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Background: Receptor-interacting protein kinase-1 (RIPK1), a regulator of necroptosis, is involved in acute brain injury and acute 
lung injury (ALI). Here, serum RIPK1 levels were measured after severe traumatic brain injury (sTBI), with an endeavor to unveil its 
prognostic implications and mediation effects of ALI.
Methods: In this multicenter prospective study, serum RIPK1 levels were gauged in 100 healthy individuals and 158 sTBI patients in 
need of decompressive craniectomy for brain herniation. The collected materials encompassed the Glasgow Coma Scale (GCS), pupil 
enlargement status, basal cisternal shapes, ALI, etc. The extended Glasgow outcome scale (GOSE) was employed for estimating 
neurological impairments at posttraumatic 180-day mark. Multifactorial analytical methods were applied to assess relevancies.
Results: Patients, as opposed to controls, had markedly raised serum RIPK1 levels, with the even substantially higher levels in those 
with lower GCS scores, bilateral pupil enlargement or obliterated basal cisterns. Using restricted cubic spline, RIPK1 levels were 
linearly related to occurrent risks of the four outcome variables of interest, that is 180-day death, overall survival, poor prognosis 
(GOSE scores 1–4) and ALI. RIPK1 levels independently predicted these outcome variables. RIPK1 levels had noninteractional 
effects with age, sex, hypertension, diabetes, smoking and alcohol habits in terms of its association with these outcome variables. 
RIPK1 levels exhibited high discriminatory efficiency for these outcome variables under the receiver operating characteristic curve. 
RIPK1 levels, via partial mediation by ALI, were associated with death and poor prognosis of patients.
Conclusion: Elevated serum RIPK1 levels of patients with sTBI may be highly related to trauma severity, and risks of poor outcomes 
and ALI; and ALI partially explains the links between serum RIPK1 levels, death and poor prognosis, substantializing serum RIPK1 as 
a serological prognostic predictor of good prospect in sTBI.
Keywords: traumatic brain injury, RIPK1, outcomes, biomarkers, mediations

Introduction
Severe traumatic brain injury (sTBI) is undisputedly acknowledged as one of the most fatal traumatic forms.1 Trauma 
severity is conventionally assessed via Glasgow coma scale (GCS) in clinical application.2 Pupil enlargements or 
abnormal cisterns are indicative of possibility of brain hernia, and in this setting, patients may be at risk of high 
mortality and disability rate.3 Brain trauma is capable of provoking an array of cascading molecular events, including 
inflammatory disequilibrium, mitochondrial functional disbalances, oxidative disorders, neuronal demise, brain edema 
formation and blood–brain barrier damage.4 In addition to local brain injuries, remote damages and even systemic 
injuries, such as systemic inflammatory response syndrome, acute cardiac injury and acute lung injury (ALI), are the 
common adverse affairs following sTBI, which are powerfully pertinent to adverse outcomes of patients.5–9 Because 
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blood samples are characterized by the easy obtainability and high clinical applicability, blood markers have been 
preferable for recent clinical exploratory researches with respect to their prognostic significances in sTBI.10–12

Receptor-interacting protein kinase-1 (RIPK1), a sort of Ser/Thr kinase, is affirmably implicated in numerous 
pathophysiological processes, including inflammation, apoptosis, necrosis and necroptosis.13–15 RIPK1 can be localized 
in almost all main cell types in the central nervous system, including glial cells and neurons.16 The noteworthy fact is that 
RIPK1, which was promptly elevated after acute brain injury, may pose a major threat to neurological function via 
increasing neuroinflammation and damaging neurons in experimental traumatic, ischemic and hemorrhagic brain 
diseases.17–23 Also, RIPK1 can be prominently observable in alveolar cells.24 At state of ALI, its expressions by lung 
cells were pronouncedly promoted, and its inhibition could dramatically attenuate pulmonary injury through repressing 
inflammatory response and lessening cell demise.25 Thus, it is inferred that blood RIPK1 may be linked to acute brain 
injury and ALI. The current study is deployed to unravel serum RIPK1 as a predictor of death, neurological outcome and 
ALI in a cohort of patients with sTBI, as well as to further unveil mediation function of ALI on association of serum 
RIPK1 with poor prognosis.

Materials and Methods
Study Design, Settings, Participant Enlistments and Ethical Consents
During the period of between March 2020 and April 2023, a multicenter, observational, analytic study was implemented 
in the following three comprehensive hospitals, ie, (1) the Second People’s Hospital of Lianyungang, (2) the Hangzhou 
Ninth People’s Hospital and (3) the Lishui People’s Hospital. In essence, this study consisted of two sub-studies. One was 
a cross-sectional study, in which enrollments of sTBI patients, along with controls, were achieved and post-sTBI 
alteration of serum RIPK1 levels was disclosed; and the other was a prospective cohort study, in which we completed 
an assessment of serum RIPK1 as a potential predictor of death, poor neurological functional outcome and ALI in sTBI. 
The details regarding subject recruitments and study processes were delineated in Figure 1. This study was fulfilled in 
compliance with the ethical tenets set forth in the Declaration of Helsinki and the institutional ethical terms. The approval 
to current study protocol was granted by the Institutional Review Committees of the aforementioned three hospitals 
(No. 2022k045, 2021–163, 2020–001). Controls and patients’ lawful representatives were notified of study contents and 
then signed their respective informed consent forms.

Data Gathering, Clinical Evaluation and Outcome Metrics
Once patients were transferred to emergency center, some basic information, including age, gender, tobacco-smoking 
habit, hobby of alcohol-drinking, hypertension, diabetes, time to hospital admission since trauma and traumatic causes, 
was asked. Traumatic causes were of two types: traffic accidents and others. Pupils were observed for judging pupillary 
status as bilateral or unilateral enlargement. Non-invasive blood pressure measurements were done and the readings were 
subsequently registered. All head computed tomography scans were promptly completed, and the radiologically positive 
appearances were categorized into two classifications, namely, mass lesions and non-mass lesion bleedings. The former 
included intracerebral, epidural and subdural hematomas, and the latter contained intraventricular hemorrhage and 
subarachnoid hemorrhage. Under presence of multiple intracranial hematomas, they were classified in accordance with 
the predominant hematoma.26 According to the previous criteria, basal cistern statuses were divided into obliterated and 
compressed, and midline shift extents were categorized into <5 mm, 5–10 mm and >10 mm.27 Post-resuscitation GCS 
was applied to assess consciousness situations. Careful observation for in-hospital seizure ictus and ALI were imple-
mented. In accordance with the international consensus criteria, patients were considered as having ALI, when they 
presented with acute emergences of the phenomena as the ratio of partial pressure of arterial oxygen to fractional inspired 
oxygen equal to or below 300 with demonstration of bilateral infiltrates via chest radiograph and exclusion of left arterial 
hypertension.28 Brain herniation in the current study specifically refers to uncal herniation, which was manifested as 
coma, pupillary enlargement, and signs of brain stem compression on computerized tomography scans.29 As neurosur-
geons preferred, decompressive craniectomy was performed using the conventional standardized procedures30 or the 
modified methods31 after evacuating possible hematoma. In application of structured interviews at a base of Extended 
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Glasgow outcome scale (GOSE), neurological function of patients was assessed at 180-day mark following trauma via 
telephone visits, and patients with the scores of 1–4 were recognized as displaying a poor prognosis.32

Blood Obtainments, Sample Processing and Immune Analysis
Peripheral venous blood of patients was drawn via their respective median cubital vein within fifteen minutes after their 
arrivals at emergency center, while those of controls were garnered using the same methods as patients once their 
recruitments into this study. All blood specimens were promptly placed in 5 mL gel-containing biochemistry tubes. Once 
blood clot was observable, centrifugation was commenced. A portion of supernatant was extracted and afterwards put 
into Eppendorf tubes for preservation at – 80°C condition until subsequent detection of serum RIPK1 levels. For the sake 
of avoidance of RIPK1 protein from decomposing, a batch of blood samples, which were gained within recent three 
months, were taken out from freezer and, after melting, every sample was twice detected for quantifying serum RIPK1 
levels by employing the sandwich enzyme-linked immunosorbent assay kit (Item number, YB73405Hu; Shanghai Yubo 
Biotechnology Co. Ltd, China). As for this kit, its lowest detection concentration was 0.094 ng/mL, detection range 
varied from 0.156 to 10 ng/mL, and both its inter-assay and intra-assay precision coefficients of variation were below 
10%. All measurements were done of serum RIPK1 levels by the professional technician, who was not permitted to touch 
clinical information. Statistical assessments were ultimately conducted by using mean values of the dual measurements.

Figure 1 Diagram delineating study design, settings and enrollment criteria for clinical analysis of severe traumatic brain injury. This was a multiple-center clinical analytic 
study, in which patients and controls of meeting eligibility requirements were enrolled and the prognostic implications of serum receptor-interacting protein kinase-1 were 
unlocked in the context of severe traumatic brain injury. 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; sTBI, severe traumatic brain injury; GCS, Glasgow coma scale.
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Statistical Analysis
The SPSS statistical package version 20.0 (SPSS Inc., Chicago, Illinois, USA) was run for routinely handling data. Data 
are presented as two types, respectively, as qualitative and quantitative variables. The formers in form of frequencies 
(proportions) were compared for intergroup distinctions by applying the Pearson’s Chi-square test or Fisher’s exact test 
as deemed applicable. The latters, which were displayed as means (standard deviations, SDs) if normally distributed by 
the Kolmogorov–Smirnov test or Shapiro–Wilk test as appropriate and as medians (percentiles 25th-75th) if non- 
normally distributed, were in comparison for their disparities between two groups or among several groups by employing 
the independent t-test, Mann–Whitney U-test or Kruskal–Wallis H-test as considered appropriate. The selected outcome 
variables of interest were 180-day death, overall survival and poor prognosis (GOSE scores of 1–4), alongside with ALI. 
The statistical processes were that univariate analysis was scheduled to figure out significantly different variables, these 
significantly distinct variables were next consolidated into multivariable models, including binary logistic regression 
model and multivariable Cox proportional hazard model, and then multivariable assessments were finalized for yielding 
independent predictors. By applying the Log rank test, differences in terms of 180-day survival time were investigated 
among the four subgroups divided according to lower and upper quartiles and median value of serum RIPK1 levels. By 
aidance of the R software (version 3.5.1; https://www.r-project.org), the two auxiliary statistical analyses, ie, the 
restricted cubic spline (RCS) assessment and subgroup analysis, were achieved for discerning linearities and interactivity, 
as well as the results were represented by plotting relevant figures. Receiver operating characteristic (ROC) curve 
analysis was operated, and sample size estimation was done in the context of the MedCalc statistical software version 
17.4 (MedCalc Software, Mariakerke, Belgium). The discriminatory efficiencies were shown as area under curve (AUC) 
with 95% confidence interval (CI). Considering various statistical methods, such as ROC curve analysis, multivariate 
analysis, two-group comparison, bivariate correlation analysis and more, were applied here, 100 healthy individuals and 
158 sTBI patients were sufficient for statistical analysis because the calculated minimum sample size was 89. The 
GraphPad Prism 9.0 (GraphPad Software, Inc., Boston, MA, USA) was used to paint several common graphs, such as 
ROC curves, violin plots, bar charts and correlograms. In order to ascertain whether ALI in part may mediate 
associations of serum RIPK1 level with death and poor prognosis, mediation analysis was performed with result 
exhibition in form of drawing. The two-sided P < 0.05 was recognized as having statistical disparity.

Results
Participant Selections and Individual Characteristics
In this observational analytic epidemiological survey, there was a final enrollment of an accumulative of 100 healthy 
controls and 158 sTBI patients who underwent decompressive craniectomy owing to brain herniation. By statistical 
assessment, a revelation of negligible distinctions was discovered in terms of age, ratio of male to female, and tobacco 
smoking and alcohol drinking habits between controls and patients (all P>0.05). In terms of demographics of patients, 
age spanned from 19 to 78 years (lower-upper quartiles, 38–54 years; median, 43 years) and there were ninety-two males 
and sixty-six females, therefore the ratio of male to female being 1.39. Adverse life habits included cigarette smoking (52 
cases, 32.9%) and alcohol consumption (44 cases, 27.9%). An aggregate of 34 patients (21.5%) and 21 patients (13.3%) 
were hypertensive and diabetic separately. Patients arrived at emergency center from 0.5 to 24 hours, with a median value 
of 5.9 hours (lower-upper quartiles, 4.8–8.1 hours). Trauma was chiefly induced by traffic accidents (88 cases, 55.7%). 
GCS score varied from 3 to 8 points, with a median value of 6 points (lower-upper quartiles, 4–7 points). Forty-three 
patients (27.2%) were of bilateral pupillary enlargement, and the remaining 115 subjects (72.8%) had unilateral pupillary 
enlargement. Fluctuations of systolic and diastolic artery blood pressures were from 87 to 179 mmHg (median, 
133 mmHg; lower-upper quartiles, 114–144 mmHg) and from 48 to 112 mmHg (median, 77 mmHg; lower-upper 
quartiles, 69–86 mmHg) separately. Abnormal basal cisterns were of two types (obliterated, 32 cases; compressed, 126 
cases). Midline shift statuses were divided into three sections, ie, <5 mm, 5–10 mm and >10 mm, which, respectively, 
comprised 42, 70 and 46 patients. Mass hemorrhagic lesions were composed of epidural hematoma (53 cases, 33.5%), 
subdural hematoma (108 subjects, 68.5%) and intracerebral hematoma (64 patients, 40.5%). Non-mass bleeding foci 
were subarachnoid hemorrhage (104 individuals, 65.8%) and intraventricular hemorrhage (17 persons, 10.8%). All 
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patients got therapy of decompressive craniectomy, with two modes as conventional (130 cases, 82.3%) and modified (28 
patients, 17.7%). A collective of 30 patients (19.0%) were diseased of seizure.

Alteration of Serum RIPK1 Levels Post-sTBI and Its Relevance to Injury Extent
These patients in our study, in contrast to our designated controls, had an obvious exhibition of markedly raised serum 
RIPK1 levels (P<0.001; Figure 2A). In order to accurately unveil metrics in close relation to traumatic severity, GCS, 
pupillary statuses and abnormal basal cisterns were chosen as the three approaches. In Figure 2B, patients presenting with 
bilateral pupillary enlargement exhibited extremely elevated serum RIPK1 levels, as compared to those with sufferings 
from unilateral pupillary enlargement (P<0.001). As plotted in Figure 2C, patients with obliterated basal cisterns, in 
comparison to those with compressed basal cisterns, had substantially higher serum RIPK1 levels (P<0.001). Also, serum 
RIPK1 levels were dramatically highest in patients with GCS score 3, were gradually decreased in those with GCS scores 
from 4 to 7, and displayed substantially lowest serum RIPK1 levels in those with the development of GCS 8 (P<0.001; 
Figure 2D).

Serum RIPK1 Levels and Post-Traumatic 180-Day Death
As outlined in Figure 3, there was an existence of linearity relationship between serum RIPK1 levels and likelihood of 
180-day death post-sTBI (P for nonlinear > 0.05) in the context of RCS. In addition, serum RIPK1 levels, under ROC 
curve, took occupation of forceful discrimination efficiency for death at 180-day mark following sTBI, with AUC above 

Figure 2 Serum receptor-interacting protein kinase-1 levels after severe traumatic brain injury. Serum receptor-interacting protein kinase-1 levels were markedly higher in 
patients with severe traumatic brain injury than in controls (***P<0.001; (A), in patients complicated with bilateral pupillary enlargement than in those with sufferings from 
unilateral pupillary enlargement (***P<0.001; (B) and in patients presenting with obliterated basal cisterns than in those with the development of compressed basal cisterns 
(***P<0.001; (C). And serum receptor-interacting protein kinase-1 levels were obviously declined in order of Glasgow coma scale scores from 3 to 8 in patients (P<0.001; (D). 
Abbreviations: GCS, Glasgow coma scale; RIPK1, receptor-interacting protein kinase-1.
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0.75 and with use of the Youden method, an optimal threshold value of serum RIPK1 levels was successfully identifiable, 
thereby generating the medium-high sensitivity and specificity values (Figure 4). Apart from serum RIPK1 levels, other 
variables in Table 1 were powerfully distinct between non-survivor and survivors in these patients diseased of sTBI (all 
P<0.05). In particular, the deceased, as opposed to the living, tended to process significantly decreased GCS scores, were 
likely to occupy substantially increased percentages of bilateral pupillary enlargement, obliterated basal cisterns, 
excessive midline shift, subarachnoid hemorrhage, intracerebral hematoma and ALI, as well as were prone to hold 
markedly elevated blood glucose levels and serum RIPK1 levels (all P<0.05; Table 1). With incorporation of the 
foregoing nine variables of obvious disparity into the multiple factorial model, the variables of independent association 
with 180-day death following sTBI were GCS score [odds ratio (OR), 0.721; 95% CI, 0.533–0.976; P=0.034], bilateral 

Figure 3 Restricted cubic spline in assessment of relationship between serum receptor-interacting protein kinase-1 levels and risk of 180-day death following severe 
traumatic brain injury. Linearity relationship was existent between serum receptor-interacting protein kinase-1 levels and risk of 180-day death following severe traumatic 
brain injury (P for nonlinear > 0.05). 
Abbreviations: sTBI, severe traumatic brain injury; RIPK1, receptor-interacting protein kinase-1.

Figure 4 Receiver operating characteristic curve analysis of serum receptor-interacting protein kinase-1 levels with respect to prognostic value for 180-day death after 
severe traumatic brain injury. Serum receptor-interacting protein kinase-1 levels had high discrimination efficiency for risk of 180-day death following severe traumatic brain 
injury. The Youden method was in utilization to choose an optimal value for death prediction. 95% CI means 95% confidence interval.
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pupillary enlargement (OR, 4.524; 95% CI, 1.173–17.446; P=0.028), obliterated basal cisterns (OR, 5.968; 95% CI, 
1.122–31.751; P=0.036), ALI (OR, 3.638; 95% CI, 1.272–10.406; P=0.016) and serum RIPK1 levels (OR, 1.090; 95% 
CI, 1.007–1.181; P=0.033). In application of subgroup analysis, associations of serum RIPK1 levels with death were non- 
interactionally affected by other traditional parameters, such as age, gender, hypertension, diabetes, tobacco smoking and 
alcohol consumption (all P interaction > 0.05; Figure 5).

By aidance of RCS, serum RIPK1 levels were linearly related to probability of 180-day overall survival after sTBI (P 
for nonlinear above 0.05; Figure 6). Serum RIPK1 levels were divided into four segmentations based on their lower- 
upper quartiles and median value. As a subsequence, overall survival proportion was dramatically reduced over raised 
serum RIPK1 levels (P less than 0.001; Figure 7). Statistically, serum RIPK1 levels, coupled with GCS scores, bilateral 
pupillary enlargement, obliterated basal cisterns, midline shift, subarachnoid hemorrhage, intracerebral hematoma, ALI 
and blood glucose levels, were firmly linked to 180-day overall survival (all P values were less than 0.05; Table 2). When 
the former nine significantly distinct factors on univariate analyses were given entry into the multivariable model, there 
was a statistical demonstration that GCS score [hazard ratio (HR), 0.750; 95% CI, 0.595–0.946; P=0.015], bilateral 
pupillary enlargement (HR, 3.101; 95% CI, 1.320–7.287; P=0.009), obliterated basal cisterns (HR, 2.468; 95% CI, 
1.098–5.548; P=0.029), ALI (HR, 3.204; 95% CI, 1.433–6.384; P=0.004) and serum RIPK1 levels (HR, 1.048; 95% CI, 
1.004–1.093; P=0.031) appeared as the variables of independent association with 180-day overall survival post-sTBI. By 
means of subgroup analysis, there were not substantial interactivities between serum RIPK1 levels and other selected 
parameters, such as age, gender, hypertension, diabetes, tobacco smoking and alcohol consumption, in terms of overall 
survival association (all P interaction > 0.05; Figure 8).

Table 1 Baseline Features in Association with 180-Day Mortality Following Severe Traumatic Brain 
Injury

The Dead The Alive P value

Gender (male/female) 36/21 56/45 0.345

Age (years) 49 (39–56) 42 (38–48) 0.059

Cigarette smoking 20 (35.1%) 32 (31.7%) 0.662
Alcohol consumption 16 (28.1%) 28 (27.7%) 0.963

Hypertension 10 (17.5%) 24 (23.8%) 0.361

Diabetes mellitus 9 (15.8%) 12 (11.9%) 0.487
Time to admission (h) 5.9 (5.0–6.8) 6.0 (4.4–8.4) 0.634

Traffic accidents 34 (59.6%) 54 (53.3%) 0.452
Glasgow coma scale scores 5 (3–6) 6 (5–7) <0.001

Pupil enlargement (bilateral/unilateral) 35/22 8/93 <0.001

Systolic arterial pressure (mmHg) 130 (109–137) 134 (120–144) 0.266
Diastolic arterial pressure (mmHg) 77 (69–85) 77 (69–87) 0.827

Abnormal cistern (obliterated/compressed) 28/29 4/97 <0.001

Midline shift (<5 mm/5-10 mm/>10 mm) 9/25/23 33/45/23 0.020
Epidural hematoma 14 (24.6%) 39 (38.6%) 0.072

Subdural hematoma 43 (75.4%) 65 (64.5%) 0.150

Subarachnoid hemorrhage 47 (82.5%) 57 (56.4%) 0.001
Intraventricular hemorrhage 7 (12.3%) 10 (9.9%) 0.643

Intracerebral hematoma 32 (56.1%) 32 (31.7%) 0.003

Decompressive craniectomy (conventional/modified) 46/11 84/17 0.697
Seizure 14 (24.6%) 16 (15.8%) 0.180

Acute lung injury 47 (82.5%) 35 (34.7%) <0.001

Blood glucose levels (mmol/l) 10.4 (8.8–16.7) 9.6 (7.1–12.5) 0.017
Blood leucocyte count (×109/l) 7.7 (5.6–10.1) 8.3 (6.7–9.9) 0.238

Serum receptor-interacting protein kinase-1 levels (ng/mL) 9.6 (7.2–15.0) 5.6 (3.7–9.0) <0.001

Notes: Counts (proportions) and medians (lower-upper quartiles) were displayed for showing categorical and continuous 
variables respectively. The Chi-square test, Fisher’s exact test or Mann–Whitney U-test was applied as deemed appropriate.
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Figure 5 Diagrammatic description of subgroup analysis assessing possible effects of other conventional variables on relationship between serum receptor-interacting 
protein kinase-1 levels and 180-day death of individuals presenting with severe traumatic brain injury. There was the inclusion of age, gender, smoking, drinking, hypertension 
and diabetes as the adjusting factors. No interactional impacts were found between serum receptor-interacting protein kinase-1 levels and these adjusting factors (all 
P interaction >0.05). 
Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval.

Figure 6 Evaluation of relationship between serum receptor-interacting protein kinase-1 levels and possibility of 180-day overall survival following severe traumatic brain 
injury under the background of restricted cubic spline. Relationship was linear between serum receptor-interacting protein kinase-1 levels and likelihood of 180-day overall 
survival post-severe traumatic brain injury (P for nonlinear > 0.05). 
Abbreviations: sTBI, severe traumatic brain injury; RIPK1, receptor-interacting protein kinase-1.
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Serum RIPK1 Levels and Post-Traumatic 180-Day Poor Prognosis
In the whole group of patients diagnosed with sTBI, GOSE scores at 180 days spanned from 1 to 8 (median, 3; lower- 
upper quartiles, 1–5); and GOSE scores from 1 to 8 were owned by 57, 16, 20, 12, 18, 17, 13 and 5 ill individuals 
independently. As outlined in Figure 9, there was a significant reduction in serum RIPK1 levels with promoted GOSE 
scores (P<0.001). In addition, the all patients were dichotomized in accordance with GOSE scores, a cumulative of 105 
cases had the development of a poor prognosis (GOSE scores of 1–4) at 180-day duration following sTBI. A statistical 

Figure 7 Survival curve for assessment of 180-day overall survival proportion after severe traumatic brain injury. Patients were sequentially grouped into four subgroups 
based on minimum, lower quartile, median, upper quartile, maximum of serum receptor-interacting protein kinase-1 levels, marked as Q1, Q2, Q3 and Q4 successively. The 
overall survival time was gradually shortened in the order of Q1, Q2, Q3 and Q4 (P<0.001). 
Abbreviation: RIPK1, receptor-interacting protein kinase-1.

Table 2 Baseline Features in Association with 180-Day Overall Survival Post-Severe Traumatic Brain Injury

Hazard Ratio 95% Confidence Interval P value

Gender (male/female) 1.289 0.753–2.208 0.355

Age (years) 1.014 0.994–1.034 0.174

Cigarette smoking 1.068 0.620–1.840 0.813
Alcohol consumption 0.960 0.539–1.711 0.890

Hypertension 0.727 0.367–1.438 0.359

Diabetes mellitus 1.215 0.596–2.476 0.592
Time to admission (h) 0.968 0.910–1.030 0.303

Traffic accidents 1.166 0.687–1.979 0.570

Glasgow coma scale scores 0.611 0.507–0.737 <0.001
Pupil enlargement (bilateral/unilateral) 6.791 3.947–11.684 <0.001

Systolic arterial pressure (mmHg) 0.997 0.986–1.009 0.666

Diastolic arterial pressure (mmHg) 1.000 0.983–1.018 0.974
Abnormal cistern (obliterated/compressed) 6.369 3.736–10.859 <0.001

Midline shift (<5 mm/5-10 mm/>10 mm) 1.631 1.139–2.337 0.008

Epidural hematoma 0.579 0.317–1.059 0.076
Subdural hematoma 1.549 0.847–2.831 0.155

Subarachnoid hemorrhage 2.929 1.479–5.799 0.002

Intraventricular hemorrhage 1.332 0.604–2.938 0.478
Intracerebral hematoma 2.144 1.269–3.621 0.004

Decompressive craniectomy (conventional/modified) 1.120 0.580–2.162 0.736

Seizure 1.480 0.810–2.706 0.203
Acute lung injury 6.131 3.091–12.159 <0.001

Blood glucose levels (mmol/l) 1.079 1.024–1.137 0.004

Blood leucocyte count (×109/l) 0.941 0.838–1.056 0.302
Serum receptor-interacting protein kinase-1 levels (ng/mL) 1.102 1.069–1.136 <0.001

Notes: Univariate Cox’s proportional hazard analysis was employed for yielding hazard ratio values.
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Figure 8 Assessment of probable influence of other common parameters on relation of serum receptor-interacting protein kinase-1 levels to 180-day overall survival in 
subjects diseased of severe traumatic brain injury. Age, gender, smoking, drinking, hypertension and diabetes were selected as the adjusting factors. These adjusting factors 
had no interactional effects on relationship between serum receptor-interacting protein kinase-1 levels and overall survival rate (all P interaction >0.05). 
Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval.

Figure 9 Serum receptor-interacting protein kinase-1 levels with relevance to extended Glasgow outcome scale scores at 180-day interval following severe traumatic brain 
injury. The whole cohort of patients were assigned to eight subgroups at a base of extended Glasgow outcome scale scores. Serum receptor-interacting protein kinase-1 
levels displayed a significantly decremental status on the scale of the scores from 1 to 8 (P<0.001). 
Abbreviations: RIPK1, receptor-interacting protein kinase-1; GOSE, extended Glasgow outcome scale.
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revelation by running RCS was that serum RIPK1 levels held linear correlation with risk of posttraumatic 180-day poor 
prognosis (P for nonlinear > 0.05; Figure 10). A poor prognosis was efficaciously anticipated by serum RIPK1 levels 
based on the background of the ROC curve module, and the certain cutoff of serum levels forecasted poor prognosis with 
the maximum Youden index (Figure 11). As listed in Table 3, as compared to patients who presented with good 
prognosis, those with the development of poor prognosis held significantly declined GCS scores, occupied substantially 
elevated percentages of bilateral pupillary enlargement, obliterated basal cisterns, excessive midline shift, subarachnoid 
bleedings, intraventricular accumulation of hemorrhage and ALI, as well as possessed markedly raised serum RIPK1 

Figure 10 Restricted cubic spline for assessment of linearity relationship between serum receptor-interacting protein kinase-1 levels and probability of 180-day poor 
prognosis following severe traumatic brain injury. There was a revelation of linearity relation of serum receptor-interacting protein kinase-1 levels to likelihood of 180-day 
poor prognosis following severe traumatic brain injury (P for nonlinear > 0.05). 
Abbreviations: sTBI, severe traumatic brain injury; RIPK1, receptor-interacting protein kinase-1.

Figure 11 Receiver operating characteristic curve analysis for assessing predictive ability of serum receptor-interacting protein kinase-1 levels for 180-day poor prognosis 
after severe traumatic brain injury. Serum receptor-interacting protein kinase-1 levels displayed excellent discrimination capability for risk of 180-day poor prognosis post- 
severe traumatic brain injury. By employing the Youden method, an optimal value of serum levels was selected for poor prognosis prediction. 
Abbreviation: 95% CI, 95% confidence interval.
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levels, blood glucose levels and blood leucocyte counts (all P values below 0.05). By application of multivariable model, 
which contained the aforementioned statistically significantly disparate variables on univariate analyses, an affirmable 
finding was discovered that GCS score (OR, 0.465; 95% CI, 0.322–0.671; P=0.004), bilateral pupillary enlargement (OR, 
4.597; 95% CI, 1.462–14.454; P=0.009), obliterated basal cisterns (OR, 5.353; 95% CI, 1.160–24.704; P=0.032), ALI 
(OR, 2.803; 95% CI, 1.326–15.926; P=0.017) and serum RIPK1 levels (OR, 1.141; 95% CI, 1.020–1.275; P=0.021) 
emerged as the independent predictors for prognosticating an adverse outcome in this host of patients with sufferings of 
sTBI. Moreover, no statistical interactional effects were revealed between serum RIPK1 levels and several conventional 
parameters, namely, age, gender, hypertensive statues, diabetic state, cigarette smoking condition and alcohol drinking 
habit (all P interaction >0.05; Figure 12).

Interconnection Between Serum RIPK1 Levels and ALI, as Well as Mediation Impacts 
of ALI on Association of Serum RIPK1 Levels with Death and Poor Prognosis
RCS was operated to assess linearity connection between serum RIPK1 levels and risk of ALI in this cohort of patients with 
sufferings from sTBI and the statistical results showed that the statistically explainable linear relation was existent (P for 
nonlinear > 0.05; Figure 13). As delineated in Figure 14, serum RIPK1 levels were of obvious significance in being predictive 
of ALI following sTBI by employment of ROC curve analysis and meanwhile, serum RIPK1 levels were screened in the help 
of the Youden method and revealed was an optimal cutoff value, which distinguished possibility of ALI with satisfactory 
accuracy. Alternatively, in contrast to patients without ALI, those with ALI were possessive of profoundly diminished GCS 
scores, possessed pronouncedly enhanced chances of diabetic condition, bilateral pupillary enlargement, obliterated basal 

Table 3 Baseline Factors in Relation to 180-Day Poor Prognosis Following Severe Traumatic Brain 
Injury

Poor Prognosis Good Prognosis P value

Gender (male/female) 66/39 26/27 0.097

Age (years) 43 (36–54) 44 (39–50) 0.320

Cigarette smoking 38 (36.2%) 14 (26.4%) 0.217
Alcohol consumption 32 (30.5%) 12 (22.6%) 0.300

Hypertension 26 (24.8%) 8 (15.1%) 0.163

Diabetes mellitus 16 (15.2%) 5 (9.4%) 0.310
Time to admission (h) 6.1 (4.8–8.4) 5.9 (4.8–7.9) 0.473

Traffic accidents 62 (59.0%) 26 (49.1%) 0.233
Glasgow coma scale scores 5 (4–6) 7 (6–7) <0.001

Pupil enlargement (bilateral/unilateral) 39/66 4/49 <0.001

Systolic arterial pressure (mmHg) 132 (116–139) 134 (113–147) 0.428
Diastolic arterial pressure (mmHg) 77 (69–84) 77 (69–90) 0.511

Abnormal cistern (obliterated/compressed) 30/75 2/51 <0.001

Midline shift (<5 mm/5-10 mm/>10 mm) 14/50/41 28/20/5 <0.001
Epidural hematoma 36 (34.3%) 17 (32.1%) 0.781

Subdural hematoma 75 (71.4%) 33 (62.3%) 0.242

Subarachnoid hemorrhage 80 (76.2%) 24 (45.3%) <0.001
Intraventricular hemorrhage 15 (14.3%) 2 (3.8%) 0.044

Intracerebral hematoma 45 (42.9%) 19 (35.8%) 0.397

Decompressive craniectomy (conventional/modified) 86/19 44/9 0.863
Seizure 21 (20.0%) 9 (17.0%) 0.648

Acute lung injury 66 (62.9%) 16 (30.2%) <0.001

Blood glucose levels (mmol/l) 10.3 (8.2–16.2) 9.1 (7.0–11.5) 0.004
Blood leucocyte count (×109/l) 8.5 (6.9–10.5) 7.0 (6.2–8.4) 0.001

Serum receptor-interacting protein kinase-1 levels (ng/mL) 8.7 (6.3–12.3) 4.6 (2.8–6.8) <0.001

Notes: Categorical and continuous variables were respectively reported in form of frequencies (percentages) and medians (lower- 
upper quartiles). The Chi-square test, Fisher’s exact test or Mann–Whitney U-test was deployed as suitable.
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Figure 12 Presentation of subgroup analysis for investigating effects of certain variables on association of serum receptor-interacting protein kinase-1 levels with 180-day poor 
prognosis of subjects suffering from severe traumatic brain injury. Some factors, such as age, gender, smoking, drinking, hypertension and diabetes, were non-interactionally 
impactful of relationship between serum receptor-interacting protein kinase-1 levels and poor prognosis at 180-day mark post-trauma (all P interaction >0.05). 
Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval.

Figure 13 Restricted cubic spline in evaluation of relationship between serum receptor-interacting protein kinase-1 levels and risk of acute lung injury following severe 
traumatic brain injury. Linear relationship occurred between serum receptor-interacting protein kinase-1 levels and risk of acute lung injury following severe traumatic brain 
injury (P for nonlinear > 0.05). 
Abbreviations: sTBI, severe traumatic brain injury; RIPK1, receptor-interacting protein kinase-1.
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cisterns, excessive midline shift, subarachnoid bleedings and intracerebral hematoma, as well as took possession of markedly 
promoted serum RIPK1 levels and blood glucose levels (all P values were less than 0.05; Table 4). The ninth variables of 
significant disparity between patients with ALI and those without based on univariate analysis were incorporative in multi-
variable model and accordingly, there was an interesting ascertainment that GCS score (OR, 0.642; 95% CI, 0.499–0.825; 
P=0.001), bilateral pupillary enlargement (OR, 4.511; 95% CI, 1.129–18.030; P=0.033), obliterated basal cisterns (OR, 3.663; 

Table 4 Baseline Factors in Relevance to Acute Lung Injury After Severe Traumatic Brain Injury

Acute Lung Injury Non-acute Lung Injury P value

Gender (male/female) 46/36 46/30 0.573

Age (years) 43 (35–54) 44 (40–50) 0.363

Cigarette smoking 29 (35.4%) 23 (30.3%) 0.495
Alcohol consumption 23 (28.0%) 21 (27.6%) 0.953

Hypertension 15 (18.3%) 19 (25.0%) 0.305

Diabetes mellitus 16 (19.5%) 5 (6.6%) 0.017
Time to admission (h) 5.9 (5.0–8.4) 6.0 (4.3–8.0) 0.626

Traffic accidents 49 (59.8%) 39 (51.3%) 0.286

Glasgow coma scale scores 5 (3–6) 6 (5–7) <0.001
Pupil enlargement (bilateral/unilateral) 34/48 9/67 <0.001

Systolic arterial pressure (mmHg) 130 (107–142) 134 (122–144) 0.067

Diastolic arterial pressure (mmHg) 75 (64–86) 79 (72–89) 0.231
Abnormal cistern (obliterated/compressed) 25/57 7/69 0.001

Midline shift (<5 mm/5-10 mm/>10 mm) 16/36/30 26/34/16 0.039

Epidural hematoma 23 (28.0%) 30 (39.5%) 0.129
Subdural hematoma 55 (67.1%) 53 (69.7%) 0.719

Subarachnoid hemorrhage 63 (76.8%) 41 (53.9%) 0.002

Intraventricular hemorrhage 9 (11.0%) 8 (10.5%) 0.927
Intracerebral hematoma 41 (50.0%) 23 (30.3%) 0.012

Decompressive craniectomy (conventional/modified) 64/18 66/10 0.148

Seizure 17 (20.7%) 13 (17.1%) 0.561
Blood glucose levels (mmol/l) 10.2 (8.3–16.0) 9.4 (7.0–12.0) 0.016

Blood leucocyte count (×109/l) 8.0 (6.2–9.8) 8.3 (6.7–10.1) 0.482

Serum receptor-interacting protein kinase-1 levels (ng/mL) 9.5 (6.7–14.4) 5.2 (3.5–8.5) <0.001

Notes: Categorical and continuous variables were respectively reported in form of frequencies (percentages) and medians (lower-upper quartiles). 
The Chi-square test, Fisher’s exact test or Mann–Whitney U-test was utilized as suitable.

Figure 14 Predictive efficacy of serum receptor-interacting protein kinase-1 levels for acute lung injury after severe traumatic brain injury under receiver operating 
characteristic curve. Serum receptor-interacting protein kinase-1 levels exhibited satisfactory discrimination ability for acute lung injury following severe traumatic brain 
injury. The Youden method was in application for identifying a suitable value for prediction of acute lung injury. 
Abbreviation: 95% CI, 95% confidence interval.
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Figure 15 Effects of some traditional variables on relationship between serum receptor-interacting protein kinase-1 levels and acute lung injury of patients with severe 
traumatic brain injury. Age, gender, smoking habit, drinking hobby, hypertension and diabetes did not interact with serum receptor-interacting protein kinase-1 levels in 
association with acute lung injury following severe traumatic brain injury (all P interaction >0.05). 
Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval.

Figure 16 Mediation effect of acute lung injury between serum receptor-interacting protein kinase-1 levels and poor prognosis after severe traumatic brain injury. Acute 
lung injury in part mediated association of serum receptor-interacting protein kinase-1 levels with poor prognosis after severe traumatic brain injury. 
Abbreviations: ACME, average causal mediation effects; ADE, average direct effects.
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95% CI, 1.010–13.289; P=0.038) and serum RIPK1 levels (OR, 1.196; 95% CI, 1.081–1.323; P=0.011) were independent 
prognosticators of ALI following sTBI. Also, other factors, such as age, gender, hypertensive disease, diabetic illness, alcohol 
drinking habit and tobacco smoking hobby, were non-statistically significantly influential of associations of serum RIPK1 
levels with possibility of ALI (all P interaction >0.05; Figure 15). In Figures 16 and 17, ALI in part mediated association of 
serum RIPK1 levels with poor prognosis. And, association of serum RIPK1 levels with death was also partially mediated by 
ALI (Figures 18 and 19).

Figure 17 Mediation effect of acute lung injury on relationship between serum receptor-interacting protein kinase-1 levels and poor prognosis after severe traumatic brain 
injury. Acute lung injury in part mediated association of serum receptor-interacting protein kinase-1 levels with poor prognosis after severe traumatic brain injury, with an 
excellent effect. Average mediation effect0 was yielded under control condition, and average mediation effect1, under treatment condition.

Figure 18 Mediation effect of acute lung injury on relationship between serum receptor-interacting protein kinase-1 levels and death after severe traumatic brain injury. 
Acute lung injury partially mediated relation of serum receptor-interacting protein kinase-1 levels to death after severe traumatic brain injury. 
Abbreviations: ACME, average causal mediation effects; ADE, average direct effects.
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Discussion
As far as we are aware, there has not been a revelation of study about circulating levels of RIPK1 in humans subjected to 
acute brain injury. The main findings of our study are that (1) serum RIPK1 levels were obviously higher in patients with 
sTBI than in controls; (2) serum RIPK1 levels were independently associated with the four outcome variables of interest 
in sTBI studies, namely, 180-day death, overall survival, poor prognosis (GOSE scores 1–4) and ALI; (3) serum RIPK1 
levels possessed efficacious prognostic capability under ROC curve; (4) ALI in part mediated associations of serum 
RIPK1 levels with death and poor prognosis of patients with sTBI. Thus, serum RIPK1 may be feasible as a prognostic 
biomarker of sTBI.

In this study, we selected a most lethal type of acute brain injury diseases. In detail, this group of patients were 
diseased of sTBI, accompanied by brain herniation and warranting urgent treatments by decompressive craniectomy. In 
the first step, a significant elevation of serum RIPK levels after incident sTBI was statistically authenticated. Next, death, 
overall survival and poor prognosis at 180-day interval, as well as ALI following sTBI were designated as the four 
outcome variables of interest. Before the multivariate assessments were in progression, structured RCS has been applied 
for substantiation of linearity relationship between serum RIPK1 levels and the foregoing outcome variables. Moreover, 
not only there was a statistical proof showing independent association of serum RIPK1 levels with those outcome metrics 
but also their associations were not significantly affected by certain factors, such as age, gender, hypertensive disorder, 
diabetic status, smoking hobby and alcohol consumption habit. In addition, anticipation efficiencies of serum RIPK1 for 
the preceding outcome variables were relatively excellent. It is mentionable that ALI may have the potential to partially 
mediate association of serum RIPK1 levels with death and poor prognosis at 180 days following aSAH. Overall, such 
evidence is strongly supportive of the inference that serum RIPK1 may be believably accepted as a prognostic predictor 
of good prospect in human sTBI.

RIPK1 acts a principal mediator of inflammatory processes, with the extensive involvement in various cell death 
modes, encompassing apoptosis and necroptosis.13–15 Expressions of RIPK1 by neurons and glial cells were experimen-
tally evident.16 A significant elevation of RIPK expression by ischemic brain tissues was discovered in a mouse model of 
middle cerebral artery occlusion/reperfusion and downregulated RIPK1 expression by genetic techniques could markedly 
improve neurological deficits, attenuate infarction volume and alleviate neuroinflammatory responses of mice.33 Also, 

Figure 19 Mediation effect of acute lung injury on relationship between serum receptor-interacting protein kinase-1 levels and death after severe traumatic brain injury. 
Acute lung injury partially mediated relation of serum receptor-interacting protein kinase-1 levels to death after severe traumatic brain injury, with a good effect. Average 
mediation effect0 was generated under control condition, and average mediation effect1, under treatment condition.
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a consistent result was found in rats with acute ischemic brain injury, in which genetic inactivation of RIPK1 obviously 
lessened inflammatory reaction and reduced neuronal injury.34 Similarly, brain RIPK1 overexpression substantially 
promoted brain inflammation, increased neuron damage and enhanced apoptosis after traumatic brain injury in rats, 
and contrarily, silencing RIPK1 markedly reversed these effects.35 Moreover, the almost identical findings were 
demonstrated in experimental subarachnoid hemorrhage and intracerebral hemorrhage, therefore alluding to the notion 
that RIPK1 may function as a detrimental factor, with wide implication in neuroinflammation, neuronal apoptosis, brain 
edema, blood–brain barrier disruption and neurologic functional impairments.36–38 Overall, RIPK1 may be well recog-
nized as a therapeutic target in the context of acute brain injury.

Exactly, there was an extreme upregulation of RIPK1 expressions in animal cerebral cortices suffering from 
experimental ischemic, traumatic or hemorrhagic insult.33–38 Hence, increased brain injury, thereby leading to release 
of RIPK1 from central nervous system to peripheral circulation via disrupted blood–brain barrier, may contribute to 
herein reported elevation of serum RIPK1 levels after humans sTBI. Admittedly, blood RIPK1 could be originated from 
other tissues, such as lung, heart and kidney.24,39 A factual instance was that a group of patients diseased of coronary 
atherosclerotic heart disease, as opposed to healthy controls, displayed profoundly incremental plasma RIPK1 levels.40 

Nonetheless, sTBI actually holds strong power to induce systemic injury, which is manifested as systemic inflammatory 
response syndrome, ALI, cerebrocardiac syndrome and more.5–9 Thus, whether RIPK1 in peripheral blood may be 
derived from any tissues or cells, its elevation extent should be able to be strongly reflective of brain injury degree. In 
summary, the hypothesis should be solidified that blood RIPK1 may take possession of the potential as a candidate of 
prognostic predictors of acute brain injury diseases.

Since a clinical investigational assessment with regard to positive correlation of serum RIPK1 levels with the severity 
of bulbar symptoms in amyotrophic lateral sclerosis patients,41 no related reports, as far as we are concerned, have 
disclosed interconnection between blood RIPK levels, severity and clinical outcomes of other disorders in central 
nervous system. A succession of data have confirmed that GCS, pupillary enlargement and abnormal basal cisterns are 
the most convincing prognostic determinants of humans diagnosed with sTBI complicated with brain hernia.2,3 

Accordingly, the foregoing three approaches were firmly accepted as severity metrics of sTBI in this set of patients. 
To the best astonishment, this subgroup of patients with bilateral pupillary enlargement possessed significantly higher 
serum RIPK1 levels over those with unilateral pupillary enlargement; and patients with lower GCS scores or obliterated 
basal cisterns also displayed a substantial elevation of these biomarker levels than remainders. Three outcome variables, 
namely, 180-day death, overall survival and poor prognosis, were selected as the dependent variables. Subsequently, 
serum RIPK1 levels, GCS scores, ALI, bilateral pupillary enlargement and obliterated basal cisterns were identified as 
their independent predictors in this cohort of patients with sTBI warranting decompressive craniectomy due to brain 
herniation. In a word, serum RIPK1 may serve as a serological marker of excellence for evaluation of sTBI severity and 
prognostication of clinical outcome in patients diseased of sTBI.

ALI has been firmly confirmed as one of the commonest adverse events of non-central nervous system in the setting 
of sTBI.42,43 Undoubtedly, ALI is a forceful determinant of poor outcomes after sTBI.44 RIPK1 was broadly distributed 
in lung tissues.24 Gradually increasing data have been evidential of the presumption that RIPK1, as a detrimental factor, 
may be involved in experimental non-traumatic ALI.25 In the current clinical investigation, serum RIPK1 levels were 
highly associated with ALI, independent of GCS scores, bilateral pupillary enlargement and obliterated basal cisterns. 
The mediation analysis was actively performed to demonstrate whether ALI may in part mediate association of serum 
RIPK1 levels with death and poor prognosis after sTBI. As a statistical finding, the mediation effects were actually 
existent, meaning that RIPK1’s linkage to acute brain injury may harbor complex intrinsic interplay with ALI. Given that 
the mechanism of RIPK1’s effect on experimental non-traumatic ALI may be related to its participation in inflammatory 
reaction.25 As for causal relationship between RIPK1, ALI and brain injury. It is hypothesized that RIPK1 from damaged 
brain tissue may trigger a systemic inflammatory cascade, which could then lead to ALI; or, lung- derived RIPK1 may be 
increased due to inflammatory signals from the injured brain, thereby resulting in ALI. As expected, investigation as 
regards RIPK1 as a potential therapeutic target of ALI and TBI as well as relevant mechanistic exploration will be the 
two noteworthy directions in future researches.
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In this study, serum RIPK1 levels distinguished patients at risk of death, poor prognosis and ALI with areas under the 
ROC curve at 0.752, 0.761 and 0.750 separately, meaning this biomarker may occupy the medium–high predictive ability 
on these adverse events. Taken together, such data in conjunction with results from multivariate analyses powerfully 
point to the conception that serum RIPK1 levels could be measured in medical practice so as to be applied as a prognostic 
serological indicator for severity stratification and prognosis anticipation of sTBI, thereby improving patient outcomes 
and refining risk stratification methods.

Several limitations and strengths warrant to be mentioned here. The strengths include the following points. (1) Relationship 
between serum RIPK1 levels, traumatic severity and clinical outcomes, as far as we know, has never been analyzed, and our 
study explored these relations in a cohort of patients with sTBI undergoing decompressive craniectomy owing to brain hernia, 
and subsequently found some noteworthy results, thereby substantializing serum RIPK1 as a possible prognostic biomarker of 
sTBI. (2) In order to be explicitly investigatory of prognostic association with serum RIPK1 levels in this set of sTBI, all 
results were garnered in accordance with the multiple factorial analyses, alongside with applying the subgroup analysis and 
RCS assessment, thereby ensuring results strongly reliable and scientific. (3) For the sake of unveiling possible intricate 
interplay between ALI and serum RIPK1 levels in influencing clinical outcomes of sTBI, mediation analyses were 
implemented and the results of interest were therefore unraveled that ALI may partially mediate association of serum 
RIPK1 levels with clinical outcomes following sTBI, thereby strongly reinforcing the assumption that prognostic association 
may not be at state of very single pathway. Nevertheless, the limitations are still existent. (1) Evolutional trajectory of serum 
RIPK1 levels was not investigated after sTBI in this study, and maybe, measuring serum RIPK1 serially in future studies is 
informative of clinical work because longitudinal measurements would clarify whether dynamic changes in serum RIPK1 
track with the progression of brain or lung injury. (2) Because the median time to admission was around 5.9 hours in the 
current, any additional delay beyond this point might alter the measured concentration of RIPK1 in the blood. Consequently, 
variations in time-to-admission could affect how accurately serum RIPK1 levels reflect the severity of brain injury. In future, 
the patient number would be greatly increased so that all patients could be subdivided in accordance with the time intervals, 
thereby leading to revelation of serum RIPK1 levels at more time-points. (3) According to statistical requirements, a sufficient 
sample size has been enlisted from multiple medical centers in the current clinical analysis, and however, the essential point of 
clinical study is that all hypotheses should warrant an extensive validation in a larger cohort study.

Conclusions
In this cohort of patients with sTBI requiring decompressive craniectomy due to brain herniation, elevated serum RIPK1 
levels are associated with trauma severity, ALI, and worse 6-month outcomes; serum RIPK1 levels take possession of 
effective prognostic ability; using mediation analysis, ALI is proved to partially decipher the links between serum RIPK1 
levels, death and poor prognosis. Therefore, RIPK1 may serve as a prognostic biomarker in sTBI.
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