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Abstract

Background and Purpose: We evaluated the association between two types of predictors of 

delayed cerebral ischemia (DCI) after nontraumatic subarachnoid hemorrhage (SAH), including 

biomarkers of the innate immune response and neurophysiologic changes on continuous EEG 

(cEEG).

Methods: We studied SAH patients that had at least 72 hours of cEEG and blood samples 

collected within the first 5 days of symptom onset. We measured inflammatory biomarkers 

previously associated with DCI and functional outcome, including soluble ST2 (sST2), 

interleukin-6 (IL-6) and C-reactive protein (CRP). Serial plasma samples and cerebrospinal fluid 

(CSF) sST2 levels were available in a subgroup of patients. Neurophysiologic changes were 

categorized into new or worsening epileptiform abnormalities (EAs) or new background 

deterioration. The association of biomarkers with neurophysiologic changes were evaluated using 

the Wilcoxon Rank sum test. Plasma and CSF sST2 were further examined longitudinally using 

repeated measures mixed-effects models.

Results: 46 patients met inclusion criteria. 17 (37%) developed new or worsening EAs, 21 (46%) 

developed new background deterioration, and 8 (17%) developed neither. Early (day 0–5) plasma 

sST2 levels were higher among patients with new or worsening EAs (median 115ng/ml [IQR 

73.8–197]) versus those without (74.7ng/ml [IQR 44.8–102], p=0.024). Plasma sST2 levels were 

similar between patients with or without new background deterioration. Repeated measures 

mixed-effects modeling that adjusted for admission risk factors showed that the association with 

new or worsening EAs remained independent for both plasma sST2 (β=0.41; 95%CI 0.09–0.73; 

p=0.01) and CSF sST2 (β=0.97; 95%CI 0.14–1.8; p=0.021). IL-6 and CRP were not associated 

with new background deterioration or with new or worsening EAs.
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Conclusions: In patients admitted with SAH, sST2 level was associated with new or worsening 

EAs but not new background deterioration. This association may identify a link between a specific 

innate immune response pathway and cEEG abnormalities in the pathogenesis of secondary brain 

injury after SAH.
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Introduction

Patients suffering delayed cerebral ischemia (DCI) after aneurysmal subarachnoid 

hemorrhage (SAH) have worse functional outcomes.1 The pathophysiologic mechanisms 

that contribute to DCI are uncertain, although cortical electrographic depolarizing events2 as 

well as inflammatory reaction have been implicated as having a role.3,4 Investigations of 

peripheral biomarkers linked to systemic inflammatory responses are associated with 

functional outcome, and this link appears to be mediated in part by nonconvulsive seizures.
5,6 While nonconvulsive seizures occur in only 11–17%7 of patients with SAH, a wide 

spectrum of continuous electroencephalography (cEEG) abnormalities have been associated 

with subsequent DCI and poor outcome: new or worsening epileptiform abnormalities 

(EAs),8,9 deterioration of normal cEEG background frequencies and variability,10–15 and 

other depolarizing events.2,16–18

It is unclear whether the link between inflammation and seizures is isolated or extends to a 

broad range of cerebral dysfunction represented by other cEEG abnormalities. We sought to 

investigate whether two cEEG abnormalities associated with DCI, new or worsening EAs or 

cEEG background deterioration, were associated with several DCI-related pro-inflammatory 

biomarkers: C-reactive protein (CRP),19,20 interleukin-6 (IL-6),19,21,22 and soluble ST2 

(sST2).5 We selected IL-6 and CRP because they have been studied extensively in the SAH 

literature19–22 and are believed to hold prognostic value. In a recent study, soluble ST2 (the 

protein product of the IL1RL1 gene) has demonstrated independent prognostic value when 

controlling for either IL-6 or CRP,5 indicating it may play an important role in secondary 

brain injury after SAH.

Methods

Patient Cohort

All data supporting the findings of this study are available from the corresponding authors 

upon reasonable request. We performed a post-hoc analysis examining cEEG abnormalities 

in a prospective single-center cohort study enrolling patients in a study examining 

inflammatory biomarkers and functional outcome following nontraumatic SAH between 

May 2013 and October 2015. The study was conducted under an Institutional Review 

Board-approved protocol; informed consent was obtained at the time of enrollment. Patient 

selection criteria were SAH from nontraumatic etiology and age ≥ 18 years. Patients were 

eligible if there was cEEG monitoring for at least 3 days and biomarker sampling within the 

first 5 days after SAH onset. At our institution, patients with either a high clinical grade 
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(Hunt-Hess 3–5) and/or a high radiologic grade injury (modified Fisher score ≥3) undergo 

cEEG monitoring as standard of care. We recorded clinical, demographic and radiographic 

findings including age, gender, Hunt Hess (HH) and modified Fisher scores.

Electroencephalography

All cEEG recordings were acquired using 21 electrodes applied according to the standard 

International 10–20 system. Two clinical neurophysiologists, at least one board-certified, 

reviewed the raw EEG data prospectively in real time as part of clinical practice and 

generated twice-daily reports. Per American Clinical Neurophysiology Society (ACNS) 

nomenclature, new EAs were defined as worsening in frequency, prevalence, spatial extent, 

or epileptiform morphology of sporadic epileptiform discharges, lateralized rhythmic delta 

activity (LRDA), lateralized periodic discharges (LPD), or generalized periodic discharges 

(GPD).14,23 New background deterioration was defined as decreasing Alpha Delta Ratio 

(ADR), Relative Alpha Variability (RAV), or worsening focal slowing.14,23 As per our 

institutional guideline, patients are treated with anti-seizure prophylaxis until the culpable 

aneurysm was secured unless the clinical team opted to continue treatment for a separate 

clinical indication.

Biomarker assays

Biomarker assays were performed on venous plasma and CSF samples. Venous plasma 

samples were collected in ethylenediaminetetraacetic acid (EDTA)-containing tubes, and 

CSF was obtained from patients who had external ventricular drains (EVD) placed for 

clinical indications. Both plasma and CSF samples were centrifuged within 30 min of 

collection and stored at −80°C until analysis.5 The Presage ST2 Assay Kit (Critical 

Diagnostics, San Diego, CA) was utilized to measure sST2 from the stored plasma and CSF 

samples. CRP and IL-6 were measured using commercial ELISA kits (ThermoFisher, and 

R&D Systems, respectively) in accordance with the manufacturers’ instructions.

Statistical analysis

We pre-specified a primary hypothesis that plasma sST2, a biomarker of DCI and poor 

outcome, would be elevated in patients with new EAs or in patients with new background 

deterioration. We examined this association using the Wilcoxon rank sum test evaluating 

95% confidence intervals and two-tailed significance testing. We pre-specified a secondary 

hypothesis that an association with new abnormalities in cEEG would be unique for sST2 

compared with other inflammatory biomarkers. In an exploratory hypothesis, we examined 

serial biomarker measurements at early and late sampling time using a repeated measures 

linear mixed-effects model. CSF and plasma sST2 values were log-transformed prior to 

analysis. In all models, we adjusted for age, gender, and Hunt Hess grade. To adjust for the 

time between SAH onset and sample draw, we developed additional models that included 

time to sample draw as a covariate. To offset the potential for overfitting due to sample-size 

constraints, the mixed-effects models were repeated using a previously validated composite 

risk score14 that consolidated individual clinical and demographic risk factors into a 

numerical value.
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Results

Patient Characteristics

Of 224 nontraumatic SAH patients admitted during the study period, 124 patients underwent 

informed consent and had at least one biomarker collection within 5 days of SAH onset. Of 

these, 46 patients underwent at least 72 hours of cEEG (median duration of cEEG 

monitoring: 8 days) (Figure 1). The median age of participants was 58.5 years (IQR 48.8–

68.3) and 33 (72%) were female (Table 1). Deterioration in cEEG occurred in 29 (63%) 

patients: 17 (37%) developed new EAs, 21 (46%) developed new background deterioration, 

9 (20%) developed both findings, and 17 (37%) developed neither. Of these patients, 3 (7%) 

had electrographic seizures. A subset of patients (n = 44) had IL-6 and CRP measurements 

collected at the initial timepoint (3.5 ± 0.9 days). Serial sST2 measurements were obtained 

at two additional timepoints: 18 patients had measurements acquired at timepoint 2, between 

days 5 and 10 after initial hemorrhage, and 16 patients had measurements sampled at 

timepoint 3, between days 10 and 15. Mean timepoint 2 collection occurred at 7.7 ± 1.2 days 

and timepoint 3 at 12.6 ± 1.6 days. Furthermore, CSF was collected in a subset of patients (n 

= 18) at timepoint 1 (n = 10), timepoint 2 (n = 9) and timepoint 3 (n = 9).

Early Biomarker Analysis

Median plasma sST2 in patients developing new EAs was higher (115 ng/ml [IQR 73.8–

197]) than in patients who did not develop new EAs (74.7 ng/ml [IQR 44.8–102], p = 0.024) 

(Figure 2a). When patients with new-onset nonconvulsive seizures (n = 3) were excluded, 

the association persisted: median plasma sST2 was 125.7 ng/ml [IQR 80.1–202] for patients 

developing new EAs and 74.6 ng/ml [IQR 44.5–202] in those without (p = 0.0062). There 

was no difference between the median plasma sST2 level in patients who developed new 

background deterioration (75.7 ng/ml [IQR 44.5–120]) compared to those who did not (80.1 

ng/ml [IQR 65.5–175], p = 0.56). There was no difference in sST2 levels for patients with 

high grade HH (4–5) at admission (94.8 ng/ml [IQR 65.3–179.0]) compared to those with 

lower grade HH (1–3) (75.4 ng/ml [IQR 46.5–122.1]) (p = 0.28) (Table 2).

Median IL-6 for patients developing new EAs (27.2 pg/mL [IQR 13.5–48.9]; n = 15) did not 

differ from those without (15.3 pg/mL [IQR 7.7 – 32.9], p = 0.28; n = 28; Figure 2b). 

Patients developing new background deterioration (13.9 pg/mL [IQR 6.5–32.9]; n = 20) had 

similar median IL-6 levels compared with those who did not (22.1 pg/mL [IQR 9.1–48.9], p 

= 0.13; n = 23). Patients with high grade HH at admission (14.2 [8.1–27.2]) had significantly 

elevated IL-6 levels compared to those without high grade HH (14.2 [8.1–27.2]) (p = 0.01) 

(Table 2).

CRP levels were not associated with cEEG abnormalities (Figure 2c). Patients developing 

new EAs (n = 15), (18.65 ng/mL [IQR 5.03–73.31]) did not differ from those not developing 

new EAs (n = 28), (22.02 ng/mL [IQR 5.77–46.68], p = 0.75). The median CRP levels for 

patients developing new background deterioration (n = 20) (25.07 ng/mL [IQR 5.95 

−75.64]) and those not developing new background deterioration (n = 23), (17.29 ng/mL 

[IQR 5.03–38.12], p=0.41) were not different. CRP levels were significantly different for 
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patients with high grade HH (41.04 [19.72–68.77]) versus those without high grade HH 

(10.79 [3.6–38.12]) at admission (p = 0.04) (Table 2).

Late Biomarker Analysis

The association between elevated plasma sST2 levels and new EAs persisted at timepoint 2. 

Patients developing new EAs had elevated median plasma sST2 levels at timepoint 2 (61.2 

[IQR 44.9–106]), compared to those without new EAs (43.6 ng/mL [IQR 31.1–50.4], 

p=0.049). At timepoint 3, median plasma sST2 for patients with (67.3 ng/mL [IQR 37.0–

96.1]) and without new EAs (38.7 ng/mL [IQR 32.9–74.3]) did not differ significantly (p = 

0.37).

The occurrence of new background deterioration was not significantly associated with 

elevation in plasma sST2 levels at any of the late timepoints sampled. Median plasma sST2 

for patients with new background deterioration versus those without new background 

deterioration, respectively, was 44.9 ng/mL [IQR 38.3–132] versus 47.9 ng/mL [IQR 33.6–

61.2] at timepoint 2 (p = 0.6) and 38.5 ng/mL [IQR 35.1–56.6] versus 54.7 ng/mL [IQR 

32.9–81.6] at timepoint 3 (p = 0.7).

Longitudinal Analysis

To account for repeated measures, we employed a linear mixed-effects model and found that 

new EAs were associated with elevated plasma sST2 over time (β=0.49; 95%CI 0.20 – 0.77; 

p = 0.001) (Figure 3a). This association persisted when adjusting for age, HH grade, and 

gender (β= 0.41; 95%CI 0.09–0.73; p = 0.01). No significant interactions between the 

covariates were identified. We also examined the effect of time to sample draw, and the 

association between sST2 level and new EAs remained independent (β=0.44; 95%CI 0.14–

0.73; p = 0.003). In contrast, there was no association between worsening background 

deterioration and plasma sST2 level over time (β=−0.17; 95%CI −0.47–0.13; p = 0.26) 

(Figure 3b).

At individual timepoints, CSF sST2 showed a trend towards an association with new EAs 

but not background decline. In a linear mixed-effects model, the association between new or 

worsening EAs and elevated CSF sST2 was significant (β=0.89; 95%CI 0.15–1.62; p = 

0.018) (Figure 3c). When controlling for age, HH, and gender, the association between new 

or worsening EAs and elevated CSF sST2 persisted (β=0.97; 95%CI 0.14–1.8; p = 0.021). 

Using a mixed-effects model that incorporated a composite risk score rather than separate 

clinical and demographic variables revealed a similar association (β=0.89; 95%CI 0.14–1.6; 

p = 0.02). There was no association between CSF sST2 and background deterioration over 

time (β= −0.25; 95%CI −1.1–0.54; p = 0.53) (Figure 3d).

Discussion

Following nontraumatic subarachnoid hemorrhage, elevation of inflammatory plasma 

biomarkers were greatest in patients who develop new or worsening epileptiform activity. 

The relationship between systemic inflammation and cEEG changes did not extend to 

patients with non-epileptiform deterioration in cEEG background frequencies. Prior work 

has demonstrated a relationship between systemic inflammatory response syndrome and 
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nonconvulsive seizures after SAH,6 and this study extends this association with systemic 

inflammation beyond seizure activity, to the occurrence of new or worsening EAs on the 

ictal-interictal continuum.24 Our primary finding demonstrates that sST2, a specific 

biomarker of inflammation, is uniquely associated with new or worsening EAs, whereas 

IL-6 and CRP are not.

sST2 is a decoy receptor for IL-33. When bound, it activates a pro-inflammatory response 

through the actions of toll-like receptor 4 (TLR-4), leading to immune cell population shifts.
5,25 Like sST2, TLR-4 expression level on the cell surface of peripheral blood mononuclear 

cells (PBMC) is a risk factor predicting DCI and poor outcome at 3-months following 

SAH5,26 IL-6 is an interleukin secreted by T cells and macrophages that largely acts as a 

pro-inflammatory cytokine. CRP is an inflammatory protein synthesized downstream of 

IL-6.27 Both biomarkers have been studied widely in SAH and are believed to hold 

prognostic significance; however, there are a variety of conflicting studies calling this into 

question.3,19–22,28–32 While some evidence suggests sST2 may be a more reliable 

inflammatory marker in predicting DCI following SAH, additional studies are required to 

elucidate the principle inflammatory mediators.5 In predicting poor 90-day outcome, sST2 

outperforms IL-6 or CRP.5

While new or worsening EAs and new cEEG background deterioration are also 

independently associated with developing DCI,8,13 their differential association with 

inflammation underscores that multiple pathogenic mechanisms lead to DCI.4 We speculate 

that the association of new or worsening EAs with inflammation may represent a 

pathophysiologic pathway to DCI distinct from that underlying the progression from non-

epileptiform cEEG background deterioration. Inflammation-mediated changes to blood brain 

barrier permeability have been linked to seizures in experimental models,33,34 and septic 

patients without brain injury also have a higher likelihood of seizures.35 In this cohort, 

elevated sST2 in both plasma and CSF was associated with new or worsening EAs, even 

when patients with electrographic seizures were excluded. These results suggest that 

inflammation, like cerebral metabolism, may be associated with a range of epileptiform 

activity on the ictal-interictal continuum.36–39 It is not clear which is the initiating factor, the 

pro-inflammatory response or excitatory neurophysiological phenomena, or whether they are 

commonly related to another inciting factor. We accordingly focused on new or worsening 

EAs, once a 24-hour baseline period was established23 and examined associations adjusting 

for baseline admission severity.

Limitations of our study include sampling a subpopulation of all SAH patients undergoing 

cEEG that were enriched for greater severity, as well as those at a single institution so future 

studies are necessary to generalize these results to patients at other institutions. While the 

sample size is moderately sized, we did not conduct formal sample size or power 

calculations due to the retrospective nature of this cohort. While a larger cohort could reveal 

additional associations between worsening cEEG background deterioration in addition to 

new EAs, or between new EAs and additional biomarkers, the effect size for these 

nonsignificant relationships was small in our cohort, suggesting that the association of new 

EAs with sST2 is likely to be strongest in larger validation cohorts. Our dataset is unique in 

having carefully curated cEEG data as well as serial plasma and CSF samples; however, we 
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were unable to obtain a plasma and CSF sample at each timepoint for every patient. Because 

sST2 early sampling occurred at mean 3.5±0.9 days, we were unable to determine whether 

elevation in sST2 preceded the development of new or worsening EAs, or vice versa. While 

we followed a strict protocol for handling and storing samples, our results may not 

generalize if these protocols are not followed. Future directions may include examining 

which factors contribute to inflammation following SAH; in prior studies, cEEG 

abnormalities14 and sST25 were associated with DCI and functional outcome independent of 

surgical treatment modality.

Our results demonstrate that elevation of the inflammatory marker sST2 in plasma and CSF 

is uniquely associated with new or worsening EAs following SAH. This association between 

inflammation and neurophysiologic markers of epileptiform brain dysfunction may represent 

an underlying mechanism contributing to DCI progression. Further studies are required to 

validate these findings and determine whether the acute inflammatory response after SAH 

acts as an upstream mechanism driving metabolically demanding cortical states.
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Figure 1. 
CONSORT Diagram
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Figure 2. 
(a) Median sST2 sampled < 5 days from initial hemorrhage in patients developing new/

worsening EAs was higher than in patients who did not develop new/worsening EAs (p = 

0.024). There was no difference in median sST2 levels between patients who developed new 

background deterioration compared to those who did not. (b) IL-6 and (c) CRP were not 

significantly associated with new EAs or new background deterioration.
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Figure 3. 
(a) Elevated plasma sST2 was significantly elevated over time in subjects who developed 

new or worsening EAs on EEG (p = 0.001). (b) There was no association between new or 

worsening background deterioration and plasma sST2 level over time (p = 0.56). (c) 

Elevated CSF sST2 was significantly associated with new or worsening EAs over time 

(0.003). (d) There was no association between elevated CSF sST2 and worsening 

background deterioration over time (p = 0.71).
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Table 1.

Patient Characteristics

Enrolled Population (N=46)

Demographics

 Age, median (IQR) 58.5 (48.8–68.3)

 Female gender, n (%) 33 (72%)

Admission clinical grade, n (%)

 HH 1 10 (22%)

 HH 2 6 (13%)

 HH 3 10 (22%)

 HH 4 12 (26%)

 HH 5 8 (17%)

Admission radiologic grade, n (%)

 mFS 1 2 (4%)

 mFS 2 1 (2%)

 mFS 3 12 (26%)

 mFS 4 31 (67%)

Electrographic findings, n (%)

 New/worsening EAs 17 (37%)

 New background deterioration 21 (46%)

 New background deterioration and new EAs 9 (20%)

 No new cEEG deterioration 17 (37%)

Biomarker collection times, mean days ± SD

 Early 3.5 ± 0.9

 Middle 7.7 ± 1.2

 Late 12.6 ± 1.6

EAs, epileptiform abnormalities; HH, Hunt and Hess; mFS, modified Fisher Grade
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Table 2.

Biomarker Characteristics by SAH clinical severity.

Hunt and Hess Grade 1–3 (n=28) Hunt and Hess Grade 4–5 (n=18) P-value

sST2 level, median ng/mL (IQR) 75.4 (46.5–122.1) 94.8 (65.3–179.0) 0.28

IL-6 level, median pg/mL (IQR)* 14.2 (8.1–27.2) 36.1 (12.2–56.0) 0.01

CRP level, median ng/mL (IQR)* 10.79 (3.6–38.1) 41.04 (19.7–68.8) 0.04

CRP, c-reactive protein; IL-6, interleukin 6; sST2, soluble ST2

*
n=43
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