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Aim: We aimed to investigate whether a combination of inflammatory and radiological biomarkers can improve intracerebral 
hemorrhage (ICH) hematoma expansion (HE) prediction.
Methods: A retrospective analysis was conducted on patients with primary supratentorial ICH within 6 h of symptom onset between 
September 2021 and April 2022. Predictors were explored using univariate and logistic regression analysis. We compared the 
discrimination of inflammatory indice-based model 1 with models 2 and 3, which included image biomarkers, using the receiver 
operating characteristic curve and De Long test for area under the curve comparison.
Results: A total of 205 eligible participants were included, 56 (27.3%) of whom experienced HE. The neutrophil-to-lymphocyte ratio 
(NLR), black hole sign, BAT score, and computed tomography angiography (CTA) spot sign were independently associated with HE in 
the logistic regression (P<0.05). The addition of non-contrast computed tomography (NCCT) signs did not provide significant 
discrimination improvement (AUC, Model 2 0.875 [95% CI, 0.822–0.929] versus Model 1. 0.811 [95% CI, 0.747–0.875], 
p=0.089), whereas the added value of the CTA spot sign remained statistically significant (AUC, Model 3 0.922 [95% CI, 
0.878–0.966] versus Model 2; p=0.030; Model 3 versus Model 1, p=0.005).
Conclusion: The combination of inflammatory and radiological biomarkers can predict HE with a satisfactory performance.
Keywords: intracerebral hemorrhage, hematoma expansion, computed tomography angiography, spot sign, BAT score, neutrophil to 
lymphocyte ratio

Introduction
Intracerebral hemorrhage (ICH) accounts for approximately 11%–22% of all strokes worldwide1 with a mortality rate 
exceeding 40% within one month.2,3 Recognizing and intervening in the risk factors that affect outcomes are crucial. 
Hematoma expansion (HE) is a major contributing factor to early neurological deterioration and poor functional 
outcomes in patients with ICH.4 It is important to identify ICH patients at high risk of HE as early as possible for 
targeted monitoring and treatment. A large meta-analysis showed that hematoma volume, time from onset to baseline 
imaging, and previous antiplatelet or anticoagulant therapy were highly effective predictors of HE.5 Furthermore, 
numerous studies have demonstrated the significant role of neuroinflammatory biomarkers in secondary brain injury 
following ICH event.6 Among the radiological biomarkers of HE, the Computed Tomography Angiography (CTA) spot 
sign provides values for predicting HE.7 However, owing to limited accessibility to CTA, the Non-Contrast Computed 
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Tomography (NCCT) signs8 and BAT score9 based on NCCT signs have been developed as alternative approaches. The 
objective of this study was to explore the predictive abilities of combining inflammatory indices, NCCT signs, and BAT 
score with the CTA spot sign to identify the risk of HE.

Materials and Method
Study Population
The study included patients admitted to Beijing Tiantan Hospital between September 2021 and April 2022 who were 
diagnosed with primary spontaneous non-traumatic supratentorial ICH. The following inclusion criteria were applied: (1) 
age ≥18 years; (2) baseline NCCT and CTA were completed within 6 hours of onset;10 (3) follow-up NCCT was completed 
within 24–48h from symptom onset, and the following exclusion criteria were used: (1) traumatic brain bleeding; (2) ICH 
related to arteriovenous malformation, neoplastic lesion, or aneurysm-related ICH; (3) hemorrhagic transformation of 
ischemic stroke; (4) primary interventricular hemorrhage; (5) missing the outcomes and/or follow-up image; (6) previous 
anticoagulant use. The population selection flowchart is provided in Figure 1. The study was performed in accordance with 
the guidelines of the Helsinki Declaration and approved by the Research Ethics Committee of Beijing Tiantan Hospital 
(KY2021-025-01). Written informed consent was obtained from all subjects or their legally authorized representatives.

Clinical Variables
The following clinical variables were collected by researchers who were blinded to the outcome of HE: age, sex, medical 
history of hypertension, ICH, antihypertensive, antiplatelet therapy before ICH onset, admission systolic blood pressure 
(SBP), Glasgow Coma Scale (GCS) score, National Institute of Health Stroke Scale (NIHSS) score, time from onset to 
NCCT, and laboratory variables (red blood cell count, white blood cell count, platelet count, neutrophil count, 
lymphocyte count, C-reactive protein level, and admission glucose level). The neutrophil-to-lymphocyte ratio (NLR) 
was defined as the neutrophil count divided by the lymphocyte count.

Image Acquisition and Interpretation
One-stop multimodal CT, including the baseline NCCT (a 16-slice CT scanner (Brilliance iCT; Philips Healthcare, 
Cleveland, OH, USA), and the helical scan parameters were as follows: 120 kVp, 310 mAs, 5 mm thickness, image size: 
512×512) and CTA (CTA was performed immediately after the initial NCCT performance using a bolus-tracking method 
by injecting 90 mL of nonionic iodinated contrast (IOHEXOL) at 5 mL/s. The protocol for the circle of Willis was 80 
kVp, 350 mAs, 0.5 second/rotation, 0.75 mm thick with a pitch of 0.65) were completed in the emergency department of 
Beijing Tiantan Hospital. The hematoma volumes at baseline and follow-up NCCT were calculated using the ABC/2 
formula.11 NCCT images were analyzed to determine the location of ICH, presence of intraventricular hemorrhage, and 
categorization into lobar (ICH involving the cortex and cortical-subcortical junction) or deep (ICH involving the 
thalamus, basal ganglia, internal capsule, and deep periventricular white matter). The CTA spot sign,10 various NCCT 

Figure 1 Flowchart of participants selection. 
Abbreviations: ICH, intracerebral hemorrhage; and NCCT, non-contrast computed tomography.
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signs (Hypodensities,12 Blend sign,13 Swirl sign,14 Satellite sign,15 Black hole sign,16 Island sign17), and BAT score9 

were interpreted based on their definitions. All imaging characteristics were identified by two trained neurologists who 
were blinded to the outcomes and were supervised by a veteran radiologist.

Primary Outcome
HE was defined as an increase of >6 mL absolute volume or >33% relative volume of hematoma in the follow-up CT 
compared to the baseline NCCT.4

Statistical Analysis
Continuous variables were expressed as median (interquartile range) or mean (SD) and examined using the Mann– 
Whitney U-test or Student’s t-test. Categorical variables are presented as counts (percentages) and were compared using 
the χ2 test or Fisher’s exact test. Variables with p<0.05, from the comparison of HE and non-HE groups, were included in 
multivariate binary logistic regression (backward stepwise selection). All analyses were performed with the statistical 
package SPSS version 26.0 (www.spss.com), and statistical significance was set at p<0.05.

Model Development
Three models were developed based on the different sets of variables. Model 1 included five clinically significant 
univariate variables (NLR, antihypertensive therapy, admission SBP, C-reactive protein, and time from onset to NCCT) 
and 3 predictors may associate with HE (age, sex, GCS). Second, Model 2 included four variables in model 1 and 4 
significant univariate NCCT metrics (baseline hematoma volume, black hole sign, satellite sign, and BAT score≥3), 
adjusting with multivariate logistic regression. Since the BAT score contained variables such as onset-to-CT time, 
hypodensities, and blend sign, these three predictors were excluded from model 2. Finally, Model 3 included all variables 
in Model 2, along with the CTA spot sign. The discriminative abilities of the three models were evaluated using receiver 
operating characteristic (ROC) curves with the De Long test to compare areas under the curve (AUCs). We also 
compared the prediction abilities of Model 1 with those of CTA SS alone and CTA SS combined with BAT score≥3.

Results
Participants
A total of 1084 ICH patients were screened between September 2021 and April 2022. Of these, 205 patients with 
supratentorial ICH who underwent one-stop multimodal CT (NCCT and CTA) within 6 h of completing the follow-up CT 
between 24 and 48 h were enrolled, of whom 56 (27.3%) experienced HE. The mean age of this cohort was 55.0 years 
(45.5–64.5), with a median NCCT hematoma volume of 33.4 mL (11.7–49.0) and a median Glasgow Coma Scale score 
of 13 (9–15) on admission. Patients with HE had a larger hematoma volume on baseline NCCT (43.8 vs 28.8 mL, 
p<0.001), a shorter time from onset to NCCT (160 minutes vs 234 minutes, p<0.001), a higher admission SBP (181 vs 
170 mmHg, p=0.037), a higher NLR (9.4 versus 5.4, p<0.001), and a lower prevalence of antihypertensive treatments 
(19.6% versus 39.6%, p=0.007). The HE group had higher rates of hypodensities (67.9% vs 32.9%, p<0.001), blend sign 
(37.5% vs 11.4%, p<0.001), black hole sign (37.5% vs 11.4%, p<0.001), satellite signs (60.7% vs 35.6%, p=0.001), CTA 
spot sign (57.1% vs 8.7%, p<0.001), and BAT score≥3 (58.9% vs 10.1%, p<0.001) (Table 1).

Model Development
In Model 1, four indicators (NLR, C-reactive protein level, antihypertensive therapy, and time from onset to NCCT) 
independently predicted HE, with an AUC of 0.811 [95% CI, 0.747–0.875]. In Model 2, four factors (NLR, baseline hematoma 
volume, BAT score≥3, and black hole sign) showed an increasing trend in prediction (Model 2 AUC, 0.875 [95% CI, 
0.822–0.929]), but the improvement compared to Model 1 was not statistically significant (the AUCs of Model 2 vs Model 
1, p= 0.089, Delong test). Model 3, which included NLR, BAT score≥3, black hole sign, and CTA spot sign, independently 
predicted HE, with an AUC of 0.922 [95% CI, 0.878–0.966]. Model 3 demonstrated significantly better discrimination than 
both Model 1 and Model 2 (p= 0.030 for Model 3 vs Model 2; p= 0.005 for Model 3 vs Model 1, Delong test) (Table 2 and 
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Table 3 and Figure 2A). Additionally, when comparing Model 1 with the CTA spot sign alone (AUC, 0.747 [95% CI, 
0.662–0.832]) and the CTA spot sign combined with BAT score ≥3(AUC, 0.864 [95% CI, 0.801–0.926]), the results showed 
that Model 1 had a similar prediction performance without statistically significant differences when compared to these two 
predictors (Model 1 vs spot sign, p=0.168; Model 1 vs spot sign combined with BAT score ≥3, p=0.242, Delong test) 
(Figure 2B).

Table 1 Baseline Characteristics of the participants

Characteristics Total 
n=205

HE group 
n=56

Non-HE group 
n=149

P value

Age, median (IQR), year 55.0 (45.5, 64.5) 52.5 (45.3,64.5) 55.0 (45.5, 64.5) 0.703

Male 150 (73.2%) 42 (75.0%) 108 (72.5%) 0.717

NIHSS, median (IQR) 12 (5,15) 12 (9,16) 12 (5,15) 0.340
GCS, median (IQR) 13 (9,15) 13 (9,15) 13 (10,15) 0.822

History

Hypertension 157 (76.6%) 45 (81.0%) 112 (75.2%) 0.434
Intracerebral hemorrhage 6 (2.9%) 1 (1.8%) 5 (3.4%) 0.552

Previous antihypertensive therapy 70 (34.1%) 11 (19.6%) 59 (39.6%) 0.007*

Previous antiplatelet therapy 36 (17.6%) 14 (25.0%) 22(14.8%) 0.086
Admission SBP, mm Hg 172.0 (160.0, 193.0) 181.0 (160.0, 204.0) 170.0 (159.5, 187.0) 0.037*

Admission lab test

Glucose, mmol/L 7.5 (6.3, 8.8) 8.0 (6.4,9.1) 7.4 (6.3,8.7) 0.112

Platelet count, 109/L 215.0 (183.5, 258.0) 201.0 (179.8, 248.0) 225.0 (185.5,259.0) 0.138
Leukocyte count,109/L 10.0 (7.5,12.2) 10.0 (7.6,12.0) 9.9 (7.4,12.7) 0.887

Neutrophil count, 109/L 8.5 (5.6,11.0) 9.0 (6.6, 12.4) 7.9 (5.3,10.2) 0.007*

Lymphocyte count,109/L 1.3 (0.9, 1.8) 1.0 (0.7,1.4) 1.4 (1.0,1.8) <0.001*
CRP, mg/L 5.6 (2.5, 9.8) 11.1 (6.8,14.1) 4.1 (1.9, 6.6) <0.001*

NLR 6.7 (3.9,11.1) 9.4 (5.4,14.9) 5.4 (3.6,9.4) <0.001*

Time from onset to NCCT, m 214.5(150.3, 294.0) 160.0 (121.0, 222.0) 234.0 (173.5, 317.0) <0.001*
Baseline NCCT HV*, mL 33.4 (11.7, 49.0) 43.8 (30.5,69.9) 28.8 (9.1,47.1) <0.001*

Hematoma location 0.521

Deep 147 (71.7%) 42 (75.0%) 105 (70.5%)

Lobar 58(28.3%) 14 (25.0%) 44 (29.5%)
Hematoma ruptured to the ventricular 71 (34.6%) 25 (44.6%) 46 (30.9%) 0.065

CTA spot sign 45 (22.0%) 32 (57.1%) 13 (8.7%) <0.001*

NCCT signs

Hypodensities 87 (42.4%) 38 (67.9%) 49(32.9%) <0.001*
Blend sign 38 (18.5%) 21 (37.5%) 17(11.4%) <0.001*

Swirl sign 105 (51.2%) 33 (58.9%) 72 (48.3%) 0.176

Satellite sign 87 (42.4%) 34 (60.7%) 53 (35.6%) 0.001*
Black hole sign 38(18.5%) 21 (37.5%) 17(11.4%) <0.001*

Island sign 49 (23.9%) 16 (28.6%) 33 (22.1%) 0.337

BAT score 2 (0,2) 3 (2,4) 2 (0,2) <0.001*
BAT score≥3 48 (23.6%) 33 (58.9%) 15 (10.1%) <0.001*

Note: * for clinical significance (p<0.05). 
Abbreviations: CTA, computed tomography angiography; GCS, Glasgow Coma Scale; IQR, interquartile range; IVH, intraventricular 
hemorrhage; NCCT, noncontrast computed tomography; NLR, neutrophil-to-lymphocyte ratio; CRP, C-reactive protein; HV, hematoma 
volume; SBP, systolic blood pressure.
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Discussion
In our study, we initially developed an inflammatory indice-based model 1 involving NLR and CRP for predicting HE, 
which exhibited satisfactory discriminatory ability. Furthermore, with the addition of NCCT signs, including the black 
hole sign and BAT score≥3 in Model 2, there was a notable trend towards further improvement in predictive capability, 
although the difference was not statistically significant. Moreover, the integration of spot signs evaluated on CTA in 

Table 2 Models and Predictors of Hematoma Expansion Prediction

Variables included in multivariate  
binary logistics regression

Variables selected in 
models

Adjusted OR (95% CI) P value AUCs of models 
(95% CI)

Model 1 NLR 

Previous antihypertensive therapy 

C-reactive protein 
Time from onset to NCCT 

Admission SBP 

Age 
Sex 

GCS

NLR 

Previous 

antihypertensive therapy 
C-reactive protein 

Time from onset to 

NCCT†

1.085 (1.027,1.145) 

0.289(0.116, 0.720)  

1.031 (1.011, 1.051) 

0.990 (0.985, 0.995)

0.003 

0.008  

0.003 

<0.001

0.811 [0.747, 0.875]

Model 2 NLR 

Previous antihypertensive therapy 

C-reactive protein 
Baseline hematoma volume 

Black hole sign 

Satellite sign 
BAT score≥3

NLR 

Baseline hematoma 

volume* 
Black hole sign, (n%) 

BAT score≥3, (n%)

1.079(1.022,1.140) 

1.019(1.004, 1.034)  

4.900 (1.860, 12.907) 

13.667(5.676, 32.905)

0.006 

0.013  

0.001 

<0.001

0.875 [0.822, 0.929]

Model 3 NLR 

Previous antihypertensive therapy 

C-reactive protein 
Baseline hematoma volume 

Black hole sign 

Satellite sign 
BAT score≥3 

CTA Spot Sign

NLR 

Black hole sign, (n%) 

BAT score≥3,(n%) 
CTA Spot Sign, (n%)

1.110 (1.032,1.194) 

9.109 (2.864, 28.972) 

17.293 (6.061, 49.338) 
25.673 (8.056, 81.817)

0.005 

<0.001 

<0.001 
<0.001

0.922 [0.878, 0.966]

Note: *OR per 1 mL increase. †OR per 1 minute increase. 
Abbreviations: NLR, neutrophil to lymphocyte ratio; SBP, systolic blood pressure; NCCT, noncontrast computed tomography; GCS, Glasgow Coma Scale; CTA SS, 
computed tomography angiography spot sign; IVH, intraventricular hemorrhage; OR, odds ratio; CI, confidence interval.

Table 3 Cross Table of 3 Models and Others

Model 1 Model 2 Model 3 SS SS+BAT≥3

0.811 [0.747–0.875] 0.875 [0.822, 0.929] 0.922 [0.878, 0.966] 0.747[0.662–0.832] 0.864 [0.801–0.926]

Model 1 –

Model 2 P=0.089 –

Model 3 P=0.005 P=0.030 –

SS P=0.168 P=0.005 P<0.001 –

SS+BAT≥3 P=0.242 P=0.721 P=0.002 P<0.001 –

Notes: This table shows the comparisons and Delong test results between the two models. SS, spot sign. P<0.05 was considered as statistically 
significant.
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Model 3 significantly enhanced diagnostic accuracy. This suggests that combining inflammatory indices with neuror-
adiological biomarkers via advanced imaging assessments may be an optimal method for HE prediction.

Our study provides insights into the role of the post-ICH inflammatory response in predicting HE. We developed 
inflammatory model 1, which incorporated NLR and CRP and effectively predicted HE. In contrast, no significant 
differences were observed between the CTA spot sign alone and the spot sign combined with BAT≥3 on NCCT images. 
This shows that the inflammatory model could serve as an alternative to current imaging methods to some extent. It was 
known that the secondary injury after ICH developed soon and was accelerated with neuro-inflammation occurred in 
peri-hematoma tissue, involving the activation of microglial and infiltration of neutrophils.18 Animal ICH model studies 
have demonstrated that neutrophils, the earliest leukocytes, respond to ICH within 4 hours.19 Microglial-induced pro- 
inflammatory and cytotoxic cytokines, such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, matrix metallopro-
teinase-9 (MMP-9),20 and IL-1521 contribute to neutrophil aggregation, apoptosis of peri-hematoma tissue, blood-brain 
barrier rupture, and activation of reactive oxidative stress.22 Several clinical studies have also confirmed that the 
upregulation of MMP-9 correlates with HE and poor outcomes.23,24 Additionally, NLR has been shown to serve as an 
indicator of secondary injury, which can effectively predict HE25 and peri-hematoma edema after ICH.26 Napoli et al 
demonstrated that elevated serum CRP levels correlate with a larger hematoma volume and activation of complement 3 
and microglia, leading to impaired vascular integrity and the occurrence of HE.27 A high CRP (over 10 mg/L) is an 
independent predictor of HE.28 Notably, the growing focus on post-stroke neuroinflammation has prompted the devel-
opment of new anti-inflammatory therapies. The use of fingolimod reduces MMP-9 levels in patients with ICH, which 
can effectively alleviate peri-hematoma edema.29 Nevertheless, the use of anti-inflammatory therapies targeting HE has 
not been reported to date, and further research is needed.

In our study, we further developed two models combining inflammatory and radiological biomarkers (black hole sign, 
BAT score≥3, and spot sign) to enhance the predictive ability of HE with excellent AUCs. The BAT score is an accepted 
scale for HE prediction, which is simple and easy to use.9 The blend sign and hypodensities in the BAT score, as well as 
the black hole sign, indicated heterogeneous density within the hematoma, which reflects different stages of coagulation 
of the bleeding site in the acute phase, and could therefore predict HE. The spot sign on CTA remains an effective 
predictor of HE and is indicative of an active hemorrhage.30 Most previous studies have shown that the CTA spot sign 
has a better predictive efficacy than NCCT signs.31,32 However, Sporns et al showed that the black hole sign was an 
independent predictor, other than the CTA spot sign.33 Therefore, the combination of spot signs and NCCT signs for 
screening individuals at high risk of HE has become a feasible approach in recent studies.34,35 Morroti et al showed that 
hypodensities, instead of spot signs, provided a significant added value in the prediction of HE and appeared to be 

Figure 2 ROC curves of 5 nomograms for the predicted probability of hematoma expansion in patients (n=205). A. Model 1: AUC [95% CI]: 0.811 [0.747, 0.875]; Model 2: 
AUC [95% CI]: 0.875 [0.822, 0.929]; Model 3: AUC [95% CI]: 0.922 [0.878, 0.966]. B. CTA spot sign: AUC [95% CI]: 0.747[0.662–0.832]; CTA spot sign plus BAT score: 
AUC [95% CI]: 0.864 [0.801–0.926]. 
Abbreviations: AUC, area under the curve; CTA, computed tomography angiography; and ROC, receiver operating characteristic curves.
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a valuable alternative to the CTA spot sign.34 Conversely, our study demonstrated that the inclusion of the CTA spot sign 
could significantly enhance the predictive ability of HE based on inflammatory biomarkers and NCCT signs. Our findings 
suggest that the optimal assessment to stratify the risk of HE with good discrimination should include NLR and CRP, as 
well as both NCCT and CTA, if possible. This could, to the best extent, increase the predictive performance. Recent 
studies indicate that during the acute phase of ICH, various interventions have been implemented to enhance prognosis, 
such as acute blood pressure lowering, strict glucose control, and reversal of anticoagulants.36,37 Consequently, the 
identification of high-risk HE patients holds significant importance for the precise treatment of this condition and 
improve the outcomes.

Some limitations of this study should be considered when interpreting the results. First, our findings were derived 
from a single-center retrospective analysis; therefore, further prospective studies are warranted. Second, the results can 
be altered because of the different definitions of HE. Additionally, we also noticed that NCCT signs could predict the 
IVH growth and ultra-early IVH growth predicts poor outcomes,38,39 due to limits of our methods for calculating 
hematoma volume, we could not validate this in our study, Further efforts are required to enhance the predictive 
performance of NCCT.

Conclusions
The neutrophil-to-lymphocyte ratio, black-hole sign, BAT score, and CTA spot sign were significant predictors of HE. 
This combination could further stratify the risk of HE accurately.
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