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Abstract

Introduction: Development of clinical biomarkers to guide therapy is an important unmet need in aneurysmal
subarachnoid hemorrhage (SAH). A wide spectrum of plausible biomarkers has been reported for SAH, but none have
been validated due to significant variabilities in study design, methodology, laboratory techniques, and outcome
endpoints.

Methods: A systematic review of SAH biomarkers was performed per the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. The panel’s recommendations focused on harmonization of (1) tar-
get cellular and molecular biomarkers for future investigation in SAH, (2) standardization of best-practice procedures
in biospecimen and biomarker studies, and (3) experimental method reporting requirements to facilitate meta-analy-
ses and future validation of putative biomarkers.

Results: No cellular or molecular biomarker has been validated for inclusion as “core” recommendation. Fifty-four stud-
ies met inclusion criteria and generated 33 supplemental and emerging biomarker targets. Core recommendations
include best-practice protocols for biospecimen collection and handling as well as standardized reporting guidelines to
capture the heterogeneity and variabilities in experimental methodologies and biomarker analyses platforms.

Conclusion: Significant variabilities in study design, methodology, laboratory techniques, and outcome endpoints
exist in SAH biomarker studies and present significant barriers toward validation and translation of putative bio-
markers to clinical use. Adaptation of common data elements, recommended biospecimen protocols, and report-
ing guidelines will reduce heterogeneity and facilitate future meta-analyses and development of validated clinical
biomarkers in SAH.
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Introduction

Biospecimens and biomarkers are becoming increas-
ingly important in the era of personalized and preci-
sion medicine where the goal is to deliver the right
treatment for the right disease to the right patient at
the right time. Biomarker discoveries such as the Phila-
delphia chromosome in chronic myeloid leukemia and
HER?2 in breast cancer have led to major medical break-
throughs by identifying a novel therapeutic target and
by using the biomarker to select the patient subpopula-
tion that would respond to a therapy.

There is a need in neurocritical care to develop reliable
clinical biomarkers that may help monitor disease pro-
gression, predict imminent complications, guide goal-
directed therapy, select patient subgroups for therapy,
and determine prognosis. To date, numerous studies
have identified a wide spectrum of plausible biomarkers,
but none have been validated and translated into clinical
use [1]. One of the leading causes for lack of translation
in biomarker discovery is the high degree of variabilities
in the following fundamental aspects of biomarker stud-
ies: (1) Different anatomical source (e.g., ventricular ver-
sus lumbar cerebral spinal fluid) may significantly affect
biomarker concentrations. (2) Biomarker concentrations
are likely dynamic and may change over time during dis-
ease course. Lack of precision and standardization in
biospecimen collection time points leads to significant
biomarker measurement variabilities and predictive val-
ues. (3) Different biospecimen collection, processing,
and preservation methods may significantly alter bio-
marker measurement results. (4) The variable choice of
normal controls to establish reference biomarker values
significantly impacts interpretation of study results. And
(5) the source of origin of a target biomarker molecule
(e.g., primarily from the central nervous system (CNS)
versus extra-CNS or mixed origins) and how it moves
across the blood brain barrier in subarachnoid hemor-
rhage (SAH) significantly impacts interpretation and
implication of biomarker study results.

The scope of this review and recommendation
includes molecular and cellular biomarkers that can
be measured from biospecimens. The utility of non-
molecular/cellular biomarkers, such as radiologic and
electrophysiologic biomarkers, is addressed in other
manuscripts prepared by other working groups (WQG)
of the Unruptured Cerebral Aneurysms and SAH Com-
mon Data Elements (CDE) project [84—86].

Common Data Elements Overview

Summary

The aim of the National Institute of Health (NIH)/
National Institute of Neurological Disorders and Stroke

(NINDS) Unruptured Aneurysms and SAH CDE pro-
ject has been to provide a common structure for future
unruptured intracranial aneurysm and SAH research.
This paper describes the recommendations from the
SAH Biospecimens and Biomarkers WG.

Process for Selecting CDEs

The biospecimens and biomarkers WG consisted of an
international and multidisciplinary (neurosurgery, neu-
rology, neurocritical care) ad hoc panel of experts. All
members were trained by NIH/NINDS instruction mate-
rials how to use the CDEs. The committee focused on the
following two components of CDE recommendations:

1. Standard Operating Procedure in Biospecimen and
Biomarker experimental methodology and Standard
Reporting Recommendations.

2. Molecular and Cellular Biomarker CDEs for SAH
studies.

Important considerations in biomarker development
include: [2] (1) Analytical validity—whether the bio-
marker test reliably and accurately measures the ana-
lyte of interest in the appropriate specimen, (2) Clinical
validity—whether the biomarker test accurately and
reliably identifies a clinically or biologically defined dis-
order or separates patient populations into groups with
distinct clinical or biological outcome differences, and (3)
Clinical utility—whether the use of the biomarker test
to guide clinical decisions results in improved outcome.
We conducted literature review and developed recom-
mendations with reference to these three important
considerations.

A critical element in our ability to determine valid-
ity and utility of a biomarker is the quality of reporting.
This is a universal concern encountered across biomarker
studies in medicine. Several disciplines of medicine such
as oncology have moved toward standardized report-
ing requirements. The Reporting Recommendations
for Tumor Marker Prognostic Studies (REMARK) is
required by many oncology journals for new biomarker
studies [3], and these recommendations can be general-
ized and applied to biomarker studies outside of oncol-
ogy. In addition to REMARK, the Biospecimen Reporting
for Improved Study Quality (BRISQ) criteria also provide
guidance and recommendations related to pre-analytical
factors that may substantially influence reproducibility of
the biomarker assay [4]. Recognizing that the field of bio-
markers is undergoing rapid evolution with emergence of
novel biomarker assay technologies as well as monitor-
ing techniques, it is more important than ever that we
establish standardizations in reporting of experimental
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methodologies for emerging SAH biomarkers. We
addressed this important consideration and generated
specific recommendations for biospecimen methodology
and data elements reporting.

1. Standard Operating Procedure in Biospecimen and
Biomarker Experimental Methodology and Standard
Reporting Recommendations.

For harmonization and prioritization of standard tech-
niques and reporting recommendations, we system-
atically reviewed common procedures in current SAH
biomarkers literature as well as existing CDEs from trau-
matic brain injury, stroke, and other neurological dis-
eases [5, 6]. A preliminary list of recommendations was
created and discussed via in-person and telephone con-
ferences to generate consensus-based recommendations
from the WG. Table 1 summarizes these recommenda-
tions. Data elements that were considered essential in
determining a biomarker’s analytical and clinical validity
were selected as “core” reporting elements that should be
reported for all studies. Data elements that was not con-
sidered essential but highly encouraged are listed as “sup-
plemental” reporting elements. Emerging data element
recommendations provide general guidance for more
advanced studies using novel and emerging technologies.

A more detailed sample biospecimens standard oper-
ating procedure (SOP) guideline is provided in Appen-
dix 2 of the biospecimens and biomarkers section of
the NINDS Unruptured Aneurysms and SAH CDE
project (https://www.commondataelements.ninds.nih.
gov/Doc/SAH/F2428_Appendix_2_Biospecimen_SOP_
Guidelines.pdf). This SOP includes general recom-
mendations on biospecimen processing and handling
with emphasis on blood and cerebrospinal fluid (CSF)
biospecimens and may serve as a template for SAH
studies involving biospecimen collection. Additional
recommendations within this SOP discuss important
biospecimen study design considerations and com-
mon pitfalls. For example, repeated freeze and thawing
cycles and storage at temperatures above — 80 °C may
significantly affect protein concentrations in biospeci-
mens [7, 8], and storage in polystyrene or glass col-
lection tubes may significantly impact measurements
of certain analytes [9]. A particular consideration in
studying SAH CSF samples is the presence of signifi-
cant amount of blood content within the CSF. If the
CSF samples do not undergo centrifugation to sepa-
rate out cellular and subcellular content before being
stored frozen, the cellular and subcellular contents may
lyse during the freeze—thaw cycle and release intra-
cellular contents into the aqueous CSF, and this may

significantly affect the measurement of certain analytes.
Specific to the design of CSF biomarker studies, it is
important to consider ventricular versus lumbar source
of CSF may have significant differences in protein con-
centrations and comparison of CSF from different ana-
tomical sources must account for bias introduced by
different CSF compositions at different anatomical sites
[10]. Furthermore, continuous versus intermittent CSF
drainage methods may also significantly alter CSF pro-
tein concentration [11]. Study designs that avoid these
common pitfalls and standardized biospecimen and
biomarker study method reporting will reduce inter-
study variabilities and promote future meta-analyses of
SAH biomarker study results.

2. Molecular and Cellular Biomarker CDEs for SAH
Studies

For a description of the Unruptured Aneurysms and
SAH CDE project, we refer to the main article [86]. A
systematic review was performed following the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [12]. Using the PICOS
approach outlined below, the first (S.C.) and last author
(E.K.) independently searched PUBMED database for
English language articles using the terms “subarach-
noid hemorrhage” and “biomarker” or “subarachnoid
hemorrhage” and “microdialysis” from January 1990 to
May 2018. Articles were selected based on the follow-
ing criteria:

a. Patient population: Adult patients > 18 years of age
with spontaneous SAH.

b. Intervention: Cellular or molecular biomarkers from
biological fluids such as serum, plasma, CSE, urine,
and cerebral microdialysate.

c. Controls: Patients without SAH.

d. Outcome endpoints: Primary outcomes of interest are
mortality and long-term neurological outcome. Sec-
ondary outcomes of interest are prediction of cere-
bral vasospasm and delayed cerebral ischemia (DCI).

Congress presentations, abstracts, review articles,
case reports or retrospective case series, studies with
sample size <10 patients for CSF biomarkers and stud-
ies with sample size <30 for blood biomarkers and cer-
ebral microdialysis, pediatric intensive care unit (ICU)
studies, and studies not conducted on ICU patients were
excluded.

Specific review elements included the adequacy of
study design in relation to the intended use of each bio-
marker (risk categorization, screening for new disease/
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Table 1 Biospecimen protocol and methodology reporting recommendations

Data element Guidelines and examples

Core data element recommendations
Biological tissue sample source
Conditions included/excluded

Baseline/time-zero specimen
Site and method of sample acquisition

Timing of biospecimen collection
Type of collection tube

Method of biospecimen processing

Method of biospecimen storage

Supplemental data element recommendations
Control biospecimens

Convalescent biospecimens

Serial biospecimen collection

Biospecimen storage

Biomarker analysis

Selective inhibitors use

Biospecimen transport and shipping

CSF, serum, plasma, urine, microdialysate, saliva, etc.

Certain conditions may alter biomarker composition. For example:

Infections of the nervous system or target organ from which samples are collected

Neoplastic and paraneoplastic conditions

Demyelinating conditions

Inflammatory conditions such as vasculitis and nervous system involvement of systemic autoimmune
disorders

Renal failure

Liver failure

Any intrathecal or intraventricular drug administration

If samples are collected repeatedly over time, define and collect baseline biospecimen

Blood/serum/plasma: arterial versus venous blood source, peripheral venipuncture versus central
vascular access

CSF: report location of acquisition (e.g., ventricular, lumbar) and method of acquisition (e.g., through
external ventricular catheter or lumbar drain catheter versus via lumbar puncture)

Paired sampling (simultaneous collection of biological samples from different sites, e.g., blood and CSF)
may provide additional insight into biomarker distribution across different anatomical compartments

Report biospecimen collection time relative to disease/event onset

Blood collection: EDTA, Na heparin, citrate, serum collection tubes, or other
Other fluid types: polystyrene vs. polypropylene vs. other collection tubes

Report biospecimen processing protocol. For fluid samples such as CSF, centrifugation to separate super-
natant from cellular debris and separate storage is recommended

Was centrifugation used? If so, report centrifugation methods (speed, temperature, duration)

Time lapse between sample collection and processing. For RNA, protein, metabolite target biomarkers,
samples should be immediately processed and stored frozen

Report method of storage including:

Temperature of biospecimen/aliquot storage. Storage at or below — 80 °C is recommended for RNA,
protein, metabolite targets

Number of freeze/thaw cycles. Recommend minimization of freeze/thaw cycles

Biospecimens from comparable, non-diseased individuals should be collected to establish normal level
of target biomarker

Collection of convalescent biospecimens from study subjects may provide additional insight into
dynamic changes in target biomarker following acute illness and recovery

Serial biospecimen collection over time can provide additional information of target biomarker kinetics
and dynamic biomarker change over time

If serial collections acquired, recommend use consistent method of acquisition including site of acquisi-
tion to minimize variance in biospecimen and biomarker analyses

Recommend storage in small aliquots and automated bar-code inventory system with date and time
stamps to minimize errors in storage/inventory

Report number of freeze/thaw cycles the biospecimen went through before final biomarker analyses
Recommend standardized number of freeze/thaw cycles of biospecimens in a single study as additional
freeze/thaw cycles may introduce variance in analyses results

Selective inhibitors may be used to optimize biospecimen collection for a specific target biomarker
Example: protease inhibitors, RNAase inhibitors

If biospecimens undergo transport/shipping prior to final biomarker analysis, report conditions of ship-
ping

Recommend biospecimens be shipped frozen with abundant amount of dry ice to maintain tempera-
ture at or below — 80 °C

Document temperature excursions during shipping and transport
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Table 1 (continued)

Data element Guidelines and examples

Cerebral microdialysis biospecimens
elements:

For studies involving extracellular fluid collected via cerebral microdialysis, report the following data

Probe placement in at risk but viable tissue. Avoid placement in hematoma or infarcted tissue

Report location of probe placement and number of probes.

Recommendation: use concentric configuration commercially available probes

Report probe molecular weight cutoff, membrane length, manufacturer, and model

Report time from ictus to monitoring and then time to sample collection.

Report the composition and source of the microdialysate

Recommendation: microdialysate flow rate should be 0.3 uL./min over 1 h

Recommendation: First hour microdialysate after probe placement should not be used

Report 4 basic essential analytes (glucose, pyruvate, lactate, and the calculated L/P ratio) in addition to

any novel target analytes

Recommendation: Stored samples may be assayed using the batch analysis systems. Avoid sample
evaporation. If low volume samples remain in the analyzer for extended period prior to analysis, unac-
ceptable evaporation may occur. Calibration samples should be interspersed in the batch to detect a
systematic elevation in analyte levels due to evaporative loss

Emerging data element recommendations
Novel multiplex platforms

For novel multiplex platforms such as proteomics, metabolomics, lipidomics, and transcriptomics:

Report if and what normalization techniques are used and any presence of batch effect
Report statistical methodology to address multiple comparisons in hypothesis testing

CSF cerebrospinal fluid

complications, aid differential diagnosis, determine
prognosis, predict response to therapy, or monitor dis-
ease status). We also considered the specific stage of bio-
marker development: discovery, replication, and clinical/
epidemiologic characterization (T1), determining validity
and utility for evidence-based recommendations of bio-
marker use (T2), determining best approaches for imple-
mentation and disseminations into clinical practice (T3),
and population impact, cost effectiveness of biomarker in
real-world settings (T4).

Classification into Core, Supplemental, and Exploratory
The created list of biomarkers was reviewed by the WG
members. All SAH biomarkers published to date are in
the T1 developmental stage with the majority being bio-
marker discovery and epidemiologic characterization. No
SAH biomarker studies to date have assessed biomarker
clinical utility. The WG defined “Core” CDE biomark-
ers as biomarkers with analytical and clinical validity
that have been replicated/validated in independent SAH
patient populations. We defined “Supplemental” CDEs
as those biomarkers with evidence suggestive of analyti-
cal or clinical validity but have not yet been replicated
and validated. “Exploratory” biomarkers are biomarkers
that have demonstrated plausible association in SAH, but
more data are needed to suggest analytical and/or clinical
validity.

Biomarker CDE Recommendations
None of the biomarkers identified were classified as
“Core, since no molecular biomarker has been validated

in SAH using large prospective studies and across dif-
ferent populations. Supplemental and Exploratory SAH
biomarkers to date are generally categorized into (1) bio-
markers of cell death and recovery (molecules of CNS
origin), (2) biomarkers of inflammation and vascular
function, and (3) genetic, non-CNS, and extracellular
biomarkers.

Biomarkers of Cell Death and recovery (Molecules of CNS
origin) (Table 2)

Supplemental Data Elements

We identified a total of nine publications that met search
criteria, five of which focused on S100p3, a calcium-
binding protein. Across studies with sample sizes rang-
ing from 18 to 102, serum S100( appears consistently
elevated after SAH and elevations are consistently asso-
ciated with worse Hunt and Hess and Fisher grades, mor-
tality, and 6-month outcome [13-16]. However, serum
S100p cutoff thresholds for short-term survival and poor
outcome prediction varied significantly between studies
and the largest study included both SAH and traumatic
brain injury (TBI) which limits interpretation [14—16].
One small study examined serum and CSF S100p and
found no associations with angiographic vasospasm, but
the strength of conclusion was severely limited by sam-
ple size [17]. While these results suggest possible clinical
validity, the analytical validity of S100p remains in ques-
tion as different assay platforms were used across studies
with wide standard deviations within S100B measure-
ments. Furthermore, S100p is not specific to SAH and
is associated with multiple types of brain disorders such
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Table 2 Biomarkers of cell death and recovery

Biomarker Sample source Observation

Serum S1008 is higher at 24 h and 3 and 7 days post-SAH [13]

Higher-serum S100 predicts unfavorable 6-month outcome [13, 15, 16] and is an
independent predictor of short-term [14, 15] and 1-year survival [60]

Serum S100B concentrations >0.7 pg/dl correlate with 100% mortality in SAH and TBI

High-serum S1008 levels correlate with worse HH and Fisher grades [13, 14]
CSF and serum S1008 are not associated with angiographic cerebral vasospasm [17]

CSF S1008 correlates with GOS [16]

Serum NSE is not associated with outcome [15]
Higher CSF CKBB levels are associated with higher HH grade at hospital admission

CSF CKBB levels >40 ug/L is associated with poor outcome at hospital discharge [81]

Higher-serum pNF-H levels in the first few days (samples every 6 h until day 8 or 12)

after bleeding are strongly predictive for unfavorable outcome.
Patients with angiographic vasospasm have significantly higher pNF-H levels in blood
and CSF compared to those without [20]

S1008 Serum, CSF

[16]
Neuron-specific enolase (NSE) Serum
Creatine kinase-BB isoenzyme (CKBB) CSF
Neurofilament subunit NF-H (pNF-H) Serum, CSF
Extracellular mitochondria CSF

Extracellular mitochondria detected in CSF

Higher mitochondrial membrane potentials JC1 in the CSF correlate with good clini-
cal recovery at 3 months after SAH onset [21]

Neurofilament light (NFL) and total tau (T-tau) CSF

Increased CSF tau ratio at day 10 versus day 4 post-SAH is significantly associated with
DCI[19]

CSF cerebrospinal fluid, DCI delayed cerebral ischemia, GOS Glasgow Outcome Score, HH Hunt and Hess grade, SAH subarachnoid hemorrhage, TBI traumatic brain

injury

as TBI, hydrocephalus, and CNS infections, and even
extracranial injuries in the absence of brain injury [18].
These considerations limit the potential clinical validity
and utility of S100P as a SAH biomarker, and it was cat-
egorized as a supplemental rather than core CDE.

Emerging Data Elements

Other biomarkers of cell death and recovery consist of
single studies of molecules of CNS origin from CSF anal-
yses. Target molecules generally include various types of
neurofilaments [19, 20]. The largest CSF study described
the presence of extracellular mitochondria in CSF and
demonstrated that higher CSF JC1, a measure of mito-
chondrial membrane potential, is associated with better
SAH outcome, which suggests this is a potential bio-
marker not of cell death but of potential recovery [21].

Biomarkers of Inflammation and Vascular Function

(Table 3)

SAH triggers a complex pattern of inflammatory response
both inside and outside of the CNS [22]. There is signifi-
cant preclinical evidence that inflammatory mediators
may play key roles in SAH-associated brain injury, and to
date, the largest body of SAH human biomarkers studies
involves markers of inflammation and of vascular function.

Supplemental Data Elements

The inflammatory mediator biomarkers that have
shown relatively more consistent signals across multi-
ple independent studies include blood leukocyte count,

tumor necrosis factor alpha (TNF-a), interleukin 6
(IL-6), plasma-type gelsolin (pGSN), and metallopro-
teinase-9 (MMP-9). One of the earliest observations of
inflammation in SAH was the association of leukocyte
elevation with mortality and symptomatic vasospasm
in retrospective cohorts, where it was unclear whether
the leukocytosis was a result of overall disease severity
[23-25]. Subsequent prospective study with repeated
measures observed that leukocyte and neutrophil ele-
vations began early in SAH course prior to the onset
of vasospasm and were independently associated with
vasospasm and poor outcome after adjustment for SAH
severity [26]. Leukocytosis is a very non-specific bio-
marker, and subsequent studies seeking more specific,
downstream inflammatory mediators found elevated
blood TNF-a concentrations predicted poor outcome
in SAH [27], while CSF TNF-a levels showed incon-
sistent associations with SAH outcome [28, 29]. IL-6
appears to be consistently elevated after SAH, is higher
in CSF compared to serum in SAH, and is higher in
severe SAH grades but also elevated in SAH-associated
complications such as pneumonia, delayed ischemic
neurological deficit (DIND), and chronic hydrocepha-
lus [25, 29-32]. The association between IL-6 and SAH
outcome and vasospasm is inconsistent across studies
[25, 27, 30, 31]. Leukocytes secrete MMP-9 and early
elevations of MMP-9 in blood and CSF showed asso-
ciation with Hunt and Hess grade, vasospasm, and
SAH outcome [26, 33], while its association with DCI
is inconsistent [34]. MMP-9 is a protease that can
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Table 3 Biomarkers of inflammation and vascular function

Biomarker Sample source
Tumor necrosis factor alpha (TNF-q) Serum

CSF
Leukocyte and neutrophil counts Blood
Interleukin 6 (IL-6) Serum

CSF
Plasma-type gelsolin (pGSN) CSF, serum
Metalloproteinase-9 (MMP-9) CSF, plasma

Soluble intercellular adhesion molecule-1 (sICAM1)  Serum

C-reactive protein (CRP) Serum, CSF
Interleukin 10 (IL-10) Serum
Interleukin 13 (IL-1B) CSF
Interleukin 1R antagonist (IL.-1Ra) CSF
Monocyte chemoattractant protein-1 (MCP-1) Serum, CSF

Observations

Elevated TNF-a throughout post-SAH days 0-14 is independently associated
with poor long-term outcome [27]

Serum TNF-a is not associated with angiographic vasospasm [27]

Neither TNF-a nor TNF-a genotype is associated with DCl or poor outcome
[82]

Elevated CSF TNF-a on post-SAH days 4-10 is associated with poor outcome
(28]
CSF TNF-a does not show statistical association with outcome [29]

Elevated blood leukocyte throughout post-SAH days 0-14 is associated with
angiographic vasospasm [26]

Elevated blood neutrophil count on post-SAH days 2-3 is associated with
poor SAH 3-month outcome [26]

Two retrospective studies show elevated leukocyte counts on admission are
associated with mortality and elevated leukocyte counts during the course
of SAH are associated with symptomatic vasospasm [23-25]

IL-6 is not associated with SAH outcome or angiographic vasospasm [27]

Higher IL-6 levels in the early phase (days 3-7) are associated with DIND and
unfavorable outcome (GOS 1-3) [25, 30]

IL-6 levels elevated over 2 weeks after bleeding, correlate with SAH severity
grade [30-32] and vasospasm [30]

IL-6 levels are increased with increasing age, intraventricular and intracer-
ebral hemorrhage, seizures, vasospasm, DIND, chronic hydrocephalus, and
pneumonia [31]

IL-6 on admission is elevated in SAH compared to unruptured aneurysm [31]

Higher IL-6 is associated with higher Fisher grade, severe EBI, susceptibility to
pneumonia [31]

IL-6 is higher in CSF than in serum in SAH [29]
CSF IL-6 post-SAH day 5 is elevated in poor outcome group [29]

Serum and CSF pGSN are decreased in SAH patients compared to controls
[35, 36]

Blood pGSN is negatively associated with WENS and Fischer grade and is an
independent predictor of poor functional outcome [36]

Elevated MMP-9 in CSF post-SAH days 2-3 is associated with poor 3-month
outcome [26]

Plasma and CSF MMP9 within 48 h of admission are associated with DC| [33]

Elevated serum MMP9 is associated with higher HH grade, vasospasm, and
poor outcome [30]

One study found no association between MMP9 on post-SAH days 1,4, 7, 10,
and 14 and DCI [34]

sICAM1 is elevated in SAH patients compared to controls

Patients with poor outcome (MRS 4-6) have higher sSICAM1 levels over first
2 weeks post-SAH compared to patients with good outcome (mRS 0-3)
(371

No association between time course of sSICAM1 and DCI [34]

No association between blood and CSF CRP time course and DCl in SAH [34]

CRP levels are significantly higher after a SAH [38]

Higher CRP is associated with EBl and Hunt and Hess grades and increased
susceptibility to pneumonia [32, 38]

Higher CRP is associated with death or severe disability at 3 months

Higher Fisher grade on admission results in higher IL-10

Higher IL-10 and CRP are associated with severe EBl and increased suscepti-
bility to pneumonia [38]

IL-1B is higher in CSF than in serum in SAH patients [38]

IL-1Ra is higher in patients with poor SAH (HH grades 3-4) [28]
Elevated IL-1Ra on post-SAH days 4-10 is associated with poor outcome [28]

Serum MCP-1 concentrations correlate with poor outcome, but not with
angiographic vasospasm [41]

CSF MCP-1 is significantly higher in patients with angiographically demon-
strated vasospasm [41]




S53

Table 3 (continued)

Biomarker Sample source Observations

Toll-like receptor 4 (TLR4) expression Plasma Patients with SAH show significantly higher TLR4 levels on days 1, 3,and 7
after admission compared to healthy controls [42]
Patients with DCI show significantly higher TLR4 levels than those without
DCl [42]
Admission (day 1) TLR4 level is as an independent factor to predict patients at
risk of DCl and/or 3-month poor clinical outcome [42]

Thioredoxin (Trx) Serum Trx is a potent antioxidant that modulates inflammation. Elevated plasma Trx
levels at admission (within 24 h after initial bleeding) correlate with severity
grade (WFNS, Fisher) and poor prognosis after 6 months [45]

Inflammatory cytokines Serum Serum samples analyzed at: <24 h, 24-48 h, and 3-5 and 6-8 days after SAH
(43]

Systemic inflammatory activity peaked at 24-48 h post-SAH [43]

Platelet-derived growth factors (PDGF)-AA, PDGF-AB/BB, soluble CD-40
ligand, TNF-a increased overtime [43]

Participants with higher clinical severity had increased levels of pro and anti-
inflammatory cytokines: IL-6, CC chemokines CCL2, CCL11, colony-stimulat-
ing factor (CSF) 3, IL-8, IL-10, CX chemokines CX3CL1, and TNF-a compared
to lower-severity patients [43]

Galectin-3 Plasma Gal-3 plays a role in macrophage activation, angiogenesis, cell-cell adhesion,
cell-matrix interactions, and metastasis. Gal-3 is an independent determi-
nant for poor outcome [47]
Gal-3 levels on days 1-3 correlate with DCl and infarction, but not with angio-
graphic vasospasm and chronic hydrocephalus [47]
ROC indicates cutoff value of 3.30 predicting DCI development (specificity,
62.5%; sensitivity, 90.9%) [47]

Osteopontin (OPN) Plasma OPN binds to integrin receptors expressed by leukocytes and induces
immune cell adhesion, migration, and survival. OPN levels measured on
days 1-3,4-6, 7-9, and 10-12 correlated with 90-day poor outcome [44]
Based on ROC curves, OPN levels at days 10-12 are most useful to predict
poor outcome [44]
Levels higher at certain days are associated with delayed cerebral ischemia,
cerebral infarctions, and hydrocephalus [44]

Von Willebrand factor (VWF) Serum VWF levels >94.5 nmol/L are independently associated with poor 3-month
outcome [48]
Plasma vWF antigen and activity were higher in SAH patients versus controls.
No significant difference between survivors and non-survivors in SAH [49]

Asymmetric and symmetric dimethylarginine Plasma, serum, CSF - ADMA and SDMA inhibit nitric oxide production from L-arginine. ADMA was
(ADMA and SDMA) significantly lower and peak arginine/ADMA ratio was higher in patients
with HH 1-2 compared to HH 3-5 [32]
Baseline plasma arginine/ADMA ratio is significantly lower in patients with
DCI[51]
CSF ADMA is associated with DCl and CSF SDMA with 30-day poor neurologi-
cal outcome [51]

Platelet activation Plasma Patients with DCl have more platelet activation compared to those without
DCl within 72 h of ictus.
At 3 months: death or severe disability is more likely with higher platelet
activation [83]

ADAMTS13 Plasma A zinc-containing metalloprotease that cleaves VWF
Plasma ADAMTS13 activity post-bleed days 0, 1, 3, 5, 7, and 10 significantly is
lower in SAH than in healthy controls [49]

Neuropeptide Y (NPY) CSF NPY is a potent vasoconstrictor that regulates cerebral vascular diameter and
cerebral blood flow
CSF NPY is significantly higher in SAH compared to controls and CSF NPY
from post-SAH days 4-10 is higher in patients with vasospasm [52]

CSF cerebrospinal fluid, DCI delayed cerebral ischemia, DIND delayed ischemic neurological deficit, EB/ early brain injury, GOS Glasgow Outcome Score, HH Hunt and
Hess grade, SAH subarachnoid hemorrhage, WFNS World Federation of Neurosurgical Societies

cleave plasma-type gelsolin (pGSN), which is decreased  molecule-1 (sSICAM1) and C-reactive protein (CRP) are
in both plasma and CSF after SAH, and decreased non-specific inflammatory markers that are elevated
blood pGSN is an independent predictor of poor in SAH and shown association with SAH outcome but
SAH outcome [35, 36]. Soluble intercellular adhesion inconsistent association with DCI [32, 34, 37, 38].



S54

Emerging Data Elements
Inflammatory cytokines and chemokines are involved
in the pathophysiological cascade associated with
delayed cerebral ischemia [25, 27, 31, 39, 40]. Studies
have examined individual or combinations of cytokines
in serum and CSF after SAH [28, 38, 41-43]. Cytokine
and chemokines in SAH and other conditions such as
sepsis show high inter-individual and inter-study varia-
bility and this limits biomarker specificity, which subse-
quently limits their utilities as clinical biomarkers [34].
Emerging multiplex and precision medicine techniques
have not been sufficiently studied in SAH. Additional
emerging biomarkers implicated in immune function
and inflammation include osteopontin, thioredoxin,
and galectin-3 (Gal-3) [44—47]. As Gal-3 is involved in
microglia activation and proliferation in response to
ischemic injury it might be a specific indicator for sec-
ondary ischemic complications after SAH [47].
SAH-associated inflammatory response is also associ-
ated with the release of vasoactive molecules that medi-
ate vascular function and are emerging as putative SAH
biomarkers. In systemic circulation, von Willebrand fac-
tor (VWF) elevation is independently associated with
SAH outcome, though vWF activity showed no associa-
tion with SAH mortality [48, 49]. Blood ADAMTS 13,
a protease that cleaves vWF, is significantly lower after
SAH [49]. Endothelial production of nitric oxide is an
important regulator of vascular tone in compromised
SAH and asymmetric and symmetric dimethylarginines
(ADMA and SDMA) [50]. Emerging data showed blood
and CSF ADMA arginine/ADMA ratio are associated
with Hunt and Hess grade and DCI, while SDMA is asso-
ciated with outcome in SAH [32, 51]. Other emerging
SAH biomarkers of vascular functions include neuropep-
tide Y which is associated with unfavorable outcome as
well as Doppler sonographic vasospasm and subsequent
cerebral ischemia [52].

Genetic, Systemic, and Extracellular Biomarkers (Table 4)
Supplemental Data Elements

Several genetic case control studies showed association
between ApoE4 genotype with DIND, cerebral infarction,
and unfavorable outcome after SAH, though the mecha-
nism of this association remains insufficiently under-
stood [53-56]. Haptoglobin (Hp) genetic heterogeneity,
and specifically the Hp2-2 phenotype, shows association
with worse SAH outcome, mortality, and cerebral vasos-
pasm following SAH [57, 58].

Cardiac troponin I (cTI) and B-type natriuretic peptide
(BNP) originate outside the central nervous system, but
increased circulating levels of these two molecules have
shown consistent associations with post-SAH mortality

[59-63]. While a meta-analysis of 12 studies showed ¢TI
to be associated with an increased risk of DCI [64], poor
outcome, and death after SAH, a multicenter study of 301
subjects failed to show independent association between
¢TI and SAH outcome [62]. Pro-inflammatory cytokines,
including TNF-a and IL-1pB, selectively promote BNP
synthesis and BNP elevation also correlated with cerebral
infarction particularly in patients without angiographic
vasospasm, suggesting that BNP might be a marker for
microcirculatory dysfunction [59, 65, 66].

Emerging Data Elements

The variability in genotypes might be one explanation of
the heterogeneity of the expression of biomarkers relevant
in the pathogenesis of cerebral vasospasm and DCI. Ryan-
odine receptors (RYRs) are calcium release channels in
vascular smooth muscle cells and may play an important
role in cerebral vascular tone. Three specific RYR1 genetic
variants appear to confer higher risk of symptomatic
vasospasm [67]. MicroRNAs (miRNAs) are endogenously
expressed noncoding RNAs that regulate gene expression
at the posttranscriptional level [68]. Recent findings sug-
gest that a combination of circulating miRNAs may differ-
entiate SAH patients with or without DCI [69].

Due to limited standardization in methodology, cur-
rent recommendations for core and supplemental CDE
do not include parameters obtained by cerebral microdi-
alysis. Cerebral microdialysis, however, has future poten-
tial as it allows near real-time monitoring of extracellular
interstitial fluid chemical composition in patients [70].
Anatomical precision of cerebral microdialysis has the
added benefit of being able to clearly identify the origin
of molecular biomarkers while minimizing confounding
by systemic factors [39]. Using catheters with the stand-
ard 20-kDa nominal molecular weight cutoff membrane,
available clinical analyzers can measure concentrations
of small molecules such as glucose, pyruvate, lactate, and
glutamate at the bedside. Use of 100-kDa microdialysis
membranes allows measurements of larger molecules
including cytokines [71, 72]. Microdialysis is especially
suitable as early warning system of DCI in SAH [73-75].
The lactate/pyruvate ratio (L/P ratio) is a well-established
marker of aerobic versus anaerobic metabolism [76]. In
several case series, it has been shown that lactate values
and L/P ratio correlate with the outcome after severe
SAH [77-79]. In order to further expand the scientific
and clinical validity of microdialysis with larger data sets,
future studies utilizing cerebral microdialysis must be
standardized according to current guidelines per “Rec-
ommendations from the 2014 International Forum on
Microdialysis—the consensus statement” [80].



S55

Table 4 Genetic, non-CNS, and Extracellular Biomarkers

Biomarker Sample source

Observations

Presence of ApoE4 is associated with DIND [53] and unfavorable outcome [53-55]

ApoE €2- or g4-containing genotypes are not associated with SAH outcome or cerebral

Presence of Hp2-2 phenotype is an independent risk factor for focal and global cerebral

vasospasm and for poor functional outcome and mortality following SAH [57, 58]

RYRT genotype is associated with increased risk of symptomatic vasospasm [67]
miR-4532, miR-4463, miR-1290, and miR-4793 differentiate SAH patients with DCI from

those without DCI [69]

Elevated cTl is associated with death [59, 60]

Peak cTlis independently predictive of death or severe disability at hospital discharge but
not predictive of 3-month mRS [61, 62]
Peak cTl and GCS on presentation independently predict in-hospital mortality [63]

Apolipoprotein E (ApoE4) Blood
infarction [56]
Haptoglobin (Hp) genotype Blood
Ryanodine receptor 1 gene (RYR1) Blood
Circulating microRNA Serum
Cardiac Troponin | (cTl) Serum
B-type Natriuretic Peptide (BNP) ~ Plasma

BNP > 600 pg/mL is associated with death [59]

BNP measured once after SAH (mean 5.5+ 3.0 days)
Top quartile is associated with increased odds of cerebral infarction, particularly in patients
without angiographic vasospasm [66]

Glucose, lactate, lactate/pyruvate
ratio (L/P ratio), glycerol

Extracellular fluid (ECF) Lactate, L/P, and glycerol are higher in high-grade SAH [79]
L/P independently predict 6- or 12-month outcome [73, 79]

High L/P and low glucose are associated with neurological deficits [73] and cerebral infarc-

tion [77]

“Ischemic pattern” (lactate/glucose and L/P >20%, 20% increase in glycerol) is presentin 17
of 18 patients with DIND [74]

Lactate >4 mM and glutamate >3 mM for at least 6 consecutive hours are associated with
neurological deterioration/DIND [75]

DCl delayed cerebral ischemia, DIND delayed ischemic neurological deficit, ECF extracellular fluid, GCS Glasgow Coma Scale, SAH subarachnoid hemorrhage

Conclusions and Future Directions
Biomarkers can facilitate risk prediction and optimi-
zation of treatment for individual patients and are
essential tools and bridge toward a future of precision
medicine in SAH. Biomarkers may enable preventive
actions and a proactive approach, which is extremely
important in neurocritical care, as secondary brain
injuries may occur within minutes leading to death or
severe disability. To date, however, no molecular bio-
marker has been validated in SAH using large prospec-
tive studies and across different populations. The very
high variability of individual values from different ana-
tomical compartments of biospecimen origin, irregu-
lar schedules for biospecimen acquisition, and lack of
standardization in biospecimen storage and processing
pose significant barriers toward biomarker validation
and translation into clinical practice. It is crucial that
investigators working toward development of clinical
biomarkers in SAH begin to harmonize and standard-
ize research methodology and biospecimen collection
and processing protocols to synergize the large body
of research efforts and combine results into larger data
sets to facilitate biomarker validation and translation.
Decades of research has clearly demonstrated that
SAH-associated brain injury involves dynamic and
numerous inter-related pathophysiological cascades.
The complexity of such system may not be adequately

captured by a single biomarker. The future of SAH bio-
markers development may require simultaneous exami-
nation of a combination of biomarker panels adapted
to the dynamic course of the disease over an extended
period. Emerging high-efficiency multiplex technologies
and advanced statistical and bioinformatics methods pre-
sent a great opportunity for a novel approach to the quest
for biomarkers and precision medicine in SAH.
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