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Objective: Receptor-interacting protein kinase-1 (RIPK1), a regulator of necrotic apoptosis, is involved in acute brain injury. This 
study was designed to investigate whether serum RIPK1 levels are related to severity and poor clinical outcomes after aneurysmal 
subarachnoid hemorrhage (aSAH).
Methods: In this multicenter prospective cohort study of 224 patients with aSAH and 100 controls, severity appraisal was completed 
by applying the Hunt-Hess and modified Fisher (mFisher) gradings, and neurological function was evaluated by using the modified 
Rankin Scale (mRS) at post-aSAH three months. A single blood-drawing was performed at admission of patients, and the enzyme- 
linked immunosorbent assay was used to measure serum RIPK1 levels. Multivariate analyses were adopted to determine relation of 
serum RIPK1 levels with severity, delayed cerebral ischemia (DCI) and 3-month poor prognosis following aSAH (mRS 3–6).
Results: Median interval time between symptom ictus and blood drawings was 6.9 h (lower-upper quartiles, 4.8–11.3 h). Serum RIPK1 
levels were significantly elevated in aSAH patients compared to controls and were independently associated with Hunt-Hess and mFisher 
scores. Higher RIPK1 levels correlated with increased risk of DCI and poor 3-month outcomes. The two respective combined predictive 
models incorporating RIPK1, Hunt-Hess, and mFisher scores demonstrated superior prognostic accuracy compared to each variable alone.
Conclusion: Elevated serum RIPK1 levels after aSAH are closely associated with disease severity, and can effectively predict the 
occurrence of DCI and poor prognosis at 3 months post-aSAH. Thus, serum RIPK1 may be a potential prognostic biomarker of aSAH.
Keywords: aneurysmal subarachnoid hemorrhage, receptor-interacting protein kinase-1, disease severity, delayed cerebral ischemia, 
poor prognosis

Introduction
Aneurysmal subarachnoid hemorrhage (aSAH), the most common type of subarachnoid hemorrhage (SAH), accounts for 
approximately 85% of all cases. It is characterized by high disability and mortality rates, and gravely imposes the social 
burden.1–3 Delayed cerebral ischemia (DCI) appears as one of the most common complications of aSAH and its 
happenings significantly worsens the clinical prognosis of patients.4 DCI has a multifactorial pathophysiological bases, 
involving large vessel spasm, microthrombosis, microcirculatory dysfunction, inflammation, and cortical diffusion 
inhibition.5 Additionally, oxidative stress, inflammatory cascades, cytotoxic effects, and apoptosis following aSAH 
further facilitate DCI development and impact patient prognosis.6–8 The modified Fisher (mFisher) grading and Hunt- 
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Hess scaling, which are regularly applied to assess hemorrhage severity and forecast prognosis, strongly predict DCI.9,10 

Circulating biomarkers, such as C-reactive protein, apelin-13, NADPH oxidase 2 and so on, participate in oxidative stress 
and inflammatory response after aSAH; and in consideration of their relative objectivity and acceptable roles in 
prediction of DCI and prognosis in aSAH patients, these biomarkers have attracted enormous attentions in neurological 
field during recent decades.11–13

Receptor-interacting protein kinase-1 (RIPK1), a serine/threonine protein kinase, serves as a key mediator in cell 
death and inflammation.14 Its complex structure determines the diversity of RIPK1’s functions, with the crucial roles in 
the pathophysiological signal transduction processes of various diseases.15–17 Also, RIPK1 is highly expressed in the 
central nervous system, particularly in glial cells and neurons.18,19 In acute brain injury diseases, such as traumatic brain 
injury, cerebral infarction, and intracerebral hemorrhage, significantly elevated RIPK1 expressions were closely asso
ciated with disease severity.20–22 Following aSAH, red blood cells lyse, and then release substances, mainly including 
hemoglobin and iron ions, subsequently activating death and pattern recognition receptors, triggering the cell’s RIPK1 
related death signaling pathway, altogether exaggerating brain oxidative stress and inflammatory response and eventually 
leading to neuronal death.23,24 Therefore, blood RIPK1 may be related to acute brain injury. Up to date, there is a paucity 
of data available on circulating RIPK1 levels post-aSAH in humans. This multicenter prospective cohort study was done 
to measure serum RIPK1 levels and further to elucidate the relationship between serum RIPK1 levels, and disease 
severity, DCI and poor prognosis so as to guide clinical treatments in patients with aSAH.

Materials and Methods
Participant Enrollments and Ethical Consents
This multicenter prospective cohort study was performed at the Lishui Hospital of Wenzhou Medical University (Lishui, 
China) and First People’s Hospital of Linping District (Hangzhou, China), and patients with aSAH were consecutively 
recruited between October 2020 and October 2023. All patients met the following criteria: (1) age > 18 years; (2) no 
history of trauma; (3) SAH diagnosed by head computerized tomography; (4) intracranial aneurysm confirmed by 
computed tomography angiography or digital subtraction angiograph; (5) hospital admission within 24 hours of symptom 
onset; (6) endovascular intervention to secure the aneurysm within 48 hours of hospitalization. Exclusion criteria 
included: (1) aneurysmal rerupture, multiple aneurysm ruptures, or pseudoaneurysm rupture; (2) history of brain injury, 
such as cerebral infarction, aneurysmal subarachnoid hemorrhage, intracerebral hemorrhage, and moderate-severe 
craniocerebral trauma; (3) traumatic subarachnoid hemorrhage; (4) history of neurological diseases, such as 
Alzheimer’s disease, neurodegenerative diseases, and intracranial tumors; (5) severe underlying diseases, such as heart 
failure, myocardial infarction, cirrhosis, malignant tumors, etc.; (6) pregnancies; (7) surgery or severe infection within 
past a month; (8) refusal to participate in the study, incomplete clinical data, ineligible blood samples or loss to follow- 
up. Healthy individuals at the Health Examination Center of the Lihua Hospital of Wenzhou Medical University (Lizhi, 
China) from August 2022 to October 2022 for routine physical examinations were enrolled as controls. Controls should 
be aged at 18 years or greater; be free of some chronic diseases, such as hyperlipidemia, hypertension, and diabetes; and 
have normal results in routine laboratory tests, such as blood glucose levels, leucocyte counts, and potassium levels; and 
not experience surgery or infection within recent a month. This study complies with the principles outlined in the 
Declaration of Helsinki, and the study protocol was approved by the Ethics Committee at Lishui Hospital of Wenzhou 
Medical University (Approval Numbers: 2020–001) and First People’s Hospital of Linping District (Approval Numbers: 
2021–045). Written informed consent was garnered from the legal representatives of all patients and controls themselves.

Data Gathering, Clinical Evaluation and Outcome Metrics
We collected demographic data (age and gender), lifestyle habits (cigarette smoking and alcohol consumption), and 
comorbidities (hypertension, diabetes mellitus and hyperlipidemia). Two time-parameters referred to interval time from 
symptom onset to hospital admission and interval time between symptom onset and blood drawing. Baseline radiological 
findings included acute hydrocephalus and intraventricular accumulation of hemorrhage. The baseline severity was assessed 
by using the mFisher and Hunt-Hess scoring systems. DCI was identified based on the following criteria: (1) clinical 
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deterioration (ie, new focal deficits, decreased level of consciousness, or both), and/or (2) new infarction on head CT scan at 
admission or immediately postoperatively that could not be attributed to other causes by clinical assessment, brain imaging, 
or appropriate laboratory studies. Neurological functional status was evaluated by applying the modified Rankin Scale 
(mRS).11–13 In a blinded mode, the mRS scores were acquired via telephone visits in form of structured interviews at 3 
months after aSAH. The mRS scores of 0–2 was defined as good prognosis; while the scores of 3–6, poor prognosis.11–13

Blood Obtainments, Sample Processing and Immune Analysis
Blood samples were garnered within 24 hours of symptom onset, and then were put in serum-separation tubes, allowing the 
samples to clot at room temperature for 30 minutes, followed by centrifugation at 1000×g for 15 minutes to obtain serum 
samples for storage at −80°C for later analysis. Using the commercially available enzyme-linked immunosorbent assay kit 
(Yuanju Biotechnology Center, Shanghai, China; catalogue number: YJ35903), serum RIPK1 levels were measured by the 
technician blinded to clinical data. The minimum detectable concentration of this assay kit is 0.08 ng/mL, with the detection 
range of 0.157 to 10 ng/mL. The coefficients of variation for both inter-assay and intra-assay precision are less than 10%. 
All samples were tested in duplicate, and two measurements were converted to average value for statistical analysis.

Statistical Analysis
Data presentation, statistical analysis and graphing were finished by using the SPSS 23.0 (SPSS Inc., Chicago, IL, USA), 
R 3.5.1 (https://www.r-project.org), GraphPad Prism 7.01 (GraphPad Software, Inc., San Diego, California, USA) and 
MedCalc 20 (MedCalc Software, Ltd., Ostend, Belgium). Sample size estimation was performed using the G-Power 3.1.9.4 
(Heinrich-Heine-Universität Düsseldorf, Universitätsstraße 1, Düsseldorf, Germany). Continuous variables were examined 
for their normality using the Shapiro–Wilk test, next were expressed as mean ± standard deviation or median (upper and 
lower quartiles), and were compared between two groups by applying the t-tests or Mann–Whitney U-tests as deemed 
appropriate. Categorical variables were expressed as numbers (percentages) and underwent two-group comparisons via the 
chi-square test or Fisher’s exact test as applicable. As per the Spearman correlation test, correlations were ascertained 
between serum RIPK1 levels or mRS scores and continuous variables. Multivariate linear regression models were created 
so as to identify variables, which were independently associated with serum RIPK1 levels and mRS scores. Multivariate 
logistic regression analysis was done to determine factors which had independent association with the occurrence of DCI 
and poor prognosis after aSAH, and the associations were reported as odds ratios (OR) and related 95% confidence intervals 
(CI). All variables, which were significantly different on univariate analyses, were given entry into the multivariate models, 
and goodness of fit in models got appraisal via the Hosmer-Lemeshow test and by computing brier scores. The receiver 
operating characteristic (ROC) curve was plotted to determine the predictive value of RIPK1 for DCI and poor prognosis 
following aSAH. The nomogram was configured to describe the predictive ability of combination of serum RIPK1 levels, 
mFisher scores, and Hunt-Hess scores for DCI risk and poor prognosis. The calibration curve was constructed so as for 
assessing the stability of the predictive model, and the decision curve was drawn to ascertain the clinical application value 
of the predictive model. A two-tailed P < 0.05 was considered statistically significant.

Results
Participant Selections and Characteristics
A total of 263 patients with aSAH got an initial enrollment. Subsequently, 39 patients were excluded because of 
aneurysmal rerupture (n=5), pseudoaneurysm rupture (n=2), history of brain injury (n=4), history of neurological 
diseases (n=4), severe underlying diseases (n=8), surgery or severe infection within past a month (n=2), refusal to 
participate in the study (n=3), incomplete clinical data (n=5), ineligible blood samples (n=4) and loss to follow-up (n=2). 
Ultimately, 224 patients participated in the study. The baseline characteristics of all patients are shown in Table 1. Totally, 
100 controls, 48 being males and 52 being females, were aged from 34 to 77 years (median, 57 years; lower-upper 
quartiles, 52–67 years), and encompassed 27 tobacco smokers and 31 alcohol drinkers. There were no statistically 
significant differences between all patients and all controls in terms of age, gender, smoking, and alcohol consumption 
(all P > 0.05).
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Serum RIPK1 Levels and aSAH Severity
As shown in Figure 1, serum RIPK1 levels were substantially higher in patients than in controls (P<0.001). Serum RIPK1 
levels were significantly lowest in patients with Hunt-Hess score of 1, followed by the scores from 2 to 4, and the levels 
were substantially highest in those with the score of 5 (P<0.001; Figure 2A). Similarly, biomarker levels were markedly 
lowest in patients with mFisher score of 1, followed by the scores of 2 and 3, and the levels were notably highest in those 
with the score of 4 (P<0.001; Figure 2B). Also, serum RIPK1 levels were intimately correlated with Hunt-Hess scores 
(P<0.001; Figure 2C) and mFisher scores (P<0.001; Figure 2D). In addition to the two severity indicators, serum RIPK1 
levels were closely correlated with blood leucocyte count, blood C-reactive protein levels, blood glucose levels, 
intraventricular hemorrhage, acute hydrocephalus, and external ventricular drainage (all P<0.05, Table 2). Similar results 
were revealed by using univariate linear regression analysis (all P<0.05; Supplemental Table 1). When the aforemen
tioned variables were input into the multivariate linear regression model, serum RIPK1 levels were independently 
correlated with Hunt Hess scores and mFisher scores (both P<0.05; Table 3).

Serum RIPK1 Levels and Post-aSAH mRS Scores
As shown in Figure 3, the mRS scores at post-stroke 3 months in aSAH patients were significantly positively correlated 
with serum RIPK1 levels (P<0.001). Also, the levels were apparently related to mFisher scores, Hunt-Hess scores, blood 
leucocyte count, blood C-reactive protein levels, blood glucose levels, intraventricular hemorrhage, acute hydrocephalus, 
and external ventricular drainage (all P<0.05; Table 4). Analogous findings were demonstrated by aidance of univariate 
linear regression analysis (all P<0.05; Supplemental Table 2). As delineated in Table 5, Hunt-Hess scores, mFisher scores 
and serum RIPK1 levels were independently related to mRS scores at 3 months post-aSAH (all P<0.05).

Table 1 Baseline Features of Patients with Aneurysmal 
Subarachnoid Hemorrhage

Variables All Patients

Gender (male/female) 100/124

Age (years) 57 (49–64)

Cigarette smoking 57 (25.4%)
Alcohol consumption 73 (32.6%)

Hypertension 155 (69.2%)

Diabetes mellitus 36 (16.1%)
Hyperlipidemia 59 (26.3%)

Admission time (h) 6.0 (4.0–10.0)
Blood-collection time (h) 6.9 (4.8–11.3)

Systolic arterial pressure (mmHg) 145 (130–157)

Diastolic arterial pressure (mmHg) 82 (72–90)
Hunt-Hess scores 3 (2–4)

Modified Fisher scores 2 (1–3)

Aneurysmal position (posterior/anterior circulation) 166/58
Aneurysmal shape (cystic/others) 177/47

Aneurysmal diameter (<10 mm/≥10 mm) 193/31

Intraventricular bleeding 50 (22.3%)
Acute hydrocephalus 40 (17.9%)

External ventricular drainage 48 (21.4%)

Blood leucocyte count (×109/L) 8.3 (6.3–10.0)
Blood C-reactive protein levels (mg/L) 6.0 (2.1–11.5)

Blood glucose levels (mmol/L) 7.7 (6.0–10.0)

Notes: Counts (proportions) and medians (lower-upper quartiles) were displayed 
for reporting categorical variables and continuous variables respectively.
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Serum RIPK1 Levels and DCI Post-aSAH
DCI occurred in 54 patients. As show in Figure 4, serum RIPK1 levels were significantly higher in patients with DCI 
than in those without DCI (P < 0.001). Alternatively, the risk of DCI was linearly correlated with serum RIPK1 levels (P 
for nonlinear > 0.05; Figure 5). Additionally, compared with patients without DCI, those with DCI exhibited higher 
Hunt-Hess scores, mFisher scores, blood leucocyte counts, blood C-reactive protein levels and blood glucose levels, as 
well as displayed higher rates of intraventricular hemorrhage, acute hydrocephalus and external ventricular drainage (all 
P < 0.05; Table 6). Consistently, those associations were verified in help of univariate logistic regression analysis (all 
P<0.05; Supplemental Table 3). Inclusion of the above variables into the binary logistic regression model gave rise to the 
results that Hunt-Hess scores, mFisher scores and serum RIPK1 levels were independent predictors of DCI following 
aSAH (all P < 0.05; Table 7). The model had satisfactory goodness of fit (P=0.328 via the Hosmer-Lemeshow test; brier 
score=0.241).

By applying ROC curve analysis, serum RIPK1 levels effectively predicted DCI in aSAH patients (Figure 6A). As 
shown in Figure 6B, area under ROC curve (AUC) for predicting DCI using serum RIPK1 levels was 0.745 (95% CI, 
0.682–0.801), and its predictive ability was comparable to that of Hunt-Hess scores (AUC, 0.804; 95% CI, 0.746–0.854; 
P = 0.156) and mFisher scores (AUC, 0.795; 95% CI, 0.737–0.846; P = 0.181). To predict DCI occurrence, Hunt-Hess 
scores, mFisher scores and serum RIPK1 levels were integrated to construct a predictive model. In Figure 6B, the 
combined model had AUC at 0.841 (95% CI, 0.787–0.886) for DCI prediction and also displayed significantly higher 
predictive ability, as compared to the Hunt-Hess scores (P = 0.038), mFisher scores (P = 0.009), and serum RIPK1 levels 
(P = 0.002) alone. The model was visually presented via a nomogram (Figure 7), and had stable performance (Figure 8) 
and clinical efficacy (Figure 9).

Serum RIPK1 Levels and 3-Month Poor Prognosis Post-aSAH
As depicted in Figure 10, serum RIPK1 levels were markedly lowest in patients with mRS score 0, had a tendency of gradual 
enhancement from patients with the score 1 to those with the score 6, and were notably highest in those with the score 6 
(P<0.001). A total of 63 patients suffered from poor prognosis at 3 months post-stroke. As portrayed in Figure 11, serum 

Figure 1 Serum receptor-interacting protein kinase-1 levels between patients with aneurysmal subarachnoid hemorrhage and controls. Serum receptor-interacting protein 
kinase-1 levels were apparently higher in patients than in controls (P<0.001). 
Abbreviation: RIPK1, receptor-interacting protein kinase-1.
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RIPK1 levels were significantly higher in patients with poor prognosis compared to those with good prognosis (P < 0.001). 
Moreover, likelihood of poor prognosis was linearly correlated with serum RIPK1 levels (P for nonlinear >0.05; Figure 12). 
As exhibited in Table 8, compared with patients with good prognosis, those with poor prognosis had significantly higher 

Figure 2 Relationships between serum receptor-interacting protein kinase-1 levels and disease severity of aneurysmal subarachnoid hemorrhage. Serum receptor- 
interacting protein kinase-1 levels were firmly correlated with categorial Hunt-Hess scores (P<0.001; (A)), categorial modified Fisher scores (P<0.001; (B)), continuous 
Hunt-Hess scores (P<0.001; (C)) and continuous modified Fisher scores (P<0.001; (D)) after aneurysmal subarachnoid hemorrhage. 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; mFisher, modified Fisher.

Table 2 Factors in Relation to Serum Receptor-Interacting Protein 
Kinase-1 Levels Following Aneurysmal Subarachnoid Hemorrhage

ρ P value

Gender (male/female) −0.016 0.813

Age (years) 0.072 0.283
Cigarette smoking 0.082 0.223

Alcohol consumption −0.020 0.768

Hypertension −0.020 0.770
Diabetes mellitus −0.010 0.877

Hyperlipidemia −0.052 0.438

Admission time (h) 0.011 0.869

(Continued)
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percentages of acute hydrocephalus, intraventricular hemorrhage, and extracerebral drainage, as well as held higher Hunt- 
Hess scores, mFisher scores, serum RIPK1 levels, blood C-reactive protein levels, blood leucocyte counts and blood glucose 
levels (all P<0.05). Also, these variables were verified to be substantially different by employing univariate logistic regression 
analysis (all P<0.05; Supplemental Table 4). When all the aforementioned variables were entered into a binary logistic 
regression model, Hunt-Hess scores, mFisher scores and serum RIPK1 levels were independently associated with poor 
prognosis (all P<0.05; Table 9). The model harbored acceptable goodness of fit (P=0.452 via the Hosmer-Lemeshow test; brier 
score=0.218).

As delineated in Figure 13A, the AUC of serum RIPK1 levels for predicting poor prognosis at 3 months post- 
stroke was 0.739 (95% CI, 0.677–0.796). And, Figure 13B shows that its predictive ability resembled those of the 
Hunt-Hess scores (AUC, 0.815; 95% CI, 0.758–0.863; P = 0.066) and mFisher scores (AUC, 0.800; 95% CI, 
0.741–0.850; P = 0.144). To distinguish the risk of poor prognosis, the three independent predictors of poor 
prognosis: Hunt-Hess scores, mFisher scores, and serum RIPK1 levels, were integrated to build a predictive 
model. In Figure 13B, the combined model had AUC at 0.847 (95% CI, 0.794–0.892), and displayed significantly 
higher predictive ability for poor prognosis compared with the Hunt-Hess scores (P = 0.042), mFisher scores (P = 

Table 3 Variables in Relevance to Serum Receptor-Interacting Protein 
Kinase-1 Levels Following Aneurysmal Subarachnoid Hemorrhage by 
Applying Multivariate Linear Regression Analysis

Variables β (95% CI) VIF P value

Hunt-Hess scores 0.592 (0.100–1.085) 2.290 0.019

Modified Fisher scores 0.927 (0.301–1.552) 2.355 0.004

Intraventricular bleeding 0.337 (−1.110–1.784) 1.939 0.646
Acute hydrocephalus 0.798 (−0.675–2.271) 1.701 0.287

External ventricular drainage −0.663 (−2.379–1.053) 2.649 0.447
Blood leucocyte count (×109/L) 0.124 (−0.068–0.317) 1.177 0.204

Blood CRP levels (mg/L) 0.022 (−0.021–0.066) 1.080 0.306

Blood glucose levels (mmol/L) −0.038 (−0.173–0.097) 1.230 0.577

Abbreviations: CRP, C-reactive protein; β, beta; VIF, variance inflation factor; 95% CI, 95% 
confidence interval.

Table 2 (Continued). 

ρ P value

Blood-collection time (h) −0.023 0.733

Systolic arterial pressure (mmHg) −0.019 0.781
Diastolic arterial pressure (mmHg) 0.045 0.501

Hunt-Hess scores 0.428 <0.001

Modified Fisher scores 0.452 <0.001
Aneurysmal position (posterior/anterior circulation) −0.019 0.780

Aneurysmal shape (cystic/others) −0.058 0.390

Aneurysmal diameter (<10 mm/≥10 mm) −0.066 0.328
Intraventricular bleeding 0.163 0.014

Acute hydrocephalus 0.158 0.018

External ventricular drainage 0.161 0.016
Blood leucocyte count (×109/L) 0.281 <0.001

Blood indicates C-reactive protein levels (mg/L) 0.307 <0.001

Blood glucose levels (mmol/L) 0.135 0.043

Notes: The Spearman test was done for bivariate correlation analysis. ρ indicates rho.
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0.016), and serum RIPK1 levels (P <0.001). Additionally, the combined model was visualized by the nomogram 
for predicting poor prognosis (Figure 14). The model was at a stable state (Figure 15) and had good clinical 
applicability (Figure 16).

Figure 3 Relation of modified Rankin Scale scores to serum receptor-interacting protein kinase-1 levels post- aneurysmal subarachnoid hemorrhage. Serum receptor- 
interacting protein kinase-1 levels were substantially positively related to modified Rankin Scale scores subsequent to aneurysmal subarachnoid hemorrhage (P<0.001). 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; mRS, modified Rankin Scale.

Table 4 Factors in Correlation with Modified Rankin Scale Scores 
Three Months After Aneurysmal Subarachnoid Hemorrhage

Variables ρ P value

Gender (male/female) 0.051 0.450

Age (years) 0.127 0.059
Cigarette smoking 0.003 0.960

Alcohol consumption 0.007 0.919

Hypertension 0.040 0.556
Diabetes mellitus 0.041 0.537

Hyperlipidemia 0.034 0.609

Admission time (h) −0.109 0.103
Blood-collection time (h) −0.103 0.123

Systolic arterial pressure (mmHg) −0.009 0.895

Diastolic arterial pressure (mmHg) 0.101 0.134
Hunt-Hess scores 0.634 <0.001

Modified Fisher scores 0.591 <0.001

Aneurysmal position (posterior/anterior circulation) −0.020 0.762
Aneurysmal shape (cystic/others) 0.098 0.142

Aneurysmal diameter (<10 mm/≥10 mm) 0.063 0.344

Intraventricular bleeding 0.337 <0.001
Acute hydrocephalus 0.223 0.001

External ventricular drainage 0.261 <0.001
Blood leucocyte count (×109/L) 0.308 <0.001

Blood C-reactive protein levels (mg/L) 0.227 0.001

Blood glucose levels (mmol/L) 0.317 <0.001
Serum RIPK1 levels (ng/mL) 0.443 <0.001

Notes: The Spearman test was done for bivariate correlation analysis. ρ indicates rho. 
Abbreviation: RIPK1, receptor-interacting protein kinase-1.
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Discussion
To the best of our knowledge, it is unclear regarding blood RIPK1 levels after aSAH. The main findings of this 
study are: (1) admission serum RIPK1 levels after aSAH were significantly increased; (2) serum RIPK1 levels were 
independently correlated with two conventional severity indicators, that is Hunt-Hess scores and mFisher scores; (3) 
serum RIPK1 had strong predictive ability for occurrence of DCI and poor prognosis following aSAH; (4) the 
combined models containing serum RIPK1 levels possessed satisfactory clinical effectiveness in predicting DCI and 
poor prognosis after aSAH. In summary, serum RIPK1 may be valuable in assessing disease severity and predicting 
clinical outcomes in the entity of aSAH.

Table 5 Factors Correlated with Modified Rankin Scale Scores Three 
Months After Aneurysmal Subarachnoid Hemorrhage by Adopting 
Multivariate Linear Regression Analysis

Variables β (95% CI) VIF P value

Hunt-Hess scores 0.413 (0.239–0.588) 2.350 <0.001

Modified Fisher scores 0.322 (0.098–0.545) 2.449 0.005
Intraventricular bleeding 0.460 (−0.047–0.967) 1.941 0.075

Acute hydrocephalus 0.485 (−0.032–1.002) 1.710 0.066

External ventricular drainage −0.161 (−0.763–0.441) 2.656 0.598
Blood leucocyte count (×109/L) 0.010 (−0.058–0.077) 1.186 0.776

Blood CRP levels (mg/L) 0.011 (−0.004–0.027) 1.086 0.138
Blood glucose levels (mmol/L) 0.035 (−0.012–0.082) 1.232 0.148

Serum RIPK1 levels (ng/mL) 0.056 (0.009–0.103) 1.324 0.020

Abbreviations: CRP, C-reactive protein; β, beta; VIF, variance inflation factor; 95% CI, 95% 
confidence interval; RIPK1, receptor-interacting protein kinase-1.

Figure 4 Serum receptor-interacting protein kinase-1 levels and delayed cerebral ischemia following aneurysmal subarachnoid hemorrhage. Serum receptor-interacting 
protein kinase-1 levels were markedly higher in patients with delayed cerebral ischemia than in those without in this cohort of patients diseased of aneurysmal subarachnoid 
hemorrhage (P<0.001). 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; DCI, delayed cerebral ischemia.
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aSAH, a severe neurosurgical urgency, is frequently complicated with DCI.25,26 Roughly 30% of patients with aSAH 
exhibit DCI, and similarly, 24.1% (54/224) among this cohort of patients were inflicted by DCI.27 In clinical practice, the 
Hunt-Hess and mFisher grading systems, the two conventional severity indicators, are preferred to predict DCI and 

Figure 5 Restricted cubic spline depicting linear correlation of serum receptor-interacting protein kinase-1 levels with likelihood of development of delayed cerebral 
ischemia after aneurysmal subarachnoid hemorrhage. There was a linear correlation between serum receptor-interacting protein kinase-1 levels and the probability of 
delayed cerebral ischemia following aneurysmal subarachnoid hemorrhage (P for nonlinear >0.05). 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; DCI, delayed cerebral ischemia.

Table 6 Factors Associated with Delayed Cerebral Ischemia Post- 
Aneurysmal Subarachnoid Hemorrhage

Variables Non-DCI DCI P value

Gander (male/female) 73/97 27/27 0.363

Age (years) 57 (49–64) 55 (46–65) 0.482

Cigarette smoking 45 (26.5%) 12 (22.2%) 0.532
Alcohol consumption 57 (33.5%) 16 (29.6%) 0.594

Hypertension 119 (70.0%) 36 (66.7%) 0.644

Diabetes mellitus 24 (14.1%) 12 (22.2%) 0.158
Hyperlipidemia 44 (25.9%) 15 (27.8%) 0.783

Admission time (h) 5.5 (4.0–10.3) 6.0 (4.8–10.0) 0.375

Blood-collection time (h) 6.7 (4.5–11.7) 6.9 (5.3–11.0) 0.452
Systolic arterial pressure (mmHg) 144 (130–157) 147 (128–157) 0.906

Diastolic arterial pressure (mmHg) 82 (72–91) 82 (77–88) 0.569

Hunt-Hess scores 2 (2–3) 4 (3–5) <0.001

(Continued)
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neurological outcomes in aSAH patients.9,10 In our study, the two indicators were demonstrated to be independently 
associated with DCI and poor prognosis as well, alluding to the notion that Hunt-Hess and mFisher should be worthy of 
clinical application in aSAH.

Apoptosis and programmed necrosis are the two forms of cellular death.28 RIPK1, a key regulator of cellular 
decisions between pro-survival necrosis factor-kappa B signaling and death in human diseases, is highly expressed by 
neurons and glial cells in response to a spectrum of inflammatory and pro-apoptotic stimuli.20,29 Under specific death 
signal induction, RIPK1 kinase activity is activated, and subsequently leads to programmed necrosis (necroptosis), which 
is marked by the cell membrane ruptures, resultant release of a large amount of cellular contents, activation of an 
explosive inflammatory response and further exacerbation of tissue damage.30,31 Accumulating experimental data of 
cerebral ischemia, traumatic brain injury and SAH showed that RIPK1 expression was significantly elevated in brain 
tissue surrounding the lesion, RIPK1 gene-deficiency or RIPK1-specific inhibitor resulted in reduced brain injury and 

Table 7 Factors Related to Delayed Cerebral Ischemia Post- 
Aneurysmal Subarachnoid Hemorrhage by Multivariate Binary 
Logistic Regression Analysis

OR (95% CI) P value

Hunt-Hess scores 2.410 (1.404–4.136) 0.001

Modified Fisher scores 1.831 (1.032–3.249) 0.039

Intraventricular bleeding 1.400 (0.423–4.633) 0.582
Acute hydrocephalus 2.637 (0.701–9.927) 0.152

External ventricular drainage 1.097 (0.255–4.720) 0.901

Blood leucocyte count (×109/L) 1.133 (0.943–1.362) 0.183
Blood CRP levels (mg/L) 1.025 (0.974–1.078) 0.346

Blood glucose levels (mmol/L) 1.002 (0.882–1.137) 0.981

Serum RIPK1 levels (ng/mL) 1.225 (1.067–1.407) 0.004

Abbreviations: CRP, C-reactive protein; OR, odds ratio; 95% CI, 95% 
confidence interval; RIPK1, receptor-interacting protein kinase-1.

Table 6 (Continued). 

Variables Non-DCI DCI P value

Modified Fisher scores 2 (1–3) 3 (3–4) <0.001

Aneurysmal position 
(posterior/anterior circulation)

128/42 38/16 0.472

Aneurysmal shape (cystic/others) 137/33 40/14 0.306

Aneurysmal diameter 
(<10 mm/≥10 mm)

144/26 49/5 0.263

Intraventricular bleeding 26 (15.3%) 24 (44.4%) <0.001

Acute hydrocephalus 22 (12.9%) 18 (33.3%) <0.001
External ventricular drainage 26 (15.3%) 22 (40.7%) <0.001

Blood leucocyte count (×109/L) 7.8 (6.1–9.6) 9.6 (7.9–11.1) <0.001

Blood CRP levels (mg/L) 5.0 (2.0–10.4) 10.2 (4.8–15.1) <0.001
Blood glucose levels (mmol/L) 7.3 (5.9–9.4) 8.9 (7.0–13.8) 0.001

Serum RIPK1 levels (ng/mL) 8.4 (6.4–9.9) 11.4 (9.0–13.4) <0.001

Notes: Counts (proportions) and medians (lower-upper quartiles) were displayed for reporting 
categorical and continuous variables respectively. Statistical methods encompassed chi-square test 
and Mann–Whitney U-test for two-group comparisons. 
Abbreviations: CRP, C-reactive protein; RIPK1, receptor-interacting protein kinase-1; DCI, 
delayed cerebral ischemia.
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Figure 6 Predictive ability of serum receptor-interacting protein kinase-1 levels for delayed cerebral ischemia in patients diagnosed of aneurysmal subarachnoid hemorrhage. In the 
paradigm of receiver operating characteristic curve, serum receptor-interacting protein kinase-1 levels were in possession of effective discrimination ability for risk of delayed 
cerebral ischemia following aneurysmal subarachnoid hemorrhage (A). The model was made up of the Hunt-Hess scores, mFisher scores and serum receptor-interacting protein 
kinase-1 levels. The preceding three metrics possessed similar predictive capability in the scenario of receiver operating characteristic curve (all P>0.05; (B) and combined model 
were in possession of significantly highest predictive effect for delayed cerebral ischemia (all *P<0.05; (B)). Arrow indicates cutoff value. 
Abbreviations: AUC, area under curve; 95% CI, 95% confidence interval; RIPK1, receptor-interacting protein kinase-1; mFisher, modified Fisher; ns, non-significant.

Figure 7 Nomogram outlining combination model of delayed cerebral ischemia following aneurysmal subarachnoid hemorrhage. The nomogram providing a visual 
description for predicting delayed cerebral ischemia using combined model. 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; DCI, delayed cerebral ischemia; mFisher, modified Fisher; HH, Hunt-Hess.
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improved neurological outcomes.24,32–34 Taken together, RIPK1 may be a detrimental factor and can be recognized as 
a therapeutic target for acute brain injury.

Serum RIPK1 levels were significantly higher in amyotrophic lateral sclerosis patients than in healthy controls 
and were positively correlated with the severity of bulbar symptoms.35 Additionally, among 159 patients with 
severe traumatic brain injury undergoing craniectomy for decompression due to brain herniation, elevated serum 
RIPK1 levels were closely associated with injury severity and poor prognosis, and demonstrated high discrimi
natory efficiency for 180-day mortality, overall survival, and poor prognosis.36 In our clinical study, serum RIPK1 
levels were elevated in the early stage of aSAH and showed a significantly positive correlation with Hunt-Hess 
scores and mFisher scores. In a multivariable logistic regression model, serum RIPK1 levels, Hunt-Hess scores, 
and mFisher scores were independently predictive factors of DCI and poor prognosis. Moreover, serum RIPK1 
levels effectively distinguished the risk of DCI and poor prognosis. Additionally, the predictive abilities of serum 
RIPK1 levels were comparable to those of Hunt-Hess scores and mFisher scores. Here, the combined model was 
configured by containing the three independent predictors of poor prognosis and DCI. The combined model 
yielded higher predictive capability than any one of the three independent predictors. In the current study, both 
severity correlation and outcome association were verified by applying multivariate analyses; and the nomogram, 
altogether with calibration curve, ROC curve and decision curve, were employed. All these statistical methods, in 
conjunction with multi-center analysis, have been strongly supportive of the notion that serum RIPK1 may be an 
appealing biomarker of severity appraisal and outcome anticipation in human aSAH.

Figure 8 Calibration curve assessing the dependability of the model for predicting delayed cerebral ischemia following aneurysmal subarachnoid hemorrhage. The model, in 
which Hunt-Hess scores, modified Fisher scores and serum receptor-interacting protein kinase-1 levels were integrated, was comparatively stable for prediction of delayed 
cerebral ischemia after aneurysmal subarachnoid hemorrhage. 
Abbreviation: DCI, delayed cerebral ischemia.
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Figure 10 Serum receptor-interacting protein kinase-1 levels and modified Rankin Scale scores at 3 months after aneurysmal subarachnoid hemorrhage. Serum receptor-interacting 
protein kinase-1 levels were substantially elevated in order of modified Rankin Scale scores from 0 to 6 at 3 months after aneurysmal subarachnoid hemorrhage (P<0.001). 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; mRS, modified Rankin Scale.

Figure 9 Decision curve displaying clinical fit of the model for predicting delayed cerebral ischemia following aneurysmal subarachnoid hemorrhage. The model was rather 
effective in predicting delayed cerebral ischemia post-aneurysmal subarachnoid hemorrhage. 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; mFisher, modified Fisher.
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Figure 11 Serum receptor-interacting protein kinase-1 levels and 3-month poor prognosis following aneurysmal subarachnoid hemorrhage. Serum receptor-interacting 
protein kinase-1 levels were markedly higher in patients with poor prognosis than in those without the event in this cohort of patients diseased of aneurysmal subarachnoid 
hemorrhage (P<0.001). 
Abbreviation: RIPK1, receptor-interacting protein kinase-1.

Figure 12 Restricted cubic spline depicting linear correlation of serum receptor-interacting protein kinase-1 levels with likelihood of 3-month poor prognosis after 
aneurysmal subarachnoid hemorrhage. There was a linear correlation between serum receptor-interacting protein kinase-1 levels and the probability of 3-month poor 
prognosis following aneurysmal subarachnoid hemorrhage (P for nonlinear >0.05). 
Abbreviation: RIPK1, receptor-interacting protein kinase-1.

International Journal of General Medicine 2025:18                                                                             https://doi.org/10.2147/IJGM.S556157                                                                                                                                                                                                                                                                                                                                                                                                   6293

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



This study has several limitations to be noted. (1) serum RIPK1 levels were measured only in the early stage 
of aSAH onset, and continuous measurements could better define the evolutional trajectory and clinical value of 
serum RIPK1. (2) considering that RIPK1 is one of the markers of inflammatory response, further investigating its 

Table 8 Factors in Association with 3-month Poor Prognosis Following 
Aneurysmal Subarachnoid Hemorrhage

Variables Good prognosis Poor prognosis P value

Gander (male/female) 70/91 30/33 0.575

Age (years) 56 (48–63) 58 (51–67) 0.055

Cigarette smoking 40 (24.8%) 17 (27.0%) 0.741
Alcohol consumption 51 (31.7%) 22 (34.9%) 0.651

Hypertension 110 (68.3%) 45 (71.4%) 0.651

Diabetes mellitus 22 (13.7%) 14 (22.2%) 0.117
Hyperlipidemia 42 (26.1%) 17 (27.0%) 0.891

Admission time (h) 6.0 (4.0–10.0) 5.0 (4.0–10.0) 0.959
Blood-collection time (h) 7.1 (4.8–11.6) 6.8 (4.9–10.8) 0.968

Systolic arterial pressure (mmHg) 144 (130–157) 146 (130–157) 0.927

Diastolic arterial pressure (mmHg) 81 (72–92) 83 (77–89) 0.559
Hunt-Hess scores 2 (2–3) 4 (3–5) <0.001

Modified Fisher scores 2 (1–2) 3 (3–4) <0.001

Aneurysmal position 
(posterior/anterior circulation)

121/40 45/18 0.567

Aneurysmal shape (cystic/others) 125/36 52/11 0.418

Aneurysmal diameter 
(<10 mm/≥10 mm)

139/22 54/9 0.904

Intraventricular bleeding 24 (14.9%) 26 (41.3%) <0.001

Acute hydrocephalus 21 (13.0%) 19 (30.2%) <0.001
External ventricular drainage 26 (16.1%) 22 (34.9%) <0.001

Blood leucocyte count (×109/L) 7.8 (6.1–9.6) 9.5 (7.4–10.7) <0.001

Blood CRP levels (mg/L) 5.0 (2.0–10.0) 9.2 (4.0–15.0) <0.001
Blood glucose levels (mmol/L) 7.0 (5.8–8.9) 9.6 (7.1–14.0) <0.001

Serum RIPK1 levels (ng/mL) 8.4 (6.4–9.7) 11.4 (8.7–13.3) <0.001

Notes: Counts (proportions) and medians (lower-upper quartiles) were displayed for reporting catego
rical and continuous variables respectively. Statistical methods encompassed chi-square test and Mann– 
Whitney U-test for two-group comparisons. 
Abbreviations: CRP, C-reactive protein; RIPK1, receptor-interacting protein kinase-1.

Table 9 Factors in Connection with Three-month Poor 
Prognosis Following Aneurysmal Subarachnoid Hemorrhage 
via Multivariate Binary Logistic Regression Analysis

OR (95% CI) P value

Hunt-Hess scores 1.821 (1.164–2.847) 0.009

Modified Fisher scores 1.876 (1.108–3.175) 0.019
Intraventricular bleeding 3.168 (0.963–10.420) 0.058

Acute hydrocephalus 1.874 (0.569–6.172) 0.302

External ventricular drainage 0.291 (0.069–1.221) 0.092
Blood leucocyte count (×109/L) 1.160 (0.983–1.370) 0.079

Blood CRP levels (mg/L) 1.023 (0.978–1.070) 0.326

Blood glucose levels (mmol/L) 1.019 (0.907–1.146) 0.746
Serum RIPK1 levels (ng/mL) 1.162 (1.029–1.312) 0.015

Abbreviations: CRP, C-reactive protein; OR, odds ratio; 95% CI, 95% confi
dence interval; RIPK1, receptor-interacting protein kinase-1.
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Figure 13 Predictive ability of serum receptor-interacting protein kinase-1 levels for 3-month poor prognosis in patients diagnosed of aneurysmal subarachnoid 
hemorrhage. In the paradigm of receiver operating characteristic curve, serum receptor-interacting protein kinase-1 levels were in possession of effective discrimination 
ability for risk of 3-month poor prognosis following aneurysmal subarachnoid hemorrhage (A). The model was made up of the Hunt-Hess scores, mFisher scores and serum 
receptor-interacting protein kinase-1 levels. The preceding three metrics possessed similar predictive capability in the scenario of receiver operating characteristic curve (all 
P>0.05; (B)) and combined model were in possession of significantly highest predictive effect for 3-month poor prognosis (all *P<0.05; (B)). Arrow indicates cutoff value. 
Abbreviations: AUC, area under curve; 95% CI, 95% confidence interval; RIPK1, receptor-interacting protein kinase-1; mFisher, modified Fisher; ns, non-significant.

Figure 14 Nomogram outlining combination model of 3-month poor prognosis following aneurysmal subarachnoid hemorrhage. The nomogram providing a visual 
description for predicting 3-month poor prognosis using combined model. 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; mFisher, modified Fisher; HH, Hunt-Hess.
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specific mechanisms in secondary brain injury following aSAH could help to identify new therapeutic avenues. (3) 
as for how to handle missing data, it should be comprehensively considered. The prospective cohort study 
basically features fewer missing data. Currently, five patients were removed from this study, because they had 
incomplete clinical data. Altogether, patients with missing data only accounted for 2.23% (5/224), subsequently 
causing a small impact on entire data. However, to keep integrity of the whole data is an effortfully-pursued goal 
in order to make study conclusions more scientific and reliable. (4) According to the exclusion criteria, severe 
infection within past a month had been excluded from this group of patients. Nevertheless, mild-moderate 
infections may be existent in this cohort, possibly to some extent affecting study results. So, comorbid inflamma
tion as a potential confounder should be taken into consideration in future study. (5) DCI is different from 
cerebral vasospasm, because cerebral vasospasm is only a cause of DCI, and other causes include microthrom
bosis, endothelial injury, inflammatory activation and so forth.37,38 Moreover, mFisher is the most related to DCI, 
as compared to World Federation of Neurological Societies Scale, Glasgow coma scale and Hunt-Hess scoring 
systems; because mFisher is a radiological scoring system for reflecting hemorrhagic severity.37,38 Naturally, 
mFisher has been used in this study. Hopefully, both WFNS and GCS are proposed to be added as the comparative 
metrics in future. (6) although our multicenter study included an adequate sample size based on statistical 
principle, conducting large-scale cohort studies in the future to validate the conclusions and enhance the general
izability of our results holds significant importance.

Figure 15 Calibration curve assessing the dependability of the model for predicting 3-month poor prognosis following aneurysmal subarachnoid hemorrhage. The model, in 
which Hunt-Hess scores, modified Fisher scores and serum receptor-interacting protein kinase-1 levels were integrated, was comparatively stable for prediction of 3-month 
poor prognosis after aneurysmal subarachnoid hemorrhage.
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Conclusion
Elevated serum RIPK1 levels after aSAH, in tight correlation with Hunt-Hess scores and modified Fisher scores, can 
independently predict DCI and 3-month poor prognosis. The combined models incorporating serum RIPK1 perform well. 
Therefore, serum RIPK1 may be a potential prognostic predictor of aSAH.
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Figure 16 Decision curve displaying clinical fit of the model for predicting 3-month poor prognosis following aneurysmal subarachnoid hemorrhage. The model was rather 
effective in predicting 3-month poor prognosis post-aneurysmal subarachnoid hemorrhage. 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; mFisher, modified Fisher.
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