after the SAL. In a clinical study by Petzold et al., non-survivors maintained
high levels of S100B for over 24 h, slowly decreased on day 2 and reached a plateau on days 3-6 [11].
Similarly, in a recent study by Balanca, a significant decline in S100B in the blood was noted on day 3
after an aSAI diagnosis [22]. The decrease in blood levels of S100B found in several studies suggests
that there may be renal clearance into the urine.

The 28-day mortality of patients with SAI was reported to range from 26% to 40% and half of
those who survived sustained irreversible brain damage [23,24]. Patients with SAH often have loss
of consciousness from temporary global ischaemia, are often sedated and require respiratory support,
so clinical symptoms and the calculation of clinical scores may have alimited role in predicting in-hospital
mortality. The complex pathophysiology of SAH indicates the need for additional prognostic tools that
can help identify patients at high risk of death. In addition to assessing the clinical status of patients
through scoring, measuring biomarkers of brain damage in the acute phase aSAH could help predict a
high risk of death, especially in unconscious patients. Using biomarkers may improve our ability to
distinguish between those who are at risk of death and those who are not, which may affect the treatment
strategy. In a study by Rodrigues et al., the results of calculated clinical scores on admission with the
WENS (I-1I and 1I-1V) and Fisher scales (I-1I and II-1V) were similarly distributed between survivors
and non-survivors and were not associated with in-hospital mortality [25]. In our study, among several
clinical scores calculated on admission to the ICU, only GCS was significantly lower in patients who
ultimately died compared to those who survived (4 vs. 14 pts.). Other grades (WFNS, H-H, and Fisher)
did not differ significantly between survivors and non-survivors. In addition, the ROC probability
curve indicated that only GCS could distinguish between survivors and non-survivors, while the
results of the WENS, H-I1, and Fisher grades were not significant. Therefore, measuring brain markers
in the cerebrospinal fluid and blood could be an additional tool to help identify patients at high risk of
in-hospital death after aSAH. In our study, the receiver operating characteristic curve analysis was used
to evaluate the suitability of the studied biomarkers for classifying patient outcome, and the Youden
index was used as a direct measure of the maximum diagnostic accuracy that each biomarker could
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achieve. The peak concentrations of enolase showed the highest performance at 1.8 ng/mL threshold
in the blood (AUC of 0.873) and at 80.0 ng/mL in the CSF (AUC of 0.889). The predictive ability of
the S100B peaks was also very good, with a threshold of 5.7 ng/mL in the blood (AUC 0.825) and
4.5 ng/mL in the CSF (AUC 0.810). For comparison, the clinical scores calculated on admission did not
distinguish between a bad and good outcome at hospital discharge, except for GCS, which predicted
hospital mortality with high probability (AUC 0.833) and an optimal threshold of 13 pts. There is
controversy in the current literature about S-100B and enolase threshold values for predicting an
unfavourable outcome or death after aSAIL. In a study by Oertel et al., average S-100B values in the
blood were significantly higher in patients who died than those who survived and all patients with
S-100B > 1 ng/mL experienced an unfavourable outcome (GOS 2-3) or death [26]. In the same study,
the outcome was not related to the enolase concentration, contrary to our results. In another study by
Kellerman et al., 100% mortality was reported with blood S100B values > 0.7 ng/mL after SAI, but the
same relationship was not reported for values in the CSF [13].

In patients with aSAH, both lumbar (LD) and external ventricular (EVD) drains are used for
CSF drainage. The main indications for EVD are acute hydrocephalus and intracranial hypertension.
EVD drainage might result in drainage-related complications and the total incidence of drainage
complications was reported to be approximately 5.3% [27]. These complications include ventriculitis
or meningitis, headache due to the ICP drop, intracerebral haemorrhage, deterioration of neurological
functions, the need for ventriculoperitoneal shunting, and a prolonged stay in the ICU. Lumbar drainage
appears to be safer and more effective in removing blood clots from the subarachnoid space, but it
is more commonly used in patients with better neurological status [28]. Another problem is EVD
management: whether the EVD should be kept open to drainage or only open when needed. It is
believed that continuous drainage with low ICP is associated with more complications, including the
need for ventricular VPS insertion. Continuous drainage and low ICP may preclude reaching the
pressure gradient necessary to restore the natural drainage pathways of the CSF [29]. Rapid EVD
wean and intermittent CSF drainage is safe, reduces complications, and shortens the ICU and
hospital length of stay as compared to gradual weaning and continuous drainage. In the Qian et al.
study, it was found that CSF drainage reduced the incidence of both angiographic and symptomatic
cerebral vasoconstriction and significantly reduced the incidence of DIND and cerebral infarction [27].
In addition, the group with CSF drainage had better long-term outcomes and a lower mortality rate.
Further work is needed to answer the question of whether there are differences in the results obtained
with ventricular and lumbar drainage. The results of previous studies indicate statistically significant
differences in white blood cell counts, glucose, and total protein concentrations in the cranial and spinal
fluid samples, which may suggest that there may also be differences in biomarker levels [30]. Moreover,
the presence of blood clots in the intracranial space may disturb the dynamics of CSF circulation and
affect the levels of biomarkers [28].

There are certain limitations to our study. Routine CSF examination only to predict prognosis is
impractical due to the invasiveness of the CSF collection procedure. The limitation of this study is
the lack of availability of CSF in all patients treated for aSAI, and thus the small size of the study
sample. However, it should be emphasized that drainage of the CSF is one of the methods of treating
patients with aSAI1. About 7-65% of patients with aSAH require placement of EVD to facilitate CSF
drainage [31]. Fluid drainage is used to relieve acute hydrocephalus, measure and treat elevated
intracranial pressure, and to remove blood from the subarachnoid space [15]. Blood clots in the
subarachnoid space are among the pathogenic mechanisms of vasoconstriction and the development
of delayed ischemic neurological deficit (DIND), which is the main cause of poor treatment outcomes
after aSAIT [32]. In some studies, CSF drainage reduced the DIND associated with vasoconstriction
and improved treatment outcomes. In our ICU, the procedure of collecting CSF in aSAH patients is
performed for clinical reasons only. In patients with CSF drainage, measuring the concentration of
S100B and enolase in a fluid sample may provide valuable additional information about the degree of
brain damage in the period of early brain injury following aSAH and its relationship to secondary
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changes such as cerebral vasospasm or the formation of secondary ischemic changes. In addition,
due to the small sample size, the impact of the type of intervention (surgical clipping or endovascular
coiling) on the release of biomarkers and the prediction of in-hospital mortality after aSAIT could not
be analysed. Our study was retrospective and conducted in a single centre, which presents a challenge
to generalizing our findings. These are preliminary data with interesting results that should encourage
further patient recruitment.

5. Conclusions

As our study and several previous studies have shown that brain biomarker levels correlate with
the clinical outcome of patients after aSAH, these results could be helpful in guiding families and
physicians in choosing the most appropriate treatment and comfort measures. However, the clinical
utility of biomarker testing will require more consistent and reliable information that indicates what
the threshold for a bad outcome would really be. Exact thresholds for increases in enolase and S100B
that could predict death after aSAH are still in development.
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4.  OMOWIENIE PUBLIKACJI STANOWIACYCH PRACE DOKTORSKA

W pierwszej z prezentowanych publikacji “Biomarkers of Neurological Outcome After
Aneurysmal Subarachnoid Hemorrhage as Early Predictors at Discharge from an Intensive
Care Unit. Kedziora J, Burzynska M, Gozdzik W, Kiibler A, Kobylinska K, Adamik B. Neurocrit
Care. 2020 Sep 25. doi: 10.1007/s12028-020-01110-2. PMID: 32978732” przedstawiono
wyniki badania nad ocena zmian stgzen we krwi biomarkeréw specyficznych dla uszkodzenia
komoérek nerwowych u pacjentow z krwotokiem podpajeczynéwkowym z peknigtego tetniaka
oraz przedstawiono wyniki oceny zaleznosci pomigdzy stezeniem biomarkeréw, a cigzkoscia
krwotoku ocenianego przy uzyciu skal klinicznych i przydatnosci dokonanych pomiaréw w
przewidywaniu wczesnych wynikow leczenia.

Ostre uszkodzenie mézgu w krwotoku podpajeczyndwkowym z peknietego tetniaka
prowadzi do zniszczenia komorek mozgowych i uwolnienia specyficznych biatek do ptynu
moézgowo- rdzeniowego. Biatka te moga przenikaé przez uszkodzong barierg krew- mézg do
uktadu krazenia, gdzie mozna je wykry¢ i zmierzy¢ ich stezenie. Zmiany stezen tych biatek
moga by¢ zatem wskaznikiem ciezkosci uszkodzenia mézgu spowodowanego przez aSAH we
wczesnej fazie leczenia. Ocena stanu klinicznego oraz prognozowanie wynikéw leczenia na
podstawie powszechnie stosowanych w neurointensywnej terapii skal klinicznych
uwzgledniajacych jakosciowe i ilosciowe zaburzenia neurologiczne, takich jak GCS, WENS i
skala Hunta- Hessa, ma ograniczong wartos¢ w przypadku pacjentéw leczonych w OIT,
poddanych analgosedacji i wymagajacych wentylacji mechanicznej. Dlatego okreslenie panelu
specyficznych dla mézgu biomarkeréw, ktére odzwierciedlatyby stopien uszkodzenia mézgu,
mogtoby by¢ uzytecznym narzedziem w praktyce klinicznej. Utatwitoby planowanie i
monitorowanie leczenia we wczesnej fazie po krwotoku, a takze przewidywanie wynikow
leczenia. W wigkszosci opublikowanych badan oceniano wartos¢ predykcyjng biomarkeréw w
odniesieniu do odlegtych wynikéw leczenia aSAH (po 6 i 12 miesigcach) [13-15]. Tylko w
niewielu pracach zbadano wartos¢ rokownicza stezenia biomarkeréw mozgowych w
przewidywaniu wynikow leczenia w bardzo wczesnej fazie choroby, ograniczonej do leczenia
i wypisu z OIT [16, 17].

Gtownym celem prezentowanej pracy byta analiza zmian stezen biomarkeréw
uszkodzenia komorek nerwowych i okreslenie przydatnosci pomiaru biomarkeréw do

prognozowania stanu neurologicznego pacjenta w bardzo wczesnej fazie aSAH. Wczesne
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zmiany stezen biomarkeréw oceniano w ostrej fazie leczenia, w odniesieniu do wynikoéw skal
klinicznych i stanu pacjenta przy wypisie z OIT.

Do badania zakwalifikowano chorych z aSAH leczonych pomigdzy lipcem 2014 1. a
styczniem 2017 1. w Klinice Anestezjologii i Intensywnej Terapii Uniwersyteckiego Szpitala
Klinicznego we Wroctawiu. Kryteria wtaczenia do badania obejmowaty: wiek > 18 lat; aSAH
jako przyczyne krwawienia potwierdzony za pomoca tomografii komputerowej z kontrastem,
rezonansu magnetycznego lub konwencjonalnej angiografii; przyjecie do OIT w ciaggu 48
godzin od rozpoznania aSAH. Kryteria wykluczenia obejmowaty wczesniej zdiagnozowana
chorobe neurologiczna. Od kazdego pacjenta pobierano probki krwi w dniu przyjecia (1 doba)
oraz przez 5 kolejnych dni (2, 3, 4, 51 6 doba). W pobranych probkach krwi oznaczono stgzenie
nastepujacych biomarkeréw: S100B, NSE, MAPT i GFAP.

Uzyskane wyniki oceniono w odniesieniu do cigzkosci stanu og6lnego pacjenta przy
przyjeciu do OIT oraz ciezkosci krwotoku zwalidowanych za pomocg skal klinicznych:
APACHE II, GCS, WFENS, Hunta- Hessa i Fishera. Okreslono takze przydatno$¢ pomiaréw
stezenia biomarkeréw do prognozowania wynikow leczenia w bardzo wczesnej fazie, ktérego
efekt oceniono w pieciostopniowej skali Glasgow Outcome Scale (GOS) przy wypisie z OIT.
Dodatkowo przeprowadzono oceng wczesnych wynikow leczenia z uzyciem tej samej skali
przy wypisie ze szpitala (GOS I- zgon; GOS II- stan wegetatywny; GOS III- ciezka
niepetnosprawnos¢, pacjent zalezny od osob trzecich w codziennych czynnosciach; GOS IV-
umiarkowana niepelnosprawno$¢, pacjent niezalezny od o0s6b trzecich w zyciu codziennym;
GOS V- pacjent bez deficytu neurologicznego, powrdt do normalnego funkcjonowania
pomimo niewielkiego deficytu neurologicznego). W =zaleznosci od wyniku leczenia
ocenianego w skali GOS przy wypisie z OIT, kazdego pacjenta przyporzadkowano do jednej
z dwéch grup:

Grupa badana 1: pacjenci z dobrym wynikiem leczenia (GOS IV — V),
Grupa badana 2: pacjenci ze ztym wynikiem leczenia (GOS I — III).

Sposrod 60 pacjentow z aSAH, ktérzy spetniali kryteria witaczenia, 5 zostato
wykluczonych z powodu braku kompletu pobranego materiatu badawczego. Analize
przeprowadzono w grupie 55 pacjentow.

Na podstawie wartosci GOS ocenianej przy wypisie z OIT grupe z dobrym wynikiem
leczenia (Grupa 1, GOS IV-V) stanowito 24 pacjentéw (44%), a grupe ze ztym wynikiem
(Grupa 2, GOS I-II) 31 pacjentow (56%). Przy wypisie ze szpitala wszyscy pacjenci z Grupy
1 osiagneli dobry wynik leczenia (GOS V 75%, GOS IV 25%), natomiast wigkszos¢ chorych
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z Grupy 2 (77%) stanowili pacjenci ze ztym wynikiem (GOS I- III): 42% zmarto (GOS 1), 3%
GOS 11, 22% GOS 1I1.

Stezenia biomarkeréw S100B, MAPT i NSE byly istotnie wyzsze w grupie pacjentow
ze ztym wynikiem leczenia (Grupa 2) w poréwnaniu z pacjentami z Grupy 1. W pierwszym
dniu badania (stezenie wyjsciowe) obserwowano istotng réznice w stezeniach biomarkeréw
pomiedzy Grupa 1 i 2 (odpowiednio Grupa 1 i 2: S100B: 1.0 vs. 4.7 ng/ml; MAPT: 83.2 vs.
625.0 pg/ml; NSE: 1.5 vs. 4,0 ng/ml). W Grupie 2 wartosci S100B i NSE byty istotnie
podwyzszone przez caty okres badania (S100B: 4.8, 4.4, 4.5, 6.6, 6.8 ng/ml; NSE: 4.1, 4.3, 3.8,
4.4, 2.5 ng/ml, w dniach 2-6) a pozostawaty niskie w Grupie 1 (S100B: 0.9, 0.7, 2.0, 1.0, 0.3
ng/ml, NSE: 2.0, 1.6, 1.2, 16.6, 2.2 ng/ml, w dniach 2-6). Poziom MAPT byt podwyzszony
tylko do 2 doby obserwacji w Grupie 2 (617.4, 195.0, 379.9, 315.5, 86.9 pg/ml, w dniach 2-6),
apozostat niski w Grupie 1 (132.7,438.7, 102.9,79.7, 8.1 pg/ml, w dniach 2-6). R6znica stezen
S100B i NSE miedzy grupami byta statystycznie istotna przez caty okres badania, a r6znica w
stezeniu MAPT miedzy grupami byta istotna w dniu 1 i 2. Stezenie GFAP w obydwu badanych
grupach byto wysokie od pierwszego dnia do konca okresu obserwacji (Grupa 1: 5.7, 6.9, 6.9,
7.3, 8.5, 6.5 ng/ml; Grupa 2: 6.6, 7.0, 7.8, 8.1, 7.5, 5.3 ng/ml, w dniach 1-6); nie stwierdzono
istotnych réznic w stezeniu GFAP miedzy badanymi grupami.

Nie stwierdzono istotnej korelacji miedzy stezeniem GFAP, MAPT, S100B, NSE a
wiekiem lub picig pacjentow. Poziomy biatek SI00B, NSE, GFAP i MAPT zarejestrowane w
dniach 1-6 nie roznity si¢ istotnie w zaleznosci od zastosowanej techniki operacyjnej
(embolizacja lub klipsowanie).

Przy przyjeciu do OIT wyniki oceny klinicznej w skalach GCS, APACHE II, WENS,
Hunta- Hessa i Fishera byty istotnie lepsze w Grupie 1 niz w Grupie 2 (GCS: 13.6 vs. 10.0
pkt., p<0.0011; APACHE II: 9.6 vs. 17.1 pkt., p<0.001). WENS I-III odnotowano u 83%
chorych w Grupie 1 i u 52% w Grupie 2, a stopien WENS 1IV-V u 17% w Grupie 1148% w
Grupie 2 (p=0.020). Ciezkos¢ krwotoku podpajeczyndéwkowego oceniana w skali Hunta-Hessa
byta statystycznie istotnie wieksza (p=0.001) w Grupie 2 (stopien IV-V u 58% pacjentéw) niz
w Grupie 1 (stopien IV-V u 19% pacjentow). Ciezkos¢ aSAH oceniona przy przyjeciu w
tomografii komputerowej wg skali Fishera byta istotnie wigksza w Grupie 2, w poréwnaniu do
zmian obserwowanych w Grupie 1 (p=0.002).

Do oceny wartosci predykcyjnej poszczeg6lnych biomarkeréw zastosowano analize
ROC (receiver operating characteristic), wyniki porownywano w oparciu o wartosci pola pod
krzywa AUC (area under the ROC curve). Wykazano, ze wyjsciowe stezenie S100B najlepiej
przewiduje zty wynik (GOS I-1II) przy wypisie z OIT (AUC 0.813; 95% CI 0,677-0.948, p
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<0.001); optymalna wartos¢ progowa dla S100B wynosita 0.625 ng/ml, z czutoscig 0.913 (95%
CI0.833-1.067) i swoistoscia 0.625 (95% CI1 0.651-1.249). Wyjsciowe stezenie NSE réwniez
miato istotng wartos$¢ predykcyjna (AUC 0.706; 95% CI 0.541-0.871, p=0.015), jednakze dla
optymalnej wartosci progowej wynoszacej 1.613 ng/ml, czuto$¢ markera (0.667; 95% CI
0.719-1,180) nie byta juz tak dobra jak dla S100B, a swoistos¢ wynosita 0.733 (95% CI 0.689—
1.211). Pomiar MAPT w pierwszej dobie miat istotng wartos¢ predykcyjng (AUC 0.735; 95%
CI 0.550-0.892, p=0.012), dla optymalnej wartosci progowej 240.7 pg/ml czutos¢ byta niska
(0.588; 95% CI1 0.647-1.253), ale swoistos¢ markera byta bardzo dobra (0.909; 95% CI 0.830—
1,.070). GFAP nie miato istotnej wartosci prognostycznej (p=0.460).

W celu stworzenia modelu prognostycznego do przewidywania ztego wyniku leczenia
(GOS I-1II) wykonano wieloczynnikowa analize regresji logistycznej. Poczatkowo do analizy
wlaczono zmienne ze zbioru biomarkeréw (S100B, NSE, MAPT i GFAP) i zmiennych
towarzyszacych (wiek, pte¢, skale APACHE II, GCS, WENS, Hunta-Hessa, Fishera),
nastepnie wykluczono z analizy zmienne skorelowane. Ostatecznie jedynymi zmiennymi,
ktore zostaty uwzglednione w modelu byto wyjsciowe stezenie S100B i NSE oraz pte€ i
APACHE IL Istotnymi predyktorami ztego wyniku byly: wyjsciowe stezenie S100B (OR=
2.229, p=0.023), APACHE II (OR=1.303, p=0.002) oraz pte¢ (OR=0.089, p=0.022).
Wyijsciowe stezenie NSE nie miato istotnosci statystycznej w modelu (p=0.088).

Wyniki przeprowadzonego badania dostarczaja dalszych dowodéw na to, ze u
pacjentéw z krwotokiem podpajeczynéwkowym z peknigtego tetniaka obserwuje si¢ we krwi
wzrost stezenia biomarkeréw uszkodzenia komoérek nerwowych S100B, NSE, GFAP i MAPT.
Wykazano zwigzek pomiedzy wysokimi stezeniami biomarkeréw, a cigzkim stanem
klinicznym pacjenta oraz cigzkoscig krwotoku ocenianymi przy pomocy skal uzywanych w
praktyce klinicznej. Wykazano bezposredni zwigzek migdzy wynikiem leczenia we wczesnej
fazie po aSAH, tzn. przy wypisie z OIT, a stezeniami S100B, NSE i MAPT.

Z przeprowadzonej analizy wynika, ze pomiar stezenia SI00B, NSE i MAPT we krwi
przy przyjeciu do OIT mogtby by¢ cennym narzedziem diagnostycznym i prognostycznym w
bardzo wczesnej fazie leczenia pacjentéw z aSAH. Dodatkowe parametry biochemiczne
uzupetniajace oceng kliniczna, zwitaszcza w populacji pacjentow OIT, ktérzy sa nieprzytomni
lub sedowani, utatwiatyby: oceng¢ przebiegu leczenia we wczesnym okresie, wdrozenie
adekwatnego leczenia i monitorowania oraz udzielanie rodzinom pacjentow doktadniejszych
informacji na temat prowadzonej terapii i rokowania. Pomiar stezenia biomarkeréw nalezy
traktowa¢ jako potencjalne dodatkowe narzedzie wspierajace, ale nie zastepujace skal
klinicznych APACHE II, WENS, GCS, skala Hunta- Hessa, skala Fishera i GOS.
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W drugiej z prezentowanych publikacji ,, Brain-Specific Biomarkers as Mortality Predictors
after Aneurysmal Subarachnoid Haemorrhage. Kedziora J, Burzynska M, Gozdzik W, Kiibler
A, Uryga A, Kasprowicz M, Adamik B. J Clin Med. 2020 Dec 20;9(12):4117. doi:
10.3390/jcm9124117. PMID: 33419282” przeanalizowano zmiany stezen biomarkerow
uszkodzenia mézgu w PMR i krwi u pacjentéow z aSAH, u ktérych jedng z zastosowanych
metod leczenia neurochirurgicznego byt zewnetrzny drenaz komorowy (EVD, external
ventricular drain). Poprzez poréwnanie uzyskanych wynikéw z efektem leczenia przy wypisie
ze szpitala, oceniono przydatno$¢ biomarkerow w przewidywaniu $miertelnosci
wewnatrzszpitalnej u pacjentow z aSAH.

Drenaz PMR u pacjentéw z aSAH jest procedurg lecznicza wykonywang wytacznie ze wskazan
klinicznych, takich jak ostre wodogtowie, ciezki krwotok dokomorowy lub w celu pomiaru i
leczenia podwyzszonego ci$nienia wewnatrzczaszkowego [18, 19]. EVD obarczony jest tez
ryzykiem powiktan, takich jak infekcja, wycieck PMR, wodniak lub krwiak
wewnatrzczaszkowy. Ponadto u chorych leczonych EVD obserwowano wydtuzenie
hospitalizacji oraz pogorszenie wynikéw poznawczych [20-22]. Jednakze u pacjentéw
leczonych EVD, pomiar stezenia specyficznych biomarkeréw moézgowych w PMR moze
dostarczy¢ dodatkowych cennych informacji o stopniu uszkodzenia komoérek mézgowych.

Badanie przeprowadzono w grupie chorych, ktérzy byli leczeni w Klinice
Anestezjologii 1 Intensywnej Terapii Uniwersyteckiego Szpitala Klinicznego we Wroctawiu
miedzy lipcem 2014 r. a styczniem 2017 r.

Kryteria wilaczenia do badania obejmowaty: wiek >18 lat; aSAH jako przyczyne
krwawienia potwierdzony za pomoca tomografii komputerowej z kontrastem, rezonansu
magnetycznego lub konwencjonalnej angiografii; przyjecie do OIT w ciagu 48 godzin od
rozpoznania aSAH, obecno$¢ zewnetrznego drenazu komorowego umozliwiajacego pobieranie
PMR przez trzy kolejne doby od przyjecia do OIT. Kryteria wykluczenia obejmowaty
wczesniej zdiagnozowang chorobe neurologiczna.

W trakcie leczenia na Oddziale Intensywnej Terapii (OIT) stan kliniczny pacjentéw oraz
ciezkos¢ krwotoku oceniano stosujac rutynowe skale kliniczne (GCS, WFENS, Hunta- Hessa,
Fishera). Probki PMR pobierano przez zewngtrzny drenaz komorowy w 1, 2 i1 3 dniu leczenia
w OIT. W tych samych punktach czasowych pobierano prébki krwi. W pobranym materiale
oznaczono stezenie nastepujacych biatek: SI00B, NSE i GFAP. W prezentowanym badaniu
pacjentow podzielono oceniajac wynik leczenia przy wypisie ze szpitala na dwie grupy:

Grupa badana 1: pacjenci, ktoérzy przezyli,

Grupa badana 2: pacjenci, ktérzy zmarli.
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Z grupy 70 pacjentéw z aSAH, do analizy koncowej wiaczono 16 pacjentéw, u ktérych
mozliwe byto pobieranie ptynu mézgowo- rdzeniowy przez trzy kolejne doby od dnia przyjecia
do OIT. Grupa 1 (pacjenci, ktorzy przezyli) sktadata si¢ z 9 pacjentéw, Grupa 2 sktadata si¢ z
7 pacjentéw. Wszystkie zgony miaty miejsce w OIT.

Mediana wieku pacjentéw wynosita 67 lat (53-76), 50% badanych stanowity kobiety. W chwili
przyjecia do OIT 44% chorych bylo w ztym stanie klinicznym (WENS 4-5). Cigzkos¢
krwotoku podpajeczynéwkowego w skali Fishera przedstawiata si¢ w nastepujacy sposob: 2
pacjentow otrzymato stopien 2, 2 pacjentow stopien 3, a 12 oceniono w stopniu 4. GCS przy
przyjeciu do OIT byt istotnie nizszy u pacjentéw, ktérzy nie przezyli niz u os6b, ktore przezyty
(4 vs. 14 pkt., p = 0.022). Wyniki innych skal klinicznych (WENS, Hunta-Hessa i Fishera) nie
roznity si¢ istotnie miedzy grupami. Dtugos¢ pobytu w szpitalu w grupie pacjentéw, ktérzy
zmarli byta 5- krotnie dtuzsza niz u tych, ktérzy przezyli (109 vs. 21 dni, p=0.055).

W przebadanej populacji pacjentéw stwierdzono wysoki poziom stezenia biomarkeréw
uszkodzenia mézgu we krwi i PMR w kolejnych dniach po aSAH, jednak stezenia tych biatek
w PMR byty znacznie wyzsze, niz we krwi. Stezenie S100B w kolejnych dniach po aSAH byto
istotnie wyzsze u pacjentéw, ktérzy zmarli (Grupa 2) zaréwno w probkach krwi (dzien 1: 1.7
vs. 0.7 ng/ml, p=0.041; dzien 2: 5.6 vs. 0.7 ng/ml, p=0.007; dzien 3: 3.6 vs. 0.3 ng/ml, p<0.001,
odpowiednio zmarli vs. przezyli), jak i w PMR (dzien 1: 21.9 vs. 3.9 ng/ml, p=0,031; dzien 2:
25.6 vs. 0.6 ng/ml, p=0.002; dzien 3: 23.9 vs. 0.6 ng/ml, p=0.002, odpowiednio zmarli vs.
przezyli). Podobne zmiany obserwowano w stezeniach enolazy we krwi (dzien 1: 6.0 vs. 1.3
ng/ml, p=0.046; dzien 2: 4.2 vs. 0.9 ng/ml, p=0.005; dzien 3: 3.4 vs. 1.1 ng/ml, p=0.049,
odpowiednio zmarli vs. przezyli) i w PMR (dzien 1: 52.6 vs. 5.4 ng/ml, p=0.029; dzien 2: 16.9
vs. 4.1 ng/ml, p=0.035; dzien 3: 80.0 vs. 3.4 ng/ml, p=0.031, odpowiednio zmarli vs. przezyli).
Nie stwierdzono istotnych statystycznie roznic w wartosciach GFAP miedzy badanymi
grupami ani w probkach krwi, ani PMR. Dodatkowo analizowano wartosci maksymalne
biomarkeréw. Maksymalna wartos¢, to najwyzsza warto$¢ zarejestrowana w dniach od 1 do 3.
Pacjenci, ktorzy nie przezyli, mieli we krwi znacznie wyzsze wartosci maksymalne S100B i
enolazy w poréwnaniu z osobami, ktére przezyty (S100B: 5.7 vs. 1.5 ng/ml, p=0.031; NSE: 6.1
vs. 1.4 ng/ml, p=0.011). Podobne zaleznosci obserwowano w PMR. Wartosci maksymalne
S100B i enolazy w Grupie 2 byty istotnie wyzsze, niz w Grupie 1 (S100B: 18.3 vs. 0.9 ng/ml,
p=0.042; NSE: 109.2 vs. 6.1 ng/ml, p=0.015). Nie stwierdzono istotnych réznic w wartosciach
maksymalnych GFAP migdzy badanymi grupami ani w prébkach krwi, ani PMR.

Do zbadania zaleznosci pomiedzy stezeniami biomarkeréw a cigzkoscig stanu

neurologicznego i krwotoku ocenionymi z uzyciem skal klinicznych zastosowano analize
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korelacji Spearman’a. Maksymalne stezenia enolazy zarejestrowane w PMR byly silnie
skorelowane z wynikami w skalach GCS (R=0.7, p=0.005), Hunta- Hessa (R=0.6, p=0.027),
WENS (R=0.7, p=0.003) i Fishera (R=0.6, p=0.009 ) obliczonymi przy przyjeciu do OIT.
Maksymalne stezenie enolazy we krwi oraz maksymalne stezenia S100B we krwi i PMR nie
wykazaty istotnej korelacji z wynikami skal klinicznych.

Do oceny wartosci predykcyjnej poszczegblnych biomarkeréw zastosowano analize
ROC. Wyniki poréwnywano w oparciu o wartosci pola pod krzywa AUC. Wykazano, ze
stezenia enolazy oznaczone we krwi (AUC 0.873; 95% CI 0.682-1.00, p=0.001) i w PMR
(AUC 0.889; 95% CI 0.716-1.000, p <0.001) najlepiej przewiduja $miertelnos¢ szpitalna.
Optymalna wartos¢ progowa dla enolazy we krwi wynosita 1.8 ng/ml, przy czutosci 100% i
swoistosci 78%, a w PMR 80.0 ng/ml, przy czutosci 67% 1 swoistosci 100%. Stezenie S100B
we krwi (AUC 0.825; 95% CI 0.592-1.000, p = 0.006) i PMR (AUC 0.810; 95% CI 0.595-
1.000, p<0.004) réwniez miato istotng wartos¢ predykcyjna. Optymalna wartos¢ progowa dla
S100B we krwi wynosita 5.7 ng/ml, przy czutosci 71% i swoistosci 100%, a w PMR 4.5 ng/ml,
przy czutosci 100% i swoistosci 56%. Wartos¢ predykcyjna GFAP nie byta istotna ani we krwi
(p=0,488), ani w PMR (p=0.443). Dla poréwnania, sposrdd skal klinicznych stosowanych przy
przyjeciu chorych do OIT, tylko skala GCS wykazata zdolnos$¢ do przewidywania smiertelnosci
szpitalnej (AUC 0.833; 95% C10.632-1.000, p=0.001). Oceny w skalach Hunta- Hessa, WENS
i Fishera byly nieistotne statystycznie. Optymalna wartos¢ progowa dla GCS wyniosta 13
punktéw przy czutosci 100% 1 swoistosci 55%.

Uzyskane w przeprowadzonym badaniu wyniki sa zgodne z hipoteza, ze biatka NSE i
S100B mierzone w PMR i krwi we wczesnym okresie choroby sa czutymi biomarkerami do
przewidywania smiertelnosci wewnatrzszpitalnej u pacjentow z aSAH. Stezenia S100B i NSE
mierzone w PMR we wczesnej fazie leczenia aSAH byty kilkakrotnie wyzsze u pacjentéw,
ktérzy zmarli niz u tych, ktérzy przezyli. Podobna zaleznos$¢ zaobserwowano w probkach krwi,
co wskazuje na uszkodzenie bariery krew-mézg 1 przedostawanie si¢ bialek
charakterystycznych dla komérek mézgowych do krazenia. Pomiar markeréw mézgowych w
PMR i krwi mogtby by¢ dodatkowym narzedziem pomocnym w identyfikacji pacjentow z
wysokim ryzykiem zgonu szpitalnego w aSAH. Jednak przed wdrozeniem pomiaréw
biomarkeréw do praktyki klinicznej, potrzebne sa dalsze badania, ktére pozwola na ustalenie
takich wartosci progowych enolazy i S100B, ktére z wysokim prawdopodobienstwem

wskazywatyby ryzyko zgonu.
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5. PODSUMOWANIE

Obie przedstawione publikacje koncentruja sie na problematyce przydatnosci pomiar6w

stezen biomarkerow uszkodzenia mézgu u pacjentow z aSAH w odniesieniu do wczesnych

parametréw klinicznych, punktacji skal klinicznych oraz wyniku leczenia przy wypisie z OIT i

ze szpitala. Dodatkowe parametry biochemiczne uzupetniajace oceng kliniczna, zwtaszcza w

populacji pacjentéw OIT, ktorzy sa nieprzytomni lub sedowani, utatwiatyby ocene przebiegu

leczenia we wczesnym okresie, wdrozenie adekwatnego leczenia i monitorowania oraz

udzielanie rodzinom pacjentow doktadniejszych informacji na temat prowadzonej terapii i

rokowania. Najwazniejsze wnioski z prezentowanego cyklu prac sg nastepujace:

1.

U pacjentow z aSAH obserwuje sie¢ we wczesnej fazie choroby wzrost stezenia
biomarkeréw uszkodzenia komdrek CUN zaréwno w PMR jak i we krwi, co wskazuje na
uszkodzenie bariery krew-mozg i przedostawanie si¢ bialek charakterystycznych dla
komorek mézgowych do krazenia ogélnoustrojowego.

Oznaczanie biomarkeréw we krwi jest mozliwe u wszystkich pacjentéw z aSAH, natomiast
pomiar stezenia tych biatek w PMR ogranicza si¢ do pacjentéw z implantowanym ze
wskazan medycznych zewnetrznym drenazem PMR.

Istnieje zaleznos¢ miedzy wysokim stezeniem biomarkeréw uszkodzenia komoérek CUN we
wczesnej fazie aSAH, a ztym stanem pacjentéw ocenianym przy przyjeciu do OIT za
pomoca standardowych skal klinicznych, bioracych pod uwage jakosciowe i ilosciowe
zaburzenia neurologiczne. Oznaczanie stezen biomarkerow moze by¢ wiec przydatnym
narzedziem uzupetniajacym badanie kliniczne w populacji chorych OIT, kt6érzy z uwagi na
ciezki stan ogdlny i inwazyjne techniki leczenia wymagaja stosowania lekow sedujacych.

Istnieje zaleznos¢ miedzy stezeniem biomarkeréw uszkodzenia mézgu w ostrej fazie aSAH,
a wezesnymi wynikami leczenia ocenianymi przy wypisie z OIT oraz ze szpitala. Stgzenie
biomarkeréw w ostrej fazie krwotoku podpajeczyndwkowego moze by¢ zatem predyktorem
wczesnych wynikow leczenia.

Stosujac  wieloczynnikowa analize regresji logistycznej utworzono model dla
przewidywanie stanu neurologicznego w ostrej fazie leczenia aSAH. Parametry takie jak
pte¢, stezenie biomarkera S100B oraz stan kliniczny oceniany w skali APACHE II przy
przyjeciu okazaty si¢ istotnymi elementami modelu predykcyjnego.

W przeprowadzonym badaniu okreslono optymalne wartosci progowe poszczegdlnych
biomarkeréw dla przewidywania ztego wyniku leczenia przy wypisie z OIT. Nalezy jednak
podkresli¢, iz w celu potwierdzenia przydatnosci wartosci progowych dla przewidywania
ztego wyniku leczenia konieczne jest dalsze kontynuowanie badan, szczeg6lnie projektow
wieloosrodkowych z udziatem duzych grup pacjentow.

Pomiar stezenia biomarkerow nalezy traktowac jako potencjalne dodatkowe narzedzie
wspierajace, ale nie zastepujace skal klinicznych APACHE II, WENS, GCS, skala Hunta-
Hessa, skala Fishera i GOS.
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6. STRESZCZENIE
Wstep: Krwotok podpajeczynéwkowy z peknigtego tetniaka naczyn moézgowych (aSAH) jest
powaznym schorzeniem o wysokiej $miertelnosci i wysokim wskazniku trwatego inwalidztwa u oséb,
ktére przezyly pierwotny krwotok. Ostre uszkodzenie mézgu po aSAH prowadzi do uszkodzenia
komorek moézgowych 1 uwolnienia bialek specyficznych dla mézgu do PMR 1 krazenia
ogdlnoustrojowego. Biatka mézgowe moga przechodzi¢ bezposrednio przez uszkodzong barierg krew-
mozg do krazenia ogdlnoustrojowego, gdzie mozna je wykry¢ 1 zmierzy¢. Dlatego biatka obecne w
komérkach neuronalnych i glejowych OUN moga by¢ czulymi markerami uszkodzenia mézgu
spowodowanego przez aSAH w ostrej fazie leczenia. Gldwnym celem projektu bylto zbadanie zmian w
stezeniach biomarkeréw specyticznych dla mézgu u pacjentéw po aSAH w odniesieniu do wczesnych
parametrow klinicznych, punktacji skal klinicznych oraz wyniku leczenia przy wypisie z OIT i ze
szpitala. Przeprowadzono analiz¢ w celu zidentyfikowania okreslonych biomarkeréw jako predyktorow
ztego wyniku leczenia w ostrej fazie po aSAH.
Material i metoda: Prébki krwi i PMR pobierano w celu oznaczenia biomarkeréw przy przyjeciu na
OIT oraz w kolejnych dniach. Analiz¢ przeprowadzono dla biatek specyficznych dla komoérek
neuronalnych NSE (neuron-specific enolase) i MAPT (microtubule associated protein tau) oraz dla
komérek glejowych S100B 1 GFAP (glial fibrillary acidic protein). Stan kliniczny pacjenta oceniono
stosujac skale APACHEII oraz GCS. Do klasyfikacji cigzkosci aSAH postuzono si¢ skalami Hunta-
Hessa i WENS, a nasilenie krwotoku w obrazie tomografii komputerowej oceniano w skali Fishera.
Przydatnos¢ biomarkeréw do prognozowania zlego wyniku leczenia skutkujacego cigzka
niepetnosprawnoscia, stanem wegetatywnym lub zgonem (GOS 1-3) oceniano przy wypisie z OIT i ze
szpitala.
Wiyniki: Stezenia biomarkeréw uszkodzenia mézgu byty podwyzszone po aSAH, a pacjenci ze ztym
wynikiem leczenia wykazywali znaczaco wyzsze poziomy S100B, NSE i MAPT we krwi i PMR w
porownaniu z pacjentami z dobrym wynikiem. Wyniki punktacji w skalach klinicznych (skala GCS,
APACHE II, WFNS, Hunta-Hessa i Fishera) obliczone przy przyjeciu do OIT byly istotnie gorsze u
pacjentéw z wysokim poziomem biomarkerdw. Analiza wieloczynnikow] regresji logistycznej
wykazata, ze podwyzszona wartos¢ S100B i1 APACHE II oraz pte¢ me¢ska wskazywaly na istotnie
wyzsze ryzyko ztego wyniku leczenia przy wypisie z OIT (GOS 1-3).
Whioski: Prezentowane badania dostarczaja dowoddéw, ze biomarkery mézgowe, takie jak S100B,
NSE, GFAP i MAPT, sa podwyzszone u pacjentéw po aSAH. Istnieje bezposredni zwigzek miedzy
stanem neurologicznym pacjenta w ostrej fazie leczenia aSAH i1 poziomem tych biomarkeréw. Ocena
pacjentéw z aSAH za pomocg skal klinicznych staje si¢ trudniejsza, gdy pacjenci wymagaja sedacji.
Pomiar biomarkeréw moze by¢ niezaleznym, dodatkowym narz¢dziem diagnostycznym i

prognostycznym wspomagajgcym ocene kliniczng w OIT.
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7. SUMMARY
Introduction: Aneurysmal subarachnoid haemorrhage (aSAH) is a serious condition with a high
mortality and high permanent disability rate for those who survive the initial haemorrhage. An acute
brain injury after an aSAH leads to the destruction of brain cells and the release of brain-specific proteins
to the cerebrospinal fluid (CSF) and systemic blood circulation. Brain proteins can pass directly through
a damaged blood-brain barrier into the systemic circulation, where they can be detected and measured.
Therefore, the proteins abundant in the neurons and glia of the central nervous system (CNS) can be
sensitive markers of brain damage caused by aSAH in the acute treatment phase. The main objectives
were to study changes in brain-specific biomarker levels in patients after an aSAH in relation to early
clinical findings, severity scores, and ICU and hospital outcome. Analysis was done to identify specific
biomarkers as predictors of a bad outcome in the acute treatment phase.
Material and Methods: Blood and CSF samples were collected for biomarker determination on
admission to the ICU and on the following days. Analysis was performed for the proteins of
neurofilament, neuron-specific enolase (NSE), microtubule-associated protein tau (MAPT), and for the
proteins of glial cells, S100B, and glial fibrillary acidic protein (GFAP). Outcomes were assessed at
discharge from the ICU and from the hospital. The patient’s clinical status was evaluated with the
APACHE 1I score and the GCS. To classity the severity of aSAH, the Hunt-Hess and WFNS scales
were used, and the intensity of the hemorrhage on the CT scans was graded with the Fisher scale.
Results: Brain biomarkers increase markedly following aSAH and patients with a bad outcome showed
significantly higher levels of S100B, NSE and MAPT in blood and CSF compared to patients with a
good outcome. The results of clinical scores (GCS, APACHE II, WFENS, Hunt-Hess and Fisher scale)
calculated on admission to the ICU were significantly worse in patients with a high levels of biomarkers.
According to the multivariate logistic regression analysis, an elevated S100B and APACHE 11 score,
and male gender indicated a significantly higher risk of a bad ICU outcome, resulting in severe disability,
persistent vegetative state or death (GOS rating 1-3).
Conclusion: Our findings provide evidence that brain biomarkers such as S100B, NSE, GFAP, and
MAPT increase significantly in patients following aSAH. There is a direct relationship between the
neurological outcome in the acute treatment phase and the levels of these biomarkers. Evaluating
aSAH patients using clinical scores becomes more difficult with ICU patients receiving sedatives and
analgesics. Biomarkers assessments might be an independent, additional diagnostic and prognostic

tool to support the clinical evaluation at the ICU.
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