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Background: To identify biomarkers and develop an inflammatory score based on proper integration to improve risk prediction of 
delayed cerebral ischemia (DCI) and poor outcome in patients with aneurysmal subarachnoid hemorrhage (aSAH). We also further 
explore the mediation and interaction of DCI within the chain of events using the four-way effect decomposition.
Methods: Machine learning algorithms are used for biomarker selection and constructed the inflammatory score. Multivariate logistic 
regression was performed to identify the association of inflammatory score with DCI and poor outcome. Next, we employed a four- 
way decomposition to assess the extent to which the inflammation effect on the risk of poor outcome is mediated by or interacts with 
DCI. Finally, the additive value of inflammatory score was measured using the area under the curve (AUC), net reclassification 
improvement (NRI) and integrated discrimination improvement (IDI).
Results: In total, 368 aSAH patients were included. The inflammatory score was calculated with the combination of lymphocyte, pan- 
immune-inflammation value (PIV), red blood cell distribution width (RDW), and lactate dehydrogenase (LDH). Multivariate analysis 
identified that inflammatory score was independently associated with DCI and poor outcome. The effect of high inflammatory score on 
poor outcome may be partly explained by DCI, where there is both pure mediation and mediated interaction. With DCI as a potential 
mediator, the excess relative risk could be decomposed into 30.86% controlled direct effect, 3.60% mediation only, 26.64% interaction 
only, and 38.89% mediated interaction. Adding the inflammatory score to the predictive model improved the AUC from 0.772 to 
0.822, with an NRI of 5.3% and IDI of 6.9%.
Conclusion: The inflammatory score was significantly associated with DCI and poor outcome in patients with aSAH. Not only may 
be a potential synergistic interaction between high inflammatory score and DCI on the risk of poor outcome but also where DCI is an 
important mediating mechanism.
Keywords: aneurysmal subarachnoid hemorrhage, inflammatory score, delayed cerebral ischemia, poor outcomes, interaction 
analysis, mediation effect, four-way decomposition

Introduction
Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating disease characterized by high mortality and severe 
disability.1 Delayed cerebral ischemia (DCI) occurs usually between 4 and 10 days following aSAH and is an important 
predictor of unfavorable functional outcome.2 As with many other diseases, aSAH has been demonstrated as a state of 
systemic inflammation and immunosuppression. Previous studies showed that inflammation infiltration is the crucial 
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pathological characteristic of alterations in the biomechanics of intracranial aneurysm wall and contributes to aneurysm 
growth and rupture.3–5 Moreover, the inflammatory response after bleeding plays an important role in mediating 
intracranial and extracranial tissue damage as well.6,7 Correspondingly, peripheral blood inflammatory biomarkers may 
effectively reflect changes in the characteristics of inflammation response. Our previous study has revealed that the 
systemic inflammation response index on admission predicts poor functional outcome in patients with aSAH.8 However, 
the prognostic value of inflammatory biomarkers in aSAH patients and which parameters are the most predictive remain 
largely unknown. In addition, the accuracy of a single biomarker is not good enough. Another key clinical question is 
whether inflammation may cause DCI during hospitalization (as a mediator) which in turn causes poor outcome, or as an 
interaction, that is, patients with high inflammation level and DCI experience increased risk of poor outcome.

Hence, in this study, we aim to use machine learning (ML) methods to investigate and identify the most predictive 
biomarkers and develop an inflammatory score that incorporates these valuable indexes. We hypothesized that the 
inflammatory score might provide more accurate risk stratifications and prognostic values and is more meaningful than 
individual indicators. On the other hand, we further demonstrate the association between inflammatory score and DCI as 
well as functional outcome after aSAH and its potential mechanism within the chain of events.

Methods
Patient Population
We retrospectively analyzed patients with spontaneous SAH who were admitted to hospital between January 2019 and 
December 2021. This retrospective study was approved by the Ethics Committee in Clinical Research of First Affiliated 
Hospital of Wenzhou Medical University (KY2024-R162). To preserve patient confidentiality, all data were anonymized 
and de-identified. The detailed inclusion and exclusion criteria are shown in Appendix E1.
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Patient Management and Data Collection
All patients were treated homogeneously according to the (inter)national guidelines.9,10 A detailed description is 
available in Appendix E2. The following data were recorded for each patient, including age, gender, smoking, alcohol 
drinking, and past medical history (hypertension, diabetes mellitus, heart disease, previous stroke, or hyperlipidemia), 
and clinical and radiological status on admission (Glasgow Coma Scale [GCS] score, World Federation of Neurosurgical 
Societies [WFNS] grade, Hunt Hess [HH] grade, modified Fisher Scale [mFS] grade, acute hydrocephalus). Moreover, 
morphological parameters of aneurysms were analyzed including aneurysm size, location, neck width, maximum height, 
body length, maximum width, aneurysm maximum height to neck diameter (AR) ratio, and aneurysm shape. Further, 
timing of treatment, procedural record, and final angiographic results were also recorded.11

Biomarkers Selection and Inflammatory Score Construction
The inflammatory biomarkers analyzed in this study were comprehensively evaluated using both single and derived 
parameters. Table S1 lists the 22 markers considered in this study, along with their mathematical definitions and 
references. The process of inflammatory risk score was described in Appendix E3. Additionally, we also built the hybrid 
model using a combination of patient clinical data.

Outcome Ascertainment
The primary outcome measure was the modified Rankin Scale (mRS) score at 6 months after discharge, and an mRS 
score ≥3 was considered as a poor outcome. The secondary outcome was the occurrence of DCI during hospitalization, 
defined in accordance with the criteria used by Vergouwen et al.12 In patients with DCI, the day of DCI onset after ictus 
was collected. DCI definition was described in Appendix E4.

Statistical Analysis
Data are presented as mean ± standard deviation (SD), median [interquartile range (IQR)], or number (percentage) as 
appropriate. The differences between groups were determined with t test, Mann–Whitney U-test, χ2 test or Fisher’s exact 
test wherever appropriate. To minimize selection bias and balance the baseline characteristics, two approaches, propen-
sity score matching (PSM) and inverse probability of treatment weighting (IPTW), were used.13 Multivariate logistic 
regression analysis was performed to determine independent predictors of the poor outcome and DCI, adjusted by 
confounding variables according to the results of the univariate analysis (p ≤ 0.10). The collinearity of variable 
combinations entered into the multivariate logistic regression analysis was assessed using variance inflation factors 
(VIF) (WFNS grade, GCS score, HH grade, and mFS grade had VIFs ≥5, and hence they were removed).14

Interaction and stratified analyses were conducted to examine further the association between inflammatory score and 
poor outcome among different subgroups, as previously described.15–17 To evaluate the trends among different exposures, 
we performed the Cochran-Armitage and Jonckheere-Terpstra tests.18,19 We hypothesized that high inflammatory score has 
an interaction effect with DCI on the risk of poor outcomes and multiplicative and additive models were used by cross- 
analysis to calculate the interaction. The following interactive indicators were calculated, including the relative excess risk 
due to interaction (RERI), the attributable proportion due to interaction (AP), and the synergy index (SI).20 To assess the 
mediation effect of DCI, causal mediation analysis (CMA) was performed under a counterfactual framework, providing 
a general framework that offers clear definitions of causal mediation and related effects. We utilized the med4way command 
to obtain appropriate estimates of the four components, facilitating the estimation of the proportion of interaction or 
mediation.21 The details of constructing a four-way decomposition analysis were presented in Appendix E5.

We evaluated the additive value of inflammatory score for poor outcome comparing predictive models with and 
without it. The discrimination performance of the models for predicting poor outcome was investigated with the area 
under the receiver operating characteristic curve (AUC), and DeLong test was performed to compare model performance. 
Calibration plots were used to compare the predicted values with the observed values, and decision curve analyses 
(DCA) were analyzed to assess the clinical utility and net benefits. We also used net reclassification improvement (NRI) 
with a category-free option and integrated discrimination improvement (IDI) calculations to quantify the improvement in 
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actual reclassification and sensitivity resulting from the addition of inflammatory score.22 At last, the rms package was 
used to construct a nomogram model, and a web calculation was created based on the results of the study (https:// 
zhangpeng.shinyapps.io/DynNomapp/). An overview of the study design is shown in Figure 1.

Figure 1 Study flow diagram in the present study.
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We performed four-way decomposition analysis using Stata 16.0, and other analyses were conducted with SPSS, 
version 25.0, software (SPSS, Inc.) and R language, version 4.2.0 (Feather Spray). All tests were two-sided, and 
a significant difference was indicated by p < 0.05.

Results
Patients’ Characteristics
A total of 368 consecutive patients with aSAH were included (Figure S1). The median age of patients was 55 years, and 
40.8% were men. At admission, the median of GCS score was 14 (IQR 13–15), WFNS grade was 2.5 (IQR 1–3), HH 
grade was 2 (IQR 1–3), and mFS grade was 3 (IQR 2–4). DCI was detected in 20.7% (76/368) of all patients and 
occurred at median day 8 (range 4–15 days) after ictus (Figure S2). Based on the clinical outcome, 96 patients (26.1%) 
exhibited unfavorable outcome. The detailed characteristics of patients were presented in Table 1.

Table 1 Baseline Characteristics and 
Outcomes of 368 Patients with aSAH

Characteristic Value

No. of patients 368
Age 55.00 [46.00, 67.00]

Age > 65 years 104 (28.3)

Gender
Male 150 (40.8)

Female 218 (59.2)

Medical history
Smoking 122 (33.2)

Alcohol 134 (36.4)

Hypertension 69 (18.8)
Diabetes 74 (20.1)

Heart disease 17 (4.6)

Previous stroke 33 (9.0)
Hyperlipidemia 25 (6.8)

Admission clinical grade

GCS score 14.00 [13.00, 15.00]
9–15 point 300 (81.5)

< 9 point 68 (18.5)

WFNS grade 2.50 [1.00, 3.00]
I–III 300 (81.5)

IV–V 68 (18.5)

HH grade 2.00 [1.00, 3.00]
I–III 337 (91.6)

IV–V 31 (8.4)

mFS grade 3.00 [2.00, 4.00]
I–II 234 (63.6)

III–IV 134 (36.4)

Acute hydrocephalus
No 331 (89.9)

Yes 37 (10.1)

Aneurysm characteristics
Maximum size (mm) 5.30 [4.06, 6.88]

< 3 mm 26 (7.1)

3–10 mm 318 (86.4)
> 10 mm 24 (6.5)

(Continued)
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Development and Derivation of Inflammatory Score
Based on our pre-defined biomarker selection strategy, 5 features with non-zero coefficients including lymphocyte, pan- 
immune-inflammation value (PIV), red blood cell distribution width (RDW), and lactate dehydrogenase (LDH) were 
selected as important predictors (Figures S3 and S4). From the single models, support vector machine (SVM) showed the 
best discrimination capacity with the highest area under the receiver operating characteristic curve (AUC) of 0.747 [95% 
confidence interval (CI): 0.686–0.809] (Table S2).

Stratification by Inflammatory Score
The optimal cut-off value of inflammatory score was 0.046 for predicting the poor outcome, according to the principle of 
maximum Youden’s index. Subsequently, 241 patients (65.5%) and 127 patients (34.5%) were stratified into the low and 
high groups, respectively. The patients with high inflammatory score, who were older, had worse clinical status on 
admission, a greater amount of acute hydrocephalus and posterior circulation aneurysms, and a higher rate of 

Table 1 (Continued). 

Characteristic Value

Neck width (mm) 3.50 [1.61, 4.42]

≥ 4 mm 129 (35.1)
AR ratio 1.83 [1.52, 2.58]

≤ 2 206 (56.0)

Location
Anterior 319 (86.7)

Posterior 49 (13.3)

Shape
Regular 245 (66.6)

Irregular 123 (33.4)

Wide neck
No 157 (42.7)

Yes 211 (57.3)

Timing of treatment
≤ 24 h 194 (52.7)

24–72 h 130 (35.3)

>72 h 44 (12.0)
Stents assist coiling

No 180 (48.9)
Yes 188 (51.1)

Occlusion level

Class I 316 (85.9)
Class II–III 52 (14.1)

Inflammatory score 0.04 [0.04, 0.07]

High inflammatory score 127 (34.5)
DCI

No 292 (79.3)

Yes 76 (20.7)
Poor outcome

No 272 (73.9)

Yes 96 (26.1)

Notes: Data are expressed as n (%), mean ± standard 
deviation, or median (interquartile range), as appropriate. 
Abbreviations: aSAH, aneurysmal subarachnoid hemor-
rhage; GCS, Glasgow Coma Scale; WFNS, World 
Federation of Neurosurgical Societies; HH, Hunt Hess; 
mFS, modified Fisher Scale; AR, aneurysm maximum height 
to neck diameter ratio; DCI, delayed cerebral ischemia.
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endovascular treatment within 72 hours. Regarding the endpoints, we observed the DCI and poor outcome occurred more 
frequently in patients with high inflammatory score (Table S3). To account for confounding bias between patients in high 
and low groups, PSM and IPW were performed, after which two evenly balanced cohorts were available for the analysis 
of outcomes (Figure S5). Notably, the proportion of patients with DCI and poor functional outcome was significantly 
increased in high inflammatory score patients as well (Tables S4 and S5).

Associations of Inflammatory Score with DCI and Poor Outcome
Boxplot analysis revealed a significantly higher inflammatory score in patients with DCI and poor outcome, compared 
with those without (Figure S6). Subsequently, after adjustment for the confounders including age, hypertension, previous 
stroke, WFNS grade, acute hydrocephalus, and aneurysm location, high inflammatory score remained significantly and 
independently associated with DCI and poor outcome in aSAH patients. When included as a continuous variable, the 
selected inflammatory score also significantly contributed to the DCI and poor functional outcome, consistent with the 
results of the primary analysis (Tables S6 and S7).

Interaction Analysis Between Inflammatory Score and DCI on Poor Outcome
The patients were then divided into four subgroups according to the exposure definition. The incidence of poor outcome 
increased with the exposures, which reached 77.8% among patients with the high inflammatory score and DCI. The trend 
test also demonstrated that a trend in the proportion of poor functional outcome across increasing exposure definition and 
stratifications (p < 0.001). In the multivariable regression, individuals with high inflammatory score and DCI possessed 
the highest risk of poor functional outcome as compared with those with low inflammatory score and non-DCI (OR = 
27.13, 95% CI: 11.93–61.67, p < 0.001). Meanwhile, the multiplicative interaction model showed that statistical 
significance between inflammatory score and DCI on the risk of poor outcome in both unadjusted and adjusted models 
(OR = 15.03, 95% CI: 7.06–32.02, p < 0.001; OR = 13.09, 95% CI: 5.80–29.52, p < 0.001). Additionally, a supra- 
additive effect did demonstrate in all indicators as well: RERI = 17.84 (95% CI: −1.50–37.17), AP = 0.77 (95% CI: 
0.55–0.98), and SI = 5.07 (95% CI: 1.80–14.30). Table 2 presents the interaction effect in both additive and multi-
plicative scales. Measures quantifying interaction on an additive scale suggested a supra-additive effect of the combina-
tion of high inflammatory score and DCI on the risk of poor outcome (Figure 2).

Table 2 The Cochran-Armitage Trend Test in the Prevalence of Poor Outcome, As Well As Multiplicative and Additive Interaction 
Between Inflammatory Score and DCI on Poor Outcome Risk

Variables Poor 
Outcome

P for 
Trend

Unadjusted Model Adjusted Modela

OR (95% CI) P value OR (95% CI) P Value

Multiplicative scale

High inflammatory score × DCI A1×B1 35 (77.8%) 15.03 (7.06–32.02) <0.001 13.09 (5.80–29.52) <0.001
Additive scale <0.001
Low inflammatory score & Non-DCI A0B0 24 (11.4%) Ref Ref

Low inflammatory score & DCI A0B1 8 (25.8%) 2.70 (1.09–6.70) 0.033 2.65 (1.02–6.87) 0.045
High inflammatory score & Non-DCI A1B0 29 (35.4%) 4.24 (2.28–7.89) <0.001 3.73 (1.91–7.26) <0.001
High inflammatory score & DCI A1B1 35 (77.8%) 27.13 (11.93–61.67) <0.001 23.22 (9.62–56.02) <0.001
RERI 21.19 (0.08–42.29) 17.84 (−1.50 −37.17)

AP 0.78 (0.59–0.97) 0.77 (0.55–0.98)
SI 5.29 (2.05–13.67) 5.07 (1.80–14.30)

Notes: aMultivariable regression model adjusted for the confounders (age, hypertension, previous stroke, WFNS grade, acute hydrocephalus and aneurysm location) which 
were statistically significant in univariate analysis (p ≤ 0.10). As indicated by the bold font, the p value reached statistical significance. 
Abbreviations: OR, odds ratio; CI, confidence intervals; DCI, delayed cerebral ischemia; Ref, reference; RERI, relative excess risk due to interaction; AP, attributable 
proportion of interaction; SI, synergy index.
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Mediation Effect of Inflammatory Score on Poor Outcome via DCI
We conducted CMA to explore the direct and indirect effects of inflammation on the risk of poor outcome. For the 
unadjusted model, the mediator DCI explained 10.6% (95% CI: 5.2–16.0%; p < 0.001) of the association between 
inflammation and poor outcome when other covariates were not considered. After adjustment, the mediation effect was 
7.8% and remained statistically significant (95% CI: 3.5–13.0%, p < 0.001; Figure 3).

Four-Way Decomposition of the Association Between Inflammatory Score and DCI as 
Well as Poor Outcome
Table S8 presents the results of the four-way decomposition analysis. The total effect was 7.26 (95% CI: 1.21–13.31), 
indicating a correlation between high inflammatory score and a heightened risk of poor outcome. The controlled direct 
effect (CDE), not involving mediation nor interaction accounted for 30.86% (excess relative risk = 2.24, 95% CI: 
0.29–4.19). CDE implies a positive association between high inflammatory score and poor functional outcome even in 
the absence of DCI. INTref (excess relative risk = 1.93, 95% CI: −0.25–4.12) comprised 26.64% of the total effect 
estimate. This result, compared to the other three decomposed effects (CDE = 30.86%, INTmed = 38.89%, and PIE =  
3.60%), suggests that the association between high inflammatory score and poor functional outcome is notably amplified 

Figure 2 OR of poor functional outcome with contributions from different exposure. 
Abbreviations: OR, odds ratio; DCI, delayed cerebral ischemia, A1B1, High inflammatory score and DCI; A1B0, High inflammatory score; A0B1, DCI; A0B0, High 
inflammatory score and Non-DCI.

Figure 3 Causal mediation analysis was performed under a counterfactual framework to elucidate the mediating effect of DCI in the association between high inflammatory 
score and poor outcome for aSAH patients. 
Abbreviations: DCI, delayed cerebral ischemia; aSAH: aneurysmal subarachnoid hemorrhage; IE, indirect effect; DE, direct effect; TE, total effect.
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among patients with DCI. In other words, DCI escalated the effect of inflammation on the risk of poor functional 
outcome. The proportion of mediated interaction (INTmed, excess relative risk = 2.82, 95% CI: −0.62–6.27) attributed to 
mediation and interaction was calculated to be 38.89%, indicating that DCI partially mediated the effect. This suggests 
that patients with high inflammatory score are more likely to develop DCI and higher risks of poor functional outcome. 
In addition, the mediating effects between high inflammatory score and DCI on poor functional outcome (the INTmed 

plus the PIE) accounted for 42.49% of the total effect, while the interaction effect between high inflammatory score and 
DCI on poor functional outcome (the INTref plus the INTmed) was 65.53%. Overall, the proportion eliminated (the INTref 

plus the INTmed plus the PIE) was 69.13% (Figure 4).

Incremental Predictive Value of Inflammatory Score for Unfavorable Outcome and 
Nomogram Establishment
The inflammatory score evaluated separately showed moderate discriminative powers to distinguish between favorable 
and unfavorable outcome at 6 months (Figure 5). DeLong test indicated that the hybrid model demonstrated a significant 
incremental prediction (p < 0.001). On the other hand, reclassification analyses showed that the hybrid model had 
a higher reclassification capacity (Table S9). In addition, calibration curves and decision curve analyses indicated that the 
hybrid model had better performance (Figures S7 and S8). Lastly, a prediction nomogram was established to inform the 
individual prediction of poor functional outcome for aSAH patients (Figure S9). To make this nomogram easier to use, 
a free web calculation was created here (Figure S10).

Discussion
In the current study, we performed ML algorithms for variable selection from easily obtainable inflammatory biomarkers 
and developed a risk score. As expected, inflammatory score is independently associated with DCI and poor outcome in 
patients with aSAH. Additionally, there might be some positive interaction effects between high inflammatory score and 
DCI on poor outcome, and DCI serves as a mediator. Importantly, the hybrid model with inflammatory score had 
significantly better discrimination ability for poor outcome and could serve in clinical decision-making.

Indeed, these associations between the involvement of systemic inflammation and aneurysmal pathophysiology are 
now evident.23,24 These peripheral blood parameters and derived indices are well suited for the task of host immune and 

Figure 4 Four-way decomposition of the association between inflammatory score and DCI as well as poor outcome in aSAH patients. 
Abbreviations: DCI, delayed cerebral ischemia; aSAH: aneurysmal subarachnoid hemorrhage.
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inflammatory responses as they are scalability, cost-effectiveness, and availability. However, single indicator cannot fully 
reflect comprehensive characteristics with unsatisfactory sensitivity and specificity. In addition, some studies incorpo-
rated these indicators of strong collinearity and correlation into a multivariate regression analysis to investigate 
independent prognostic factors, causing interference between variables and certain statistical problems. Hence, the 
current study first has done an initial dimensionality reduction and used the resulting orthogonal components as input 
for the least absolute shrinkage and selection operator analysis, and it is expected to deliver more precise parameter 
estimates. As shown in the result, key variables that differentiated the clinical outcomes in aSAH patients included 
lymphocyte, PIV, RDW, and LDH. Consistent with previous reports, emerging studies have shown these biomarkers to be 
informative in the pathophysiology after aSAH and the subsequent risk of poor functional outcome.25–28 Thereafter, the 
selected features were entered into various supervised ML classifiers to construct the best inflammatory score, which is 
akin to the canonical approach used in polygenetic risk studies.29,30 It is important to note that we found that the SVM 
model of these 5 biomarkers had great performance in identifying the risk of poor outcome in patients with aSAH.

Furthermore, we combined the inflammatory score and established clinical parameters to find out whether this changed 
the risk estimate. It was proved that an improvement in risk prediction by inclusion of the inflammatory score can most 
probably be accomplished for individuals who suffered a poor outcome after aSAH. Next, we developed a nomogram with 
good calibration based on the hybrid model, which can be used to identify patients at risk of the poor outcome and select 
more appropriate treatment options. Finally, we have created an easy-to-use web calculator to make it easily accessible to 
the general public. Briefly, it is satisfying that the inflammatory score, which is derived from the various available 
serological parameters, can be used in routine clinical practice. On the other hand, the dynamic nomogram could facilitate 
translation of this work to clinical trials to determine whether patients are on the risk of poor functional outcome. Indeed, the 
use of the nomogram and its benefit in patients with aSAH remains to be validated in an independent cohort.

Another advantage of our study is that the present investigation is one of the pioneer studies for exploring the 
interplay between inflammation and DCI on the risk of poor outcome, and DCI as a mediator within the chain of events. 
According to the literatures, the cascaded inflammatory responses are a predominant characteristic of aSAH, participating 
in the complex process of pathophysiology.23,24,31 Sudden ruptures of intracranial aneurysm dissolved subarachnoid clots 
entering cerebrospinal fluid circulation, and catecholamine surge may trigger the inflammation activation, which in turn 
regulates and is regulated by the inflammatory process. However, fewer studies investigated the potential mechanism of 
inflammation within the event chain. Our findings provide new evidence that there might be a strong and synergistic 

Figure 5 ROC curve analysis of inflammatory score for predicting poor outcome in patients with aSAH. 
Abbreviations: ROC, receiver operating characteristic; aSAH, aneurysmal subarachnoid hemorrhage.
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interaction between inflammation and DCI on the risk of poor functional outcome, and DCI plays an important mediating 
mechanism. This implies that the consequent derailment of inflammatory response is a devastating event in aSAH 
development and the potential therapeutic implications by eliminating inflammatory reactions. Note that due to the 
mediation effect of DCI, the possible reduction in risk would occur if DCI was treated.32

Therefore, based on a potential causal chain of high inflammatory score-DCI-poor outcome, more intensive measures 
for DCI prevention should be considered for aSAH patients with high inflammatory score at admission.32,33 Regretfully, the 
INTref, INTmed and PIE were not statistically significant in the four-way decomposition methods. We speculate that this may 
be due to the sample size, which could not provide sufficient statistical strength to perform sophisticated models. With 
a larger sample size, it is possible that statistical significance may be achieved. Nonetheless, we believe that incorporating 
this analysis underscores the potential significance of these interactions. Using mediation analysis within a counterfactual 
framework aimed at dissecting the relationships between inflammation, DCI, and outcomes in a nuanced way, this 
methodology has been shown to provide deeper insights into causal pathways in similar studies.6,21,34 Overall, our study 
shows that interaction and mediation analysis in clinical research may provide insights into the pathophysiology of clinical 
outcomes and offers valuable insights into public health interventions, including the great potential of the prioritizing DCI 
prevention and personalized risk assessment and management strategies for aSAH patients. Certainly, we agree that the 
retrospective design and sample size limit the robustness of the findings. In the future, further studies are also warranted to 
clarify the biological features of brain inflammation after aSAH and its impact on pathology mechanisms.

Strengths and Limitations
The present study has several strengths. First, our study comprehensively takes into account the various blood 
inflammatory biomarkers and derived parameters at admission. Moreover, we used for proper adjustment in the ML 
methods and developed an inflammatory score. On the other hand, this study represents a pioneering effort in 
simultaneously examining the relationship between high inflammatory score, DCI, and poor outcome using a four-way 
decomposition method. Additionally, we observed a clear dose–response relationship between the combined effect of 
high inflammatory score and DCI on the risk of poor outcome and the additive predictive value of inflammatory score. 
Nevertheless, several limitations should also be noted. First, this study is retrospective, which potentially limits our 
interpretation. Hence, we employ PSM and IPTW techniques to minimize these biases, which, while helpful, cannot 
completely eliminate the limitations of retrospective design. Second, no independent cohorts from other centers are 
available for our analyses, preventing validation of the associations found in this study. Third, even though the 22 
markers measured in this study cover a broad spectrum of important and promising inflammatory markers, many other 
immune and inflammatory markers were not included, such as those in the interleukin family. Considering the cost- 
effectiveness and easy availability, we focused mainly on these markers referred to as peripheral blood-based parameters. 
Indeed, research focusing on the significance of interleukin family members should be conducted in the future. 
Additionally, we only measured inflammatory markers available at the time of admission, whereas a multi-time-point 
evaluation is probably more appropriate to validate the predictive value of biomarkers. Lastly, the number of patients 
enrolled in this study was relatively small. Therefore, caution should be exercised in generalizing its results, and future 
studies are needed. Currently, we plan to carry out a multi-centre prospective observational study to evaluate the 
longitudinal association between the inflammatory biomarkers and the prognosis as well as DCI of aSAH patients. 
Hope we have future opportunities to share the research results with you.

Conclusion
In this study, we developed an inflammatory score consisting of appropriate integration of lymphocyte, PIV, RDW, and 
LDH that is independently associated with the DCI and poor outcome in patients with aSAH. In addition, the effect of 
high inflammatory score on the risk of poor outcome may partly be explained by the DCI, where there is both pure 
mediation and mediated interaction. Importantly, the inflammatory score showed to be an incremental predictive value 
for poor outcome. However, the effects between them were rather complex. Future studies are warranted to verify our 
findings and elucidate their exact role in aSAH pathophysiology.
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