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Abstract
Delayed cerebral ischemia (DCI) is a severe complication of subarachnoid hemorrhage (SAH). Clinical and radio-
graphic features of SAH may be helpful in identification of individuals prone to DCI. The aim of this systematic
review was to analyze the present evidence on predictive value of blood and cerebrospinal fluid (CSF) biomarkers of
DCI after SAH. We systematically searched in PubMed, Scopus, Web of Science, and Cochrane Library databases
for publications before July 15, 2018, reporting correlations between blood/CSF biomarkers and occurrence of DCI
and/or vasospasm in SAH patients. Included studies underwent quality assessment according to QUIPS and STARD
guidelines. Level of evidence (I–IV) for each of tested biomarkers was assessed according to GRADE guidelines. Of
2181 unique records identified in four databases, 270 original articles and 5 meta-analyses were included to this
review. Of 257 blood and CSF parameters analyzed in 16.914 SAH patients, there was no biomarker with positive
association with DCI/vasospasm showing level I evidence. Twenty-one biomarkers achieved level II evidence and
could be confirmed as predictive biomarkers. In this review, six single nucleotide polymorphisms (for EET metabolic
pathways, COMT, HMGB1, ACE, PAI-1 promoter, and Hp genes) and 15 non-genetic biomarkers (pNF-H,
ADAMTS13, NPY, Copeptin, HMGB1, GFAP, periostin, Tau, BNP, NT pro-BNP, hs-TnT, PA-TEGMA, MPV:PLT,
NLR, and PLR) were selected as predictive DCI biomarkers. We propose that a panel analysis of the selected
genetic and protein biomarker candidates would be needed for further validation in a large SAH cohort.
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Introduction

Subarachnoid hemorrhage (SAH) due to aneurysm rupture
is a complex neurovascular disease with multiple factors
influencing the final functional outcome. Despite recent
advances in aneurysm treatment and neurocritical care, al-
most half of SAH patients still develop unfavorable long-
term outcome [13, 33].

Alongside with initial severity of SAH and aneurysm
rebleeding prior to treatment [5, 19], certain secondary com-
plications also contribute to morbidity and mortality of SAH
[18]. Among them, delayed cerebral ischemia (DCI) is a ma-
jor risk factor for SAH patients with successful aneurysm
treatment and uncomplicated initial course [1]. DCI is sup-
posed to be of multifactorial nature, but is integrally related to
occurrence of symptomatic cerebral vasospasm [31].
Therefore, proper diagnosis and management of cerebral
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vasospasm and its ischemic complications are highly essen-
tial for outcome improvement.

DCI is traditionally assessed through regular clinical exam-
ination [15]. However, poor initial clinical condition of the
majority of DCI candidates, as well as clinical manifestation
usually occurring at the time of irreversible cerebral damages,
necessitated development of novel diagnostic approaches
[31]. In particular, there are a large number of studies focusing
on predictors of vasospasm and DCI [6, 8, 12, 18, 21]. But the
amount of intracranial bleeding is the only consistently dem-
onstrated risk factor for vasospasm [16]. Transcranial Doppler
(TCD) ultrasonography is the most common non-invasive
bedside tool for identification of vasospasm, but is character-
ized with a moderate specificity and predictive value [22].

In light of this, suitable laboratory biomarkers would
represent an attractive solution allowing a proper and
timely DCI diagnosis in SAH patients. Extensive bio-
marker research and clinical integration is an important
pillar of modern precision medicine [2]. Evaluation of
clinical value of various laboratory parameters in SAH
patients has nearly a semi-centennial history [28], in-
cluding recent publications targeted on novel molecular
genetic and protein biomarkers, via applied genomic and
proteomic approaches [32, 36]. However, compared to
other diseases, laboratory biomarkers have still no rou-
tine application as DCI predictors in SAH.

In this systematic review, we addressed publications ana-
lyzing the associations between molecular genetic and protein
laboratory biomarkers (investigated in blood and cerebrospi-
nal fluid [CSF]) and occurrence of cerebral vasospasm and/or
DCI in SAH cohorts. In this context, we aimed at systemizing
all currently tested DCI/vasospasm biomarkers into a unique
biomarker database. In addition, we report on the present level
of evidence with consecutive selection of the most promising
candidate biomarkers for future validation.

Material and methods

This systematic review has been designed according to the
PRISMA guidelines [27]. The data that support the findings
of this study are available from the corresponding author upon
reasonable request.

Search strategy and selection criteria

In PubMed, Scopus, Cochrane Database, and Web of
Science, we searched for articles published in English be-
fore the 15 July 2018 reporting data on DCI biomarkers
in SAH patients. A full list of search terms is available in
the Supplementary Materials (Table E1). The search results
were recorded into a custom electronic database (Microsoft
Access 2013; Microsoft Corporation, Redmond, WA,

USA). After automatic exclusion of duplicate entries, RJ
and DP independently screened the titles and abstracts of
all collected publications. In case of disagreement, the
senior author (US) reviewed the article and the disagree-
ment was resolved by discussion between the three re-
viewers. Reference lists of relevant publications were
screened for additional articles by RJ and DP in the same
manner.

Data were taken from case-control, cross-sectional, and
longitudinal studies containing patients with acute aneurysmal
SAH. The studies were considered eligible, if they reported
associations between laboratory biomarkers and occurrence of
at least one of the following DCI-related study endpoints ac-
cording to current recommendations [38, 39]: (a) cerebral in-
farction on follow-up computed tomography (CT) scans and/
or magnetic resonance imaging (MRI), (b) delayed neurolog-
ical deterioration commonly defined by authors as
Bsymptomatic vasospasm^ or Bdelayed ischemic neurological
deficit (DIND)^, (c) angiographic vasospasm evidenced on
digital subtraction angiography (DSA), and (d) increased
flow velocities on TCD ultrasonography suspicious for
cerebral vasospasm (according to study-specific cutoffs).
The biomarkers must be collected in a routine manner
either from blood (serum and plasma, via peripheral or
central venous catheter) or from CSF (using external
ventricular and/or lumbar drainage or single lumbar
puncture). The exclusion criteria were (1) interventional
studies and (2) use of non-conventional methods for
biomarker sampling, such as cerebral microdialysis and
jugular bulb catheterization. The publications based on
meta-analysis were also considered; however, the results
were interpreted according to the conformity to the
criteria of evidence level applied in the current review
(as described below).

Data analysis

Data collection

The full-text analysis of all manuscripts included to the sys-
tematic reviewwas performed by RJ and quality controlled by
DP. Extracted data contained the following information:

& Study and population characteristics: study design, geo-
graphic origin, study years, number of participants, base-
line demographic/clinical parameters of cohorts, analyzed
study endpoints

& Biomarker-related data: the list of tested biomarkers, sam-
ple origin, and frequency of sampling

& Study results: association between laboratory biomarkers
and each DCI endpoint, quality of statistical evaluation
(adjusted or unadjusted for potential confounders, such
as SAH severity)
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Quality assessment

On the basis of QUIPS (Quality Assessment in Prognostic
studies) tool [17] and STARD (Standards for Reporting
Diagnostic Accuracy) criteria [4], an adapted quality assess-
ment form was developed to cover the topic of our review
(see Table E2 in the Supplementary Materials). To evaluate
the methodological and content quality, RJ and DP indepen-
dently calculated appropriate scores for each included study
except meta-analyses (Quality Assessment Score [QAS], 0–
40 points). The studies scoring 30 points and more were
regarded as good quality studies. Accordingly, QAS values
were incorporated into assessment of the evidence level for
laboratory biomarkers.

Database integration and classification of laboratory
biomarkers

Biomarkers collected from eligible studies were recorded into a
unique database (see Table E2 in the Supplementary Materials)
containing the information on source studies, total number of
SAH patients with biomarker evaluation, tissue origin, tested
DCI surrogate, and the results of associations for each endpoint.
In addition, all biomarkers were classified into the different
categories according to their origin and functional pathways.

The level of evidence and recommendations for laboratory
biomarkers

According to the GRADE (Grading of Recommendations
Assessment, Development and Evaluation) guidelines [14],
the level of evidence for all biomarkers was assigned to the
following four classes: high, moderate, low, and very low
evidence (classes I, II, III, and IV respectively). Criteria for
classification were adapted according to the scope of the re-
view (Table 1). Similar to one previous report [7], the recom-
mendations regarding the diagnostic value of biomarkers were
classified intro three categories: predictive biomarkers, non-
predictive biomarkers (both for biomarkers with the levels of
evidence classes I or II), and non-conclusive biomarkers
(levels of evidence classes III or IV). Allocation of all identi-
fied biomarkers to certain evidence and recommendation
levels was performed independently by RJ and DP.

Results

Characteristics of publications

After the search in four academic databases and reference list
check of relevant publications, 2181 non-duplicating records
were screened for eligibility. Accordingly, 270 original papers
and 5 meta-analyses published between 1974 and 2018 were

included to this systematic review (see Fig. 1 for the flow
chart, as well as Table E3 in the Supplementary Materials
for detailed characteristics of the included publications).

Considering overlapping cohorts, 257 laboratory predictors
of DCI (including 25 genetic biomarkers) were evaluated in
217 different SAH populations with a total of 16.914 patients.
The mean number of patients in each study was 77.9 (range 3–
849, median 42 patients). The overall mean age of all SAH
patients was 54.2 years (ranging between 36.4 and 67.2 years
in a given cohort); 62.3% were females (range 33–87.5%).

The vast majority of studies (n = 225) were published in the
recent 20 years. Sixty-nine publications were based on US
cohorts, followed by Japan (n = 43), Germany (n = 28),
China (n = 19), and Italy (n = 14).

Regarding the quality of the studies, the mean QAS value
was 30.6 points (range 18–40 points). One hundred fifty-six
original papers scored ≥ 30 points, fulfilling the criteria for
good quality.

Laboratory biomarkers for DCI after SAH: a pooled
evidence

All identified DCI biomarkers (n = 257) were integrated into a
unique electronic database and stratified into different func-
tional categories (Fig. 2). The mean total number of analyzed
patients for every single biomarker was 169.5 (range 3–4181,
median 53.5). In the majority of cases (n = 155), the total
patients’ load per biomarker was < 100 individuals. Mostly
(n = 152), there was one study per biomarker. Eleven sub-
stances (1 genetic [ApoE (apolipoprotein E) SNP (single nu-
cleotide polymorphism)] and 6 protein biomarkers [TNF-α
(tumor necrosis factor-α), vWF (von Willebrand factor),

Table 1 Estimation of the level of evidence for laboratory biomarkers

Class Definition

I High quality
1. Data from at least 2 good quality studies consisting

of ≥ 100 patients per study AND
2. Independent association between biomarker

and endpoint AND
3. DIND/CT-infarct as endpoint AND
4. Non-conflicting results from good quality studies

II Moderate quality
1. Data from SAH population(s) with ≥ 100 patients

(in sum) based on good quality studies AND
2. Independent association between biomarker and

endpoint and/or use of DIND/CT-infarct as endpoint AND
3. Non-conflicting results from good quality studies

III Low quality
Summary data from:
1. ≥ 200 SAH patients regardless the study quality OR
2. ≥ 50 patients from good quality studies

IV Very low quality
Any lower evidence for analyzed biomarker
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S100B, ET-1 (endothelin-1), ICAM-1 (intercellular adhesion
molecule-1), CRP (C-reactive protein), IL-6 (interleukin-6),
MMP-9 (matrix metalloproteinase-9), WBC (white blood
cells), and platelets count]) were tested in 10 and more studies.
Detailed information on biomarkers is shown in the
Supplementary Materials (Table E4).

Overall, there was mostly insufficient level of evidence for
laboratory biomarkers (Fig. 3). In particular, 157 biomarkers
(61.1%) presented with very low evidence (class IV).
Moreover, 55 laboratory predictors showed low evidence
(class III). Therefore, no definite recommendation could be
derived for 212 biomarkers according to the current evidence
in the literature.

Of the remaining 45 biomarkers, only one parameter
reached class I level of evidence (Hct (hematocrit) as
Bnon-predictive biomarker^). Accordingly, 44 laboratory
parameters showed class II level of evidence. Twenty-one
parameters could be classified as Bpredictive biomarkers^
of DCI inc lud ing s ix gene t i c SNP for EETs
(epoxyeicosatrienoic acid) metabolic pathways, COMT
(catechol-O-methyltransferase), HMGB1 (high-mobility
group box 1), ACE (angiotensin-converting enzyme),
PAI-1 (plasminogen activator inhibitor-1) promoter, and
Hp (haptoglobin) genes. Moreover, pNF-H (phosphorylat-
ed major neurofilament H), ADAMTS13 (A disintegrin
and metalloproteinase with a thrombospondin type 1 mo-
tif, member 13), NPY (neuropeptide Y), copeptin,

HMGB1 protein, GFAP (glial fibrillary acidic protein),
BNP (brain natriuretic peptide), NT pro-BNP (N-terminal
pro B-type natriuretic peptide), hs-TnT (high-sensitive tro-
ponin T), Tau, periostin, NLR (neutrophil to lymphocyte
ratio), PLR (platelet to lymphocyte ratio), MPV:PLT (mean
platelet volume to platelet count ratio), and PA-TEGMA
(platelet activation [thromboelastography maxial ampli-
tude]) were also included to the list of Bpredictive^ DCI
biomarkers (Table 2).

Alongside with Hct, the following laboratory parameters
were also classified as Bnon-predictive^: seven SNPs (for
RYR1 (ryanodine receptor type 1), CBS (cystathionine β-syn-
thase) , f ac to r V Leiden , pro th rombin , MTHFR
(methylenetetetrahydrofolate reductase), factor XIII, and
TNF-α genes), as well as ED1-fn (extra domain 1-fibronectin),
EET, DHET (dihydroxyeicosatetraenoic acid), RBC (red blood
cell) count, aPTT (activated partial thromboplastin time), AT-III
(antithrombin III), PAP (plasmin-α2-antiplasmin complex),
TNF-α, IL-1ra, creatinine, α2-AP (α2-antiplasmin), plasmin-
ogen, protein C, procalcitonin, MCV (mean corpuscular vol-
ume), and LDH (lactate dehydrogenase).

Of the biomarkers with insufficient level of evidence
(Bnon-conclusive biomarkers^), eNOS (endothelial nitric ox-
ide synthase) gene SNP and four protein-biomarkers showed
predominantly positive associations with DCI risk: S100B,
ET-1, vWF, and TAT (thrombin-antithrombin complex) (all
with class III evidence).

Fig. 1 Flow chart showing the selection process of the articles eligible for this systematic review
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Discussion

In this systematic review, we present 257 different laboratory
biomarkers that were associated with the occurrence of DCI
and/or vasospasm in SAH patients. These substances were
integrated into a new biomarker database with subsequent
stratification into different functional categories. Based on
the current level of evidence, we selected a panel consisting
of 6 genomics and 15 protein biomarkers with the currently
best evidence for DCI prediction.

Biomarkers in modern precision medicine

Precisionmedicine is Ban emerging approach for disease treat-
ment and prevention that takes into account individual vari-
ability in genes, environment, and lifestyle for each person^
[11]. As opposed to standardized medicine with Bone-size-
fits-all^ philosophy, precision medicine carries a change for
a more effective and personalized approach to patient care [2].
Recent biotechnological and laboratory advances allowed a
better understanding of disease processes, as well as their early
identification and prediction, such as genomic sequencing [2].
This Bomics^ technology, comprising of various genomics,
proteomics, metabolomics, metallomics, glycomics, and
microbiomics, presents a key element of precision medicine
[2, 24, 29]. For example, genomics analysis has completely

changed the rules of the game in neuro-oncology and became
the blueprint for the new classification of brain tumors [9].

Value of DCI biomarkers in SAH patients

In SAHpatients, a considerable number of laboratory biomarkers
have already been investigated as potential predictors of func-
tional outcome and certain complications [2]. However, there is
still no established laboratory surrogate for preclinical diagnosis
of DCI or monitoring of its progression [23]. Identification of
reliable biomarker for cerebral ischemia is a challenge not only
for SAH, but also for all acute stroke conditions [26].

The pathophysiological basis of DCI after SAH is
complex with a cascade of biochemical events [2].
Recent publications consistently point to multifactorial
etiology of DCI including cerebral vasoconstriction, cor-
tical spreading depolarization, microthrombosis, and im-
paired autoregulation [31, 34]. In turn, different bio-
chemical and cellular pathways may underlie each of
DCI contributors. In particular, clear associations be-
tween severity of inflammatory processes (both within
and without central nervous system) and development of
cerebral vasospasm could be demonstrated in clinical,
histopathologic, and experimental studies [10]. In addi-
tion, genotypic variability may also define the suscepti-
bility of individual patients to secondary damage caused
by DCI [31]. Laboratory parameters selected in this

Fig. 2 Different functional categories of DCI biomarkers. This 3D circle
diagram presents basic functional categories of DCI/vasospasm bio-
markers. For each category, the number of identified biomarkers is given.
Several biomarkers (n = 13) may be referred to more than one functional
category as it is shown in the Table E4 in the Supplementary Materials.

The following rare functional categories were included to the group
Bdiverse biomarkers^: tumor biomarkers (n = 2), hormonal biomarkers
(n = 6). See also Tables E4 and E5 in the Supplementary Materials for
the detailed list of functional categories and tested biomarkers
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review as Bmost promising biomarkers^ represent the
fo l l ow ing func t i ona l g roups : Bb ra i n i n j u ry,^
Binflammatory,^ Bcoagulation cascade,^ Bmetabolic,^
Bvasoactive,^ and Boxidative^ markers. All these

processes are considered to be involved in the pathogen-
esis of DCI in SAH [31, 34]. In summary, these path-
ways present promising targets for the identification of
reliable DCI biomarkers.

Fig. 3 Full list of laboratory DCI
biomarkers allocated into
different recommendation and
evidence levels. Of the 45
laboratory parameters with the
evidence level allowing a
recommendation regarding DCI
prediction (classes I–II), 21
biomarkers were allocated as
Bpredictive^ and 24 as Bnon-
predictive^ biomarkers. Only Hct
showed the level I evidence (as
non-predictive biomarker),
whereas the remaining
biomarkers with given
recommendations reached
evidence level II. The majority of
the biomarkers (212, 82.5%)
showed an insufficient evidence
for a definite recommendation
(classes III–IV). For a full list of
biomarkers and used
abbreviations, see Table E4 in the
Supplementary Materials
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DCI risk stratification with genomics

First clinical reports on the role of genetic factors in the course
of SAH go back to the pre-next generation sequencing era in
the early 2000s [20, 35, 37]. In this systematic review, we
report 50 studies analyzing genomic data in clinical series of
SAH patients. In addition, results of 3 meta-analysis papers
were also reviewed [3, 25, 30]. In total, data on association of
25 different genetic biomarkers with DCI risk were analyzed.

Due to the small size of SAH cohorts, a variety of poly-
morphisms tested in the candidate genes, and partially dis-
crepant results, the current level of evidence for BDCI
genomics^ is sparse. To date, the following six gene SNPs
can be regarded as most promising genetic predictors of DCI

after SAH: EET metabolic pathways, COMT, HMGB1, ACE,
PAI-1 promoter, and Hp. However, we strongly recommend
further prospective evaluation of the abovementioned candi-
date genes, in order to improve the level of evidence and
confirm the clinical utility of genomics for DCI prediction.

Vasospasm monitoring with proteomics

Over 200 laboratory parameters have been tested as preclini-
cal biomarkers of impending DCI. Similar to genomics re-
search, data on diagnostic value of protein research as prote-
omics for DCI prediction are insufficient to derive certain
recommendations for most of the identified biomarkers. An
additional limitation for eventual data generalization consists

Table 2 Predictive biomarkers (n = 21)

Biomarker name/group Number of cohorts Number of patients Sample source: Correlation with:

Blood CSF DIND CTI ANGVS TCDVS

Genetic biomarkers

EETs metabolic pathway SNP:
CYP2C8*4 allele

CYP4F2-g.4593C/C allele

1 363 ☑ ☑ ☑

COMT SNP:
COMT-A vs COMT-G

1 167 ☑ ☑

HMGB1 SNP:
allele G of rs2249825

1 149 ☑ ☑

ACE SNP:
ACE I/D

1 149 ☑ ☑* ☑*

AT2 A/C ☑**

PAI-1 promoter SNP
4G allele

1 126 ☑ ☑

Hp SNP
α2 allele

6 451 ☑ ☑ ☑ ☑ ☑

Proteom biomarkers

pNF-H 2 135 ☑ ☑ ☑

ADAMTS13 3 172 ☑ ☑ ☑

NPY 4 213 ☑ ☑ ☑ ☑ ☑

Copeptin 4 442 ☑ ☑ ☑ ☑

HMGB1 protein 2 350 ☑ ☑

BNP 3 197 ☑ ☑ ☑ ☑

NT proBNP 2 427 ☑ ☑ ☑ ☑

hsTnT 1 126 ☑ ☑

Periostin 1 124 ☑ ☑

Tau 3 162 ☑ ☑ ☑ ☑

GFAP 2 221 ☑ ☑

NLR 2 1096 ☑ ☑

PLR 1 247 ☑ ☑

MPV:PLT 1 169 ☑ ☑

PA-TEGMA 1 106 ☑ ☑

See also Table E4 for the full list of tested biomarkers

Abbreviations: DIND delayed ischemic neurological deficit, CTI infarction on CT scan, ANGVS angiographic vasospasm, TCDVC vasospasm on TCD
ultrasonography as defined by the authors

*For younger individuals, **for elderly patients
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in non-uniform methodological approaches utilized in these
studies: time points and frequency of measurements, reported
values (cutoffs), and analyzed vasospasm-related endpoints.

Nevertheless, in this large and heterogeneous data set, we
selected a panel consisting of 15 laboratory parameters that
fulfill the criteria for predictive biomarkers, andmay become a
valuable diagnostic tool for early DCI recognition after further
prospective evaluation: pNF-H, ADAMTS13, NPY, copeptin,
HMGB1 protein, GFAP, BNP, NT pro-BNP, Hs-TnT, Tau,
periostin, NLR, PLR, MPV:PLT, and PA-TEGMA.

General limitations

As already mentioned above, there is a wide range of limita-
tions regarding the presented data. Methodological difficulties
begin already at the stage of literature search. In particular,
studies on laboratory (bio)-markers in SAH patients existed
even before the terms Bbiomarker^ and Bmarker^ were
established in the literature in the present context. Moreover,
it might be believed that studies with negative reports on as-
sociations with laboratory DCI biomarkers could not be prop-
erly identified during the initial screening, since such data are
likely to be mentioned only in full texts or, even, only as
online supplements.

As to the included studies, the majority of them present
data based on relatively small SAH cohorts, especially regard-
ing the novel biomarkers. In addition, non-unique methodo-
logical approach to biomarker sampling, addressed polymor-
phism types, used DCI surrogates, and data presentation di-
minish the chances for data pooling and cumulative
conclusions.

Nevertheless, in face of increasing relevance of Bomics^
signatures in the modern precision medicine, it is of para-
mount importance to (1) perform an overview of currently
analyzed laboratory biomarkers of DCI after SAH and to (2)
identify the most promising candidates bearing a potential to
become a reliable biomarker of DCI in future.

Conclusions

Of 257 laboratory biomarkers identified in this systematic
review, we selected a panel with six genetic (EET metabolic
pathways, COMT, HMGB1, ACE, PAI-1 promoter, and Hp)
and 15 non-genetic (pNF-H, ADAMTS13, NPY, copeptin,
HMGB1 protein, GFAP, BNP, NT pro-BNP, Hs-TnT, Tau,
periostin, NLR, PLR, MPV:PLT, and PA-TEGMA) bio-
markers that showed positive predictive value for DCI occur-
rence. Due to still limited evidence level, we recommend fur-
ther prospective evaluation of these biomarkers in large SAH
cohorts.
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