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IMPORTANCE: Myeloperoxidase (MPO)-DNA complexes, biomarkers of neu-
trophil extracellular traps (NETs), have been associated with arterial and ve-
nous thrombosis. Their role in aneurysmal subarachnoid hemorrhage (aSAH) is 
unknown.

OBJECTIVES: To assess whether serum MPO-DNA complexes are present in 
patients with aSAH and whether they are associated with delayed cerebral is-
chemia (DCI).

DESIGN, SETTING, AND PARTICIPANTS: Post-hoc analysis of a prospective, 
observational single-center study, with de novo serum biomarker measurements in 
consecutive patients with aSAH between July 2018 and September 2020, admit-
ted to a tertiary care neuroscience ICU.

MAIN OUTCOMES AND MEASURES: We analyzed serum obtained at admis-
sion and hospital day 4 for concentrations of MPO-DNA complexes. The primary 
outcome was DCI, defined as new infarction on brain CT. The secondary outcome 
was clinical vasospasm, a composite of clinical and transcranial Doppler param-
eters. We used Wilcoxon signed-rank-test to assess for differences between 
paired measures.

RESULTS: Among 100 patients with spontaneous subarachnoid hemorrhage, 
mean age 59 years (sd ± 13 yr), 55% women, 78 had confirmed aSAH. Among 
these, 29 (37%) developed DCI. MPO-DNA complexes were detected in all 
samples. The median MPO-DNA level was 33 ng/mL (interquartile range [IQR], 
18–43 ng/mL) at admission, and 22 ng/mL (IQR, 11–31 ng/mL) on day 4 (un-
paired test; p = 0.015). We found a significant reduction in MPO-DNA levels 
from admission to day 4 in patients with DCI (paired test; p = 0.036) but not in 
those without DCI (p = 0.17). There was a similar reduction in MPO-DNA levels 
between admission and day 4 in patients with (p = 0.006) but not in those without 
clinical vasospasm (p = 0.47).

CONCLUSIONS AND RELEVANCE: This is the first study to detect the NET 
biomarkers MPO-DNA complexes in peripheral serum of patients with aSAH and 
to associate them with DCI. A pronounced reduction in MPO-DNA levels might 
serve as an early marker of DCI. This diagnostic potential of MPO-DNA complexes 
and their role as potential therapeutic targets in aSAH should be explored further.

KEY WORDS: extracellular traps; intracranial aneurysm; ischemic stroke; 
neutrophils; subarachnoid hemorrhage

Aneurysmal subarachnoid hemorrhage (aSAH) is a severe form of hem-
orrhagic stroke, associated with 18% inhospital mortality, and about 
30% poor long-term outcome (1–3). In about one third of cases, the 

hospitalization is complicated by delayed cerebral ischemia (DCI), ischemic 
infarcts, identified on brain imaging (4). Most DCI occurs 4 to 14 days after 
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the initial hemorrhage and is strongly associated 
with poor outcome (5, 6). However, effective predic-
tion and prevention measures of DCI are lacking (6). 
While DCI development might be preceded by clin-
ical deterioration, angiographic vasospasm, increase in 
transcranial Doppler (TCD) flow velocities, or electro-
encephalographic changes, DCI often occurs silently 
and is mostly identified in retrospect (7–10). Finding 
markers of impending DCI could lead to a paradigm 
shift in the diagnosis and possibly in the prevention 
and treatment of this severe complication of subarach-
noid hemorrhage (SAH) (11).

Neutrophil extracellular traps (NETs) have been 
described as a central mechanism of arterial and ve-
nous thrombus formation (12). Since their definition 
in 2004 as a neutrophil innate immune mechanism 
(13), they have also been detrimentally associated 
with ischemic stroke, deep vein thrombosis, as well 
as immunothrombosis driven by COVID-19 (14–
16). NETs are the product of neutrophil hyperactiva-
tion leading to the release of extracellular “net-like” 
structures consisting of chromatin lined with neu-
trophil proteins. When released into the blood, they 
facilitate thrombus formation by promoting coagu-
lation and binding platelets and other blood com-
ponents. NETs have been visualized using electron 
microscopy (13), and components of NETs can be 
detected in plasma of patients with acute thrombotic 
processes (13). Furthermore, NETs can be thera-
peutically targeted by degradation with DNAses, 
as demonstrated in animal studies (17–19) and ex 
vivo thrombolysis experiments (14, 20). While an 
inflammatory surge and an increased neutrophil-
lymphocyte ratio have been linked to vasospasm 
progression, DCI, and outcome after aSAH, only 
limited data is available on the detection of NETs in 
patients with SAH (21–24).

In this exploratory study, we focused on one major 
NET biomarker, myeloperoxidase (MPO)-DNA 
complexes. We leveraged prospective data from a 
cohort of patients with SAH undergoing prospec-
tive neurologic and TCD examinations, as well as 
standardized DCI assessment. We aimed to test two 
hypotheses: 1) MPO-DNA complexes are present 
in peripheral serum of patients with aSAH and 2) 
changes in MPO-DNA complex levels between ad-
mission and hospital day 4 are associated with the 
occurrence of DCI.

MATERIALS AND METHODS

Study Design and Population

We conducted a post hoc analysis of the high mobility 
group box 1 in aneurysmal subarachnoid hemorrhage 
(HIMOBASH) study, a prospective, blinded, single ter-
tiary care center biomarker observational study (25). 
For the HIMOBASH study, consecutive patients with 
spontaneous SAH, 18 years old or older, admitted to 
the neurosurgical ICU at one tertiary care center, were 
evaluated for study eligibility. The diagnosis of SAH 
was established through an admission brain CT. An 
aneurysmal etiology of SAH was confirmed through 
CT angiography or digital subtraction angiography 
(DSA). If the DSA was negative for an aneurysmal 
bleeding source, patients underwent additional brain 
MRI and repeat-DSA after 7–10 days to rule out other 
pathologies and establish the diagnosis of nonaneurys-
mal SAH.

Clinical Management

Patients were treated according to current guidelines 
including monitoring in a dedicated neurointensive 
care unit, aneurysm treatment via clipping or coil-
ing no later than 24 hours from admission, treat-
ment of hydrocephalus via insertion of an external 
ventricular drain, and oral nimodipine administra-
tion. Bedside TCD studies were performed bid and 
additionally as required to corroborate suspected 
vasospasm (25). If a delayed neurologic deficit 
(DND) was identified (as defined in the Outcomes 
paragraph), hyperdynamic therapy was initiated, 
avoiding hypovolemia and increasing the mean ar-
terial blood pressure levels using vasopressors. If 
vasospasm was suspected, decisions on additional 
imaging or neurointerventional rescue therapies 
were made on a case-by-case basis after reaching in-
terdisciplinary consensus.

Outcomes

Delayed Cerebral Ischemia. DCI was defined as a new 
ischemic infarct on brain imaging that was not present 
on the routine post-clipping/-coiling CT brain 1 day 
after aneurysm treatment (4). Patients who died before 
another follow-up CT scan was obtained, were deemed 
ineligible for DCI assessment, and were thus excluded 
from this study.
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Clinical Vasospasm. Clinical vasospasm was de-
fined as a composite outcome consisting of at least one 
of the two following: 1) the diagnosis of DND and 2) 
abnormal TCD findings.

Delayed Neurologic Deficit. The definition of DND 
followed the consensus statement of the Neurocritical 
Care Society (26). Glasgow Coma Scale (GCS) scores 
were assessed hourly for each patient. DND was diag-
nosed if a reduction of greater than or equal to 2 on 
the GCS occurred or if a new focal neurologic def-
icit was identified while other potential causes were 
eliminated.

Transcranial Doppler Studies. Bedside TCD were 
conducted at least bid to diagnose suspected vaso-
spasm. The following TCD criteria were considered 
indicative of potential vasospasm: a middle cerebral 
artery (MCA) peak systolic velocity (PSV) of greater 
than or equal to 120 cm/s that was not attributable to 
generalized hyperperfusion, a PSV increase of greater 
than or equal to 50 cm/s compared with the admission 
TCD examination, or a Lindegaard ratio (mean flow 
velocity in the MCA divided by mean flow velocity in 
the ipsilateral extracranial internal carotid artery) of 
greater than or equal to 3.

Isolated angiographic vasospasm was a priori 
excluded as an endpoint for the purpose of this study 
for its poor correlation with DCI (25).

Serum Collection and Laboratory 
Measurements

For laboratory analysis of MPO-DNA complex con-
centrations, we used serum samples collected at ad-
mission (day 0) and on day 4, as previously described, 
which were frozen and thawed immediately before 
batch laboratory analysis (25, 27). Anti-MPO pol-
yclonal antibody (Invitrogen PA5-16672, RRID 
AB_11006367, 1:1,000 dilution) was coated over-
night on a 96-well MediSORP immunoassay plate 
(ThermoFisher, Waltham, MA) in buffer consisting of 
0.05 M sodium carbonate/sodium bicarbonate buffer 
(pH 9.6). After four washes with 0.05% phosphate buff-
ered saline containing Tween-20, wells were blocked 
with 2% low-endotoxin bovine serum albumin (Carl 
Roth, Karlsruhe, Germany) for 2 hours and subse-
quently washed another four times. Samples were 
diluted 1:2 in incubation buffer from the Cell Death 
Detection Enzyme-Linked Immunosorbent Assay 
(ELISA) kit (11544675001; Roche, Basel, Switzerland), 

added to the plate described above, incubated for 
90 minutes at room temperature, then washed four 
times before addition of anti-double-stranded DNA 
(ds-DNA)-peroxidase antibody from the Cell Death 
Detection ELISA diluted 1:40 in incubation buffer 
from the same kit (Roche). Wells were washed an-
other four times before development with ready-to-
use tetramethylbenzidine substrate (Life Technologies, 
Carlsbad, CA). The reaction was stopped with 1N 
hydrochloric acid, and the absorbance measured at 
450 nM with 630 nM background subtraction using 
a Gen5 microplate reader (BioTek, Santa Clara, CA). 
A standard concentration curve was prepared from a 
known amount of MPO standard from the BioLegend 
Human Myeloperoxidase LEGEND MAX ELISA kit 
(BioLegend, San Diego, CA) preincubated with an ex-
cess of lambda DNA Invitrogen (ThermoFisher) and 
human native nucleosomes (Merck Millipore, Merck 
KGaA, Darmstadt, Germany), run over a range from 
10 ng/mL down to 0.15 ng/mL. All samples measured 
fell within the limit of quantification based on this 
standard curve.

Statistical Analysis

Data were reported as counts (percentage) or me-
dian (interquartile range [IQR]). Intergroup differ-
ences of baseline characteristics were assessed using 
the Mann-Whitney U test for all continuous variables 
except for age, which given its normal distribution 
was assessed using the Student t test. Intergroup dif-
ferences between categorical variables were assessed 
using the chi-square test. Differences in laboratory 
marker serum concentrations between admission 
and hospital day 4, pooling results of the entire cohort 
(unpaired analysis), were assessed using the Mann-
Whitney U test, and for paired laboratory markers 
for each individual participant (paired analysis) using 
the Wilcoxon signed-rank test. Cohen’s criteria were 
used to calculate effect sizes. We performed statistical 
analyses using SPSS, version 28 (IBM, Armonk, NY). 
The threshold for statistical significance was set at less 
than 0.05.

Standard Protocol Approvals, Registrations, and 
Patients Consents

The study was approved by the Saarland Medical 
Association ethics committee (Number 118/17). 



Witsch et al

4     www.ccejournal.org May 2022 • Volume 4 • Number 5

Written informed consent was obtained from all par-
ticipants or their legal representatives.

RESULTS

Among 100 enrolled patients, 83 had a confirmed an-
eurysmal SAH, five of which died before follow-up 
CT scan. In the analytical cohort (n = 78), there were 
43 (55%) women, and the mean age was 59 years (± 
13.0 yr) (Table  1). The median World Federation of 
Neurosurgeons Scale (WFNS) at admission was 2 (IQR, 
1–4), and the median modified Fisher scale (mFS) 
score at admission was 4 (IQR 3–4). Twenty-nine 
patients (37%) developed DCI. Those who later devel-
oped DCI compared with those who did not tended to 
have a higher mFS score (median 4 vs 3; p = 0.03) and 
a numerically greater disease severity, as illustrated by 
higher scores on the WFNS (median 3 vs 2; p = 0.09) 
and the Hunt & Hess scale (median 3 vs 2; p = 0.06).

Detection of Serum MPO-DNA Complexes

MPO-DNA complexes were detected in all admis-
sion and day-4 serum samples. In the pooled unpaired 
analysis, there was a significant decrease in MPO-
DNA levels between admission (median, 33 ng/mL; 
IQR, 18–43 ng/mL) and day 4 (median, 22 ng/mL; 
IQR, 11–31 ng/mL) (Mann-Whitney U test, p = 0.02). 
The reduction in MPO-DNA complex levels coincided 
with a reduction in WBC from admission day to day 4 
(median 12.4 vs 9.7 × 103/μL, Mann-Whitney U test, p 
< 0.001) and an increase in C-reactive protein concen-
trations (median 2.4, IQR, 1.3–8.3 vs median 174, IQR, 
87–255, Mann-Whitney U test, p < 0.001).

Primary Analysis: MPO-DNA Complexes in 
Patients With and Without DCI

Admission MPO-DNA levels were similar between 
those with DCI and those without DCI (median, 

TABLE 1. 
Baseline Characteristics of Patients With Aneurysmal Subarachnoid Hemorrhage,  
Stratified by Presence/Absence of Delayed Cerebral Ischemia

Demographics and Medical History All Patients  (n = 78) DCI (n = 29) No DCI (n = 49) p

Mean age (sd), yr 59.0 (13.0) 59.7 (12.6) 58.6 (13.3) 0.73

Female 43 (55.1) 16 (55.2) 25 (51.0) 1.0

Hypertension 41 (52.6) 16 (55.2) 25 (51.0) 0.72

Smoking 38 (48.7) 15 (51.7) 23 (46.9) 0.68

Coronary artery disease 9 (11.5) 4 (13.8) 5 (10.2) 0.72

Clinical data

 WFNS score on admissiona 2 (1–4.25) 3 (1–5) 2 (1–4) 0.09

  WFNS III–V 29 (37.2) 15 (51.7) 19 (38.8) 0.27

 Hunt & Hess score on admissiona 3 (2–4) 3 (2–5) 2 (2–4) 0.06

  Hunt & Hess IV–V 25 (37.2) 12 (41.4) 13 (26.5) 0.17

 Modified Fisher score on admissiona 4 (3–4) 4 (3–4) 3 (3–4) 0.03

  Modified Fisher III–V 65 (83.3) 27 (93.1) 38 (77.6) 0.12

 Intraventricular hemorrhage at admission CT 50 (64.1) 22 (75.9) 28 (57.1) 0.10

 Intracerebral hemorrhage at admission CT 15 (19.2) 6 (20.7) 9 (18.4) 0.80

 Hydrocephalus at admission CT 54 (69.2) 23 (79.3) 31 (63.3) 0.14

 Generalized cerebral edema at admission CT 5 (6.4) 3 (10.3) 2 (4.1) 0.36

 Clinical vasospasm 29 (37.2) 17 (58.6) 12 (24.5) 0.003

 Nosocomial infection 53 (67.9) 19 (65.5) 34 (69.4) 0.72

 Admission WBC (×103/μL)a 12.4 (9.6–15.9) 12.8 (10.7–16.3) 11.6 (9.4–15.8) 0.36

DCI = delayed cerebral ischemia, WFNS = World Federation of Neurosurgeons Scale.
aValues presented as median (interquartile range).
p < 0.05 was considered significant.
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35 ng/mL, IQR, 22–44 ng/mL vs median 34 ng/mL, 
IQR, 17–41 ng/mL, p = 0.6) and those with clinical 
vasospasm and those without clinical vasospasm (me-
dian 38 ng/mL, IQR, 28–44 ng/mL vs median 32 ng/
mL, IQR, 7–40 ng/mL, p = 0.5). In a paired data anal-
ysis, there was a significant reduction in MPO-DNA 
levels between admission and day 4 in patients with 
DCI (z = –2.095, Wilcoxon signed-rank test: p = 0.04, 
r = 0.3, medium effect size) but not in those without 
DCI (Wilcoxon signed-rank test: p = 0.17) (Fig. 1).  
Like in the unpaired analysis, there was a signifi-
cant reduction in WBC in both groups in the paired 
data analysis (DCI group p = 0.007, no DCI group  

p < 0.001) as well as a significant increase in C-reactive 
protein (DCI group p < 0.001, no DCI group p < 0.001) 
between admission and day 4, respectively.

Secondary Analysis: MPO-DNA Complexes in 
Patients With and Without Clinical Vasospasm

When stratifying the cohort by presence or absence of 
clinical vasospasm, we found a significant reduction 
in MPO-DNA levels between admission and day 4 in 
patients with clinical vasospasm (paired analysis, z = 
–2.757, p = 0.006, r = 0.4, medium effect size), but not 
in those without clinical vasospasm (p = 0.5) (Fig. 1).
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Figure 1. Change in serum myeloperoxidase-(MPO) DNA complex levels between admission and hospital day 4. Paired data points 
in the cohort stratified by delayed cerebral ischemia (DCI) (present in n = 29, absent in n = 49, A and B) and stratified by clinical 
vasospasm (present in n = 29, absent in n = 52, C and D). Admission is defined as day 0. Boxes represent median, interquartile range, 
and ranges. Dotted blue lines connect paired data points for each participant. Statistical significance (Wilcoxon signed-rank test) is 
indicated by an asterisk.
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DISCUSSION

NETs, the product of hyperactivated neutrophils, pro-
mote immune-mediated thrombus formation. In this 
exploratory study in patients with aSAH, we found 
high levels of the NET marker MPO-DNA complexes 
in all peripheral serum samples and a significant re-
duction in MPO-DNA complex levels in patients who 
developed DCI. Our study suggests that NETs might 
be of relevance in aSAH, possibly contributing to DCI, 
a severe ischemic brain complication, strongly associ-
ated with poor outcome.

A prior study aimed to detect NET markers in 
mice and in patients with SAH (23). This study used 
ds-DNA as a surrogate for the presence of NETs. 
However, ds-DNA has been shown to be an unspecific 
remnant of cell death (28). MPO-DNA complexes, in 
contrast, are established measures of NET release (18). 
Three further studies—in humans, rats, and rabbits, 
respectively—assessed MPO (not MPO-DNA com-
plex) serum levels in SAH (29–31). Secreted MPO 
levels are indicative of neutrophil activation, including 
by degranulation, in addition to NET release, which 
limits the utility of MPO levels in quantifying NETs. 
A recent study reported that blocking NET-mediated 
inflammation does not affect neutrophil recruitment 
suggesting that NETs are not merely a byproduct of 
enhanced neutrophilic inflammation (32). Our study 
adds a novel element to the existing literature, demon-
strating the detection of a specific NET biomarker in a 
prospective cohort of patients with aSAH, as well as its 
potential implication in the development of DCI.

Among pathophysiologic correlates of DCI, prior 
studies have investigated vascular dysfunction (lead-
ing to vasoconstriction-induced hypoperfusion) and 
spreading depolarization (33–35). In addition, a sys-
temic inflammatory response after SAH, including 
an increase in the circulating neutrophil-lymphocyte 
ratio, has been consistently demonstrated across many 
studies and is associated with DCI and poor outcome 
(21, 22, 36, 37). Disruption of the blood-brain bar-
rier with influx of cell-free heme into the subarach-
noid space may stimulate local macrophages and the 
heme scavenger system, leading to further recruitment 
of other immune cells and excessive inflammation (6, 
38). Direct activation of neutrophils through free heme 
is conceivable as well, with free heme being a driving 
factor for NET release in sickle cell disease (39, 40). 

There is also data to suggest that free heme itself may 
lead to endothelial injury, which in turn may promote 
recruitment of macrophages and neutrophils (41). As a 
downstream mechanism, the concept of NET-induced 
thrombus formation is intriguing, as it provides a 
framework that links inflammation, thrombus forma-
tion, and DCI (6, 40). NETs have been therapeutically 
targeted in animal models and human pulmonary 
disease such as COVID-19, which might inform fu-
ture studies assessing new treatments in patients with 
aSAH (42–44).

We found high levels of MPO-DNA complexes in all 
patients with aSAH, not only in those with DCI which 
contradicts a previous Chinese animal model study 
that found higher NET levels in those with greater 
SAH severity (45). While lower levels of MPO-DNA 
complexes have been measured in the general pop-
ulation (46), the high levels in our study may reflect 
an overall inflammatory environment after aSAH, in 
line with high levels of C-reactive protein in all our 
patients.

A speculative explanation for the decline in MPO-
DNA complex levels, seen predominantly in patients 
with DCI, may be NET-driven thrombus formation 
that binds MPO-DNA complexes to thrombus ma-
terial and removes it from the serum where it can be 
measured. It is worth noting that using the clinical 
consensus definition of DCI (which requires diagnosis 
of an infarct on brain imaging) might be too crude of 
a parameter to accurately distinguish between patients 
with and without NET-driven thrombosis, as micro-
thrombosis might not always lead to macroscopic 
infarcts on CT. This might explain why patients with 
declining MPO-DNA levels were seen in both the DCI 
and the no DCI groups. Similarly, in both groups, there 
were patients who had increasing NET levels between 
admission and day 4. Further investigations into factors 
that influence serum MPO-DNA levels are needed be-
fore considering them as biomarkers potentially indi-
cating DCI. Furthermore, in future studies, it may be 
worth acquiring MRI to detect DCI and other ischemic 
lesions for its superior spatial resolution and sensitivity 
compared with CT. Differences in serum NET levels 
might be more pronounced when comparing patients 
with any ischemic MRI lesions with those without 
any ischemic MRI lesions (4, 47). Demonstrating in-
ternal consistency, our results were similar when we 
stratified the cohort by presence or absence of clinical 
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vasospasm, a more inclusive composite endpoint. This 
likely reflects previously described associations be-
tween DND and DCI on the one hand and vasospasm 
and DCI on the other. Our study might serve as a first 
step toward an early detection assay to identify patients 
who develop DCI. Toward this end, future studies 
should consider using an endpoint of an MRI-based 
definition of delayed brain ischemia and pairing NET 
measurements from serum with those from plasma 
and from cerebrospinal fluid. Apart from a potential 
diagnostic value in DCI detection, NETs might serve 
as therapeutic targets. DNase or janus kinase inhibi-
tors in humans and neonatal NET inhibitory factor in 
mice have shown promise to reduce NET formation 
and NET-mediated ischemic injury (32, 48).

Our study has limitations. First, we measured MPO-
DNA complex levels in serum. In contrast to plasma, 
serum preparations may result in the release of NETs 
during the coagulation phase and may thus artificially 
increase NET levels, a confounding factor that, how-
ever, should not systematically vary between serum 
samples and patients since serum collection, storage, 
and analysis were highly standardized in our study. 
Second, due to the exploratory character of this study, 
we refrained from analyzing NET markers other than 
MPO-DNA complexes. Third, we did not analyze sam-
ples beyond hospital day 4. Since DCI typically occurs 
between post-SAH days 4 to 14, it is possible that in 
those patients with DCI, further reductions in MPO-
DNA complex levels might have been appreciated at 
later time points. Fourth, we did not compare baseline 
MPO-DNA levels in our patient cohort with healthy 
controls, which would help to quantify NET-mediated 
inflammation in patients with SAH. Last, because of 
the exploratory nature of our study, we were unable 
to systematically adjust for other variables associated 
with DCI. Future studies should ideally use paired 
NET measurements of plasma and serum samples 
with matching neutrophil counts and include mea-
surements of further NET biomarkers with additional 
mechanistic insight, for example, citrullinated histones 
and peptidylarginine deiminase 4.

CONCLUSIONS

MPO-DNA complexes, a component of NETs, are 
detectable in the peripheral serum of patients with 
aSAH. MPO-DNA complex levels undergo a marked 
reduction in those with DCI over the first days of 

hospitalization, suggesting a potential role of NETs in 
the pathophysiology of DCI.
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