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Background: Identifying risk factors associated with hematoma expansion following spontaneous intracerebral hemorrhage (ICH) is
essential for improving early intervention strategies. We hope to use this predictive model in the future to comprehensively score the
risk factors of hospitalized patients with cerebral hemorrhage and evaluate the possibility of hematoma enlargement. Being able to
identify high-risk patients with hematoma enlargement early and take intervention measures to save their lives.

Methods: A retrospective analysis was conducted on clinical data from 226 individuals diagnosed with spontaneous ICH between
December 29, 2023, and August 29, 2024. Multiple logistic regression analysis was performed to identify risk factors associated with
hematoma expansion. Predictive performance of the model was assessed using ROC curve analysis and receiver operating character-
istic curve analysis. Mortality rates were calculated for each group following a 7-day follow-up period.

Results: Hematoma expansion was associated with diabetes mellitus, a low Glasgow Coma Scale (GCS) score at admission, elevated
systolic blood pressure at admission, coagulation abnormalities, and specific computed tomography (CT) imaging findings, such as
heterogeneous density, black hole sign, swirl sign, lobulation sign, and blend sign. A prognostic model incorporating these factors
demonstrated robust predictive performance, achieving an area under the curve of 0.771 (95% CI: 0.628-0.915, p = 0.002). The model
yielded a maximum Youden index of 0.489, with an optimal cutoff score of 38, a sensitivity of 54.5%, and a specificity of 94.4%.
Mortality among individuals with coagulation abnormalities was 53.3%.

Conclusion: Coagulation abnormalities, GCS score, systolic blood pressure at admission, CT imaging findings, and diabetes mellitus
were identified as predictors of hematoma expansion in spontaneous ICH. Individuals with coagulopathy and elevated systolic blood
pressure at admission exhibited the poorest prognoses.

Keywords: cerebral hematoma, hematoma expansion, mortality, predictive model, risk factors

Introduction
Spontaneous intracerebral hemorrhage (ICH) represents the second most prevalent form of stroke and is associated with
high mortality and morbidity." Although it primarily affects middle-aged and older adults, its incidence among younger
individuals has risen in recent years. Mortality rates for ICH range from 28% to 55%, with spontaneous ICH accounting
for 10% to 20% of all stroke cases in Europe and the United States. In China, approximately 30% of stroke cases involve
spontaneous ICH.?

Diagnosis of cerebral hemorrhage is primarily conducted using head computed tomography (CT), a non-invasive and
rapid imaging technique. Hematoma expansion following ICH has been associated with an increased risk of mortality
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and poor clinical outcomes.’ Therefore, strategies aimed at preventing hematoma expansion are critical for improving
treatment efficacy and patient prognosis.

Multiple studies have examined risk factors associated with hematoma expansion following spontaneous ICH.*
Elevated blood glucose levels have been suggested to increase the risk of hematoma expansion, potentially due to
glucose-induced vascular injury. Coagulopathy, characterized by an increased international normalized ratio (INR) or
a reduced platelet count, has also been correlated with a higher likelihood of hematoma expansion.” Additionally, chronic
uncontrolled hypertension is a major risk factor for spontancous ICH and may contribute to hematoma expansion through
vascular injury.® Evidence from one study indicated that individuals with an initial hematoma volume exceeding 30 mL
exhibited a significantly greater risk of hematoma expansion, with larger initial hematomas more likely to undergo
unilateral enlargement.’

In clinical practice, there are many risk factors associated with the expansion of cerebral hemorrhage. To address this
issue, we collected specific clinical factors (such as age, gender, coagulation function, Glasgow Coma Scale (GCS) score,
systolic blood pressure at admission, initial hematoma volume, and head CT imaging characteristics) and hypothesized
that these factors are independent predictors of spontancous intracerebral hemorrhage hematoma enlargement. We
conducted statistical research and analysis on these factors, and identified clinical factors that met the hypothesis as
risk factors for hematoma enlargement, thus establishing a predictive model.

This study aimed to investigate the relationship between hematoma expansion and both clinical and imaging markers
in individuals with spontaneous ICH. Risk factors associated with hematoma expansion were identified, and follow-up
evaluations were conducted for those receiving conservative management to assess the predictive value of these factors.
Furthermore, predictive scores for hematoma expansion were developed based on these risk factors, providing
a framework for clinical risk assessment and supporting the development of individualized treatment strategies.

Method

Patient Selection

A retrospective analysis was conducted on individuals diagnosed with primary ICH through head CT imaging at the
Department of Neurosurgery, Wuxi People’s Hospital, between December 2023 and August 2024. Written informed
consent was obtained from all participants or their legal guardians. The study received approval from the Ethics
Committee of Wuxi People’s Hospital, affiliated with Nanjing Medical University (approval number: KY21088).

Inclusion Criteria
Were as follows: (1) Diagnosis of acute ICH confirmed by an initial head CT scan, with symptom onset occurring within
8 hours. (2) Initiation of conservative treatment within 24 hours of hospital admission.

Exclusion Criteria

Were as follows: (1) Individuals with cerebral hemorrhage secondary to intracranial aneurysms, vascular malformations,
moyamoya disease, intracranial space-occupying lesions (eg, brain tumors or strokes), congenital hematological dis-
orders, traumatic injuries, vascular amyloidosis, or hemorrhage resulting from cerebral infarction. (2) Presence of a large
hematoma on the initial head CT scan requiring urgent surgical intervention. (3) A prior history of stroke.

CT Imaging Analysis

All individuals underwent an initial head CT scan at the time of admission, followed by a re-evaluation after 24 hours.® Raw
image data in DICOM format were imported into the 3D Slicer image analysis system, which automatically identified and
marked pixels corresponding to the hematoma. The CT threshold range was manually set between 50 and 100 Hounsfield
units (HU), and the three-dimensional structure and volume of the hematoma were rendered using the “MakeModel”
function. Hematoma volume was calculated based on CT images, and hematoma expansion was defined as an increase in
volume of at least 33% or 12.5 mL upon follow-up imaging compared to the initial scan.” Based on this criterion,
individuals were categorized into the hematoma expansion group (n = 70) and the non-expansion group (n = 154).
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CT imaging characteristics were assessed according to the following definitions: (1) Irregular density: An irregular
hematoma shape with heterogeneous density was observed within its internal region and margins.'® (2) Black hole sign:
A circular, oval, or rod-like area of relatively low density within a high-density region, with low-density areas not
adjacent to surrounding tissue and exhibiting well-defined borders. The CT attenuation difference between high- and low-
density areas was at least 28 HU."' (3) Swirl sign: A low-density or isodense area within a high-density hematoma,
appearing in a circular, linear, or irregular shape.'> (4) Lobulated hematoma: A hematoma displaying scattered or
irregular projections at its margins on non-contrast CT imaging."® (5) Blend Sign: A hematoma containing two distinct
areas of differing density, with a CT attenuation difference of at least 18 HU. The boundary between these regions was
clearly defined and visually distinguishable, with the relatively low-density area not completely enclosed by the high-
density region.'*

CT imaging findings were independently evaluated by radiologists and neurosurgeons at Wuxi People’s Hospital. In
cases of discrepancies, final determinations were reached through discussion and consensus.

Data Collection

Data were collected on age, gender, coagulation function, Glasgow Coma Scale (GCS) score, systolic blood pressure at
admission (The inclusion criteria is the diagnostic criteria for hypertension, which is greater than 140mmHg), initial
hematoma volume, and head CT imaging characteristics (Figure 1). Coagulation dysfunction was defined as
a thromboelastographic reaction time (R) > 10 minutes or a maximum amplitude (MA) < 54 millimeters.

Data Analysis

Statistical analyses were conducted using SPSS 22.0. Continuous variables were expressed as mean + standard deviation
(SD) or median + interquartile range (IQR), while categorical variables were reported as counts with percentages
(0-100%). The normality of data distribution was assessed using the Shapiro—Wilk test. Normally distributed variables
were presented as mean (£SD). Comparisons between continuous variables were performed using the Mann—Whitney
U-test, whereas binary categorical variables were analyzed using Pearson’s chi-square test.

Survival curves were generated using the Kaplan-Meier method, and survival differences between groups were
assessed with the Log rank test. Univariate and multivariate logistic regression analyses were conducted to determine risk
factors associated with hematoma expansion. Variables with a p < 0.05 in univariate analysis were included in the
multivariate logistic regression model to establish predictive factors. The predictive performance of the model was
evaluated using receiver operating characteristic (ROC) curve analysis, with the area under the curve (AUC) calculated to
assess discrimination ability. A p value of < 0.05 was considered statistically significant.

Results
Clinical Data

A total of 226 individuals were included in the study, comprising 148 males and 78 females. The median initial
hematoma volume was 19.9 mL (range: 1029 mL). CT image analysis showed irregular density at the hematoma
margin in 71 individuals, the presence of a black hole sign in 56, a vortex sign in 51, a lobulated hematoma in 53, and
a blend hematoma in 58 patients.

Key Factors Associated with Hematoma Expansion

Age, sex, and initial hematoma volume did not show statistically significant differences between the hematoma
expansion and non-expansion groups (p > 0.05). However, the enlarged hematoma group had a higher proportion of
individuals with a history of diabetes mellitus and coagulation abnormalities compared to the non-expansion group. The
hematoma expansion group exhibited a higher proportion of individuals with lower GCS scores, elevated systolic blood
pressure at admission, and specific head CT imaging signs, such as irregular density at the hematoma margin, black hole
sign, vortex sign, lobulated hematoma, and blend hematoma (p < 0.05,see Table 1).
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Figure | Representative CT axial images taken on admission and at 24-hour follow-up. (A) The first CT scan of a patient with left temporal parietal lobe hemorrhage
showed irregular density at the edge of the hematoma (as indicated by the arrow). (B) The follow-up CT scan showed a significant enlargement of the hematoma compared
to that on admission. (C) The first CT scan of a patient with left temporal occipital lobe hemorrhage showed black hole sign (as indicated by the arrow). (D) The follow-up
CT scan showed significant enlargement of hematoma. (E) The first CT scan of a patient with bleeding in the right basal ganglia area showed vortex sign (indicated by the
arrow). (F) The follow-up CT scan showed a significant enlargement of the hematoma. (G) The first CT scan of a patient with left basal ganglia rupture into bilateral
ventricles showed lobed sign (indicated by the arrow). (H) The follow-up CT scan showed hematoma enlargement. (I) The first CT scan of a patient with right temporal
lobe hemorrhage showed mixed sign (indicated by the arrow). (J) The follow-up CT scan showed hematoma enlargement.

We conducted multicollinearity analysis on these statistically significant risk factors, and the results showed that there
was no multicollinearity among these risk factors (see Table 2).

Consequently, a history of diabetes mellitus, lower GCS scores at admission, elevated systolic blood pressure,
coagulation abnormalities, and specific CT imaging signs were identified as significant risk factors for hematoma
expansion in individuals with ICH.

Prediction of Hematoma Enlargement

The predictive ability of each risk factor for hematoma expansion was analyzed. While each factor demonstrated high specificity,
sensitivity was generally low, with some factors exhibiting sensitivity levels below 50% (see Table 3). After analyzing the results
of the single factor and multiple factor unconditional logistic regression mentioned above, we identified independent risk factors
such as abnormal coagulation function, GCS score, admission blood pressure, irregular edge mixed density sign, black hole sign,
vortex sign, lobulation sign, and confounding sign in CT imaging. Evaluating hematoma enlargement in patients through a single
independent risk factor may be limited. We assign values to each independent related risk factor and calculate the comprehensive
score for each patient, which serves as the basis for predicting hematoma enlargement. We multiply the beta coefficient of each
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Table | Patient Characteristics by Hematoma Status

Variable Hematoma P-Value
Yes (n=71) No (n=155)
Age (years) 62.3£16.6 65.1%13.7 0.607
Sex 0.103
Male (%) 45 (63.4) 81 (52.3)
Female (%) 26 (36.6) 74 (47.7)
Diabetes (%) 41 (57.7) 44 (284) <0.001
Median hematoma volume (cm?) 20.2 (14.5-23.4) | 18.7 (13.1-23.9) | 0.732
Systolic blood pressure on admission, mm Hg | 192.6%21.3 167.2+19.5 0.006
Median GCS at admission 7 (5-8) 10 (8-12) <0.001
Abnormal coagulation function (%) 39 (55) I (7.1) <0.001
Irregular density sign (%) 38 (53.5) 33 (21.3) <0.001
Black hole sign (%) 31 (43.7) 25 (l6.1) <0.001
Vortex sign (%) 29 (40.8) 22 (14.2) <0.001
Lobed sign (%) 25 (35.2) 28 (18.1) 0.003
Mixed sign (%) 28 (39.4) 30 (19.3) 0.001

Notes: Values are expressed as numbers (%) or as median (range).

Table 2 Multicollinearity Analysis on Statistically Significant Risk Factors

Model Unstandardized B Coefficients Standardized Coefficients Beta t Sig. Collinearity Tolerance Statistics VIF
Std.Error
Systolic blood pressure on admission 0.000 0.001 0.053 0.337 0.739 0.677 1.478
GCS at admission 0.000 0.009 —0.008 —0.041 0.967 0.479 2.089
Abnormal coagulation function 0.001 0.001 0.145 0.999 0.328 0.799 1.252
Irregular density sign —0.007 0.008 —0.180 —0.849 0.404 0.372 2.686
Black hole sign 0.001 0.000 0518 3010 | 0.006 0.567 1.764
Vortex sign 0.037 0.015 0512 2.488 0.020 0.396 2.528
Lobed sign 0.000 0.000 0.215 1.124 0.272 0.459 2.180
Mixed sign 0.000 0.000 0.176 0911 | 0371 0.447 2236
Diabetes —0.023 0.009 —0.441 —2.604 0.016 0.585 1.709
Table 3 Sensitivity, Specificity, and Predictive Values of Qualitative Predictors for Intracranial Hematoma
Enlargement
Sensibility Specificity Negative Positive
Predictive value Predictive Value

Systolic blood pressure on admission 58.1% 83.2% 71.6% 62.9%

GCS at admission 47.1% 90.9% 79.1% 70.2%

Abnormal coagulation function 52.9% 91.6% 81.0% 74%

Irregular density sign 54.3% 78.6% 79.1% 53.5%

Black hole sign 44.3% 83.8% 76.8% 55.4%

Vortex sign 41.4% 85.7% 76.3% 56.9%

Lobed sign 35.7% 81.8% 73.7% 47.1%

Mixed sign 40.0% 80.5% 74.7% 48.3%

Diabetes 45.2% 72.3% 75.6% 69.4%
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Table 4 Multivariate Logistic Regression Analysis of Factors Affecting the Expansion of Hematoma in Patients with Spontaneous
Cerebral Hemorrhage

Variable B SE Wald X? | Odds Ratio | 95% Confidence Interval | P Scores
Diabetes, number 2.174 0532 | 16.718 8.797 3.102-24.946 <0.01 | 22
Systolic blood pressure on admission, mmhg | 1.424 0.515 | 7.654 4.154 1.515-11.392 0.006 | 14
GCS at admission, score —1.394 | 0.465 | 8.98I 0.248 0.100-0.617 0.003 | 14
Abnormal coagulation function, number 2.380 0.558 | 18.212 10.809 3.622-32.253 <0.01 | 24
Irregular density sign (CT), number 1.391 0.499 | 7.752 4.017 1.509-10.692 0.005 | 14
Black hole sign (CT), number 1.597 0.512 | 9.750 4.939 1.812-13.462 0.002 | 16
Vortex sign (CT), number 1.227 0.509 | 5.810 3410 1.258-9.245 0.016 | 12
Lobed sign (CT), number 1.098 0.474 | 5357 2.998 1.183-7.597 0.021 | 11
Mixed sign (CT), number 1.197 0.481 | 6.198 3.311 1.290-8.495 0013 | 12

risk factor by 10 and round it to the nearest integer to obtain the score for that factor. The sum of the scores for each risk factor
constitutes the score for each patient’s clinical prediction model (see Table 4).

The ROC curve analysis demonstrated that the model had robust predictive performance, with an AUC of 0.771 (95%
CI, 0.628-0.915, P = 0.002). The model achieved a maximum Youden index of 0.489, with an optimal cutoff score of 38
points, yielding a sensitivity of 54.5% and a specificity of 94.4% (see Figure 2).

This prediction model shows the best predictive value when the cutoff value is 38 points. Among 226 patients with
cerebral hemorrhage, there were a total of 91 patients with a score greater than 38. Among these 91 patients, 52
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Figure 2 Receiver operating characteristic curve of the risk prediction model for hematoma enlargement after spontaneous intracerebral hemorrhage.

2870 https: Risk Management and Healthcare Policy 2025:18



Mao et al

?100 l—|7 | | . e GeA
é 804 ' | I - A+
: T
= 60- ! : . —— G+V+M
E l ) v [+V+M
Z 40 Log rank x2=14.58 ©StVEM
§ 204 P=0.0238 —= DB
o

0 T ] 1 1 L L 1

0 1 2 3 4 5 6 7

Time (Days)

Figure 3 Survival curves of the different patient groups (G - GCS at admission, A - abnormal coagulation function, I-irregular density sign, S - systolic blood pressure on
admission, V-vortex sign, M - mixed sign, D - diabetes, B - black hole sign).

experienced hematoma enlargement, with a probability of 57%. Therefore, this model has good predictive value for
hematoma enlargement.

We subsequently selected 50 patients with spontaneous cerebral hemorrhage who received conservative treatment for
hematoma enlargement prediction. Among them, 33 patients experienced hematoma enlargement, and 21 patients had
a comprehensive risk factor score greater than 38 points. The success rate of prediction was 64%, reflecting the good

predictive value of the model.

Relationship Between Risk Factors and Mortality

Since the optimal cutoff value for the model score was 38, the corresponding risk factors were selected to assess their
association with mortality. Survival curves were constructed to determine which combinations of risk factors were linked
to the highest mortality rates. According to literature research reports,® the time window for hematoma enlargement after
cerebral hemorrhage is generally 3—7 days. Therefore, we set the follow-up time for hematoma enlargement to 7 days.
Mortality was assessed over a 7-day follow-up period in individuals with enlarged cerebral hematomas who received
conservative treatment.

As illustrated in Figure 3, individuals presenting with coagulopathy in conjunction with elevated systolic blood
pressure at admission were associated with the most unfavorable prognosis, with a mortality rate of 53.3%. In contrast,
individuals with a history of diabetes and the black hole sign on CT imaging demonstrated the most favorable prognosis,
with a mortality rate of 6.6%.

Discussion
Several clinical factors have been associated with hematoma expansion in individuals with spontaneous ICH.'> Notably,
initial hematoma volume, systolic blood pressure at admission, diabetes, low GCS scores, abnormal liver function,
abnormal renal function, and a history of alcohol abuse have been identified as risk factors for hematoma expansion in
the early stages of ICH.'®

Furthermore, the anatomical location of the hemorrhage within the brain may serve as an independent risk factor for
hematoma enlargement. Hematomas located in proximity to the center of the basal ganglia have been associated with
a high risk of expansion, with reported rates reaching 36.7% in this region.'” The basal ganglia is a common site for ICH,
primarily due to the presence of the lenticulostriate arteries, which traverse the internal capsule.'® Alterations in blood
flow dynamics at the bifurcations of the lenticulostriate arteries may lead to impaired perfusion.
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Furthermore, the proximity of the basal ganglia to the ventricles, along with limited structural support from
surrounding tissues, reduces the self-repair mechanisms and pressure resistance of cerebral vessels. Consequently,
hematomas in this region exhibit a higher propensity for significant enlargement.'®

Individual risk factors demonstrated limited predictive value for hematoma expansion, and the relationship between
initial hematoma volume and subsequent expansion remains unclear. Although multiple studies have identified initial
hematoma volume as a risk factor for expansion, a study conducted in China reported no such association.”’" This
discrepancy may be attributed to variations in the definition of hematoma expansion, as most studies classify expansion
as an increase in hematoma volume of > 8 cm? or > 1.2-fold.** In the present study, hematoma enlargement was defined
as an increase in volume of > 33% or > 12.5 mL. Based on this criterion, initial hematoma volume did not emerge as
a significant risk factor for subsequent expansion.

A history of diabetes mellitus and elevated systolic blood pressure at admission were identified as risk factors for
hematoma expansion, consistent with findings from previous studies.”® Evidence suggests that elevated blood glucose
levels in the early stages of ICH may indirectly enhance sodium absorption, increase blood volume, and increase the
response of vascular smooth muscle to sympathetic stimulation, leading to vasoconstriction and increased blood
pressure.”* Additionally, insulin resistance associated with diabetes mellitus has been shown to increase compensatory
insulin secretion, facilitating the accumulation of toxic metabolites within blood vessels. This process compromises
vascular integrity and promotes hematoma expansion.>®

Furthermore, vascular endothelial injury in individuals with ICH triggers the release of various inflammatory
cytokines. In the presence of persistent hypertension, the capacity for cerebrovascular tissue repair is diminished,
increasing susceptibility to rebleeding.?®

The level of consciousness is associated with multiple factors, including the size and location of the hematoma.?’
A reduced level of consciousness often indicates severe brain injury; however, there has been limited research on the
relationship between hematoma expansion and level of consciousness.”® In the present study, hematoma enlargement was
associated with lower GCS scores at admission, a finding that requires further validation in studies with larger sample sizes.

Extensive research has demonstrated that the use of antiplatelet and anticoagulant medications adversely affects platelet
function and coagulation factors, particularly factor VII, leading to vascular endothelial damage, vessel rupture, and
subsequent bleeding.®’ A significant association was observed between hematoma enlargement and abnormal coagulation.
Previous studies have similarly reported a higher likelihood of hematoma expansion in individuals with coagulation
abnormalities compared to those with normal coagulation profiles.*® A reduction in platelet count or thrombin levels
compromises platelet aggregation and inhibits the conversion of fibrinogen to fibrin, thereby facilitating hematoma expansion.

The correlation between head CT imaging features and hematoma enlargement has been extensively documented.
Yang et al reported that the presence of specific imaging characteristics, including irregular blend density at the
hematoma margins, the black hole sign, the vortex sign, lobulated hematoma, and blend hematoma, demonstrated
improved predictive accuracy for hematoma expansion.’' Similarly, Sato et al evaluated CT images of individuals
with hematoma enlargement who underwent follow-up imaging within three hours of the initial scan. Their findings
indicated the presence of intermediate- to low-density regions within or surrounding high-density lesions.?> The authors
suggested that high density hematomas developed after the initial hemorrhage, signifying active bleeding sites emerging
over varying time intervals. This imaging feature may therefore serve as a predictive marker for hematoma expansion.

Several limitations of the present study should be acknowledged. The analysis did not account for hematoma location
or individuals’ medical histories, which may have influenced hematoma expansion. Additionally, as a single-center
retrospective study, further validation through investigations with a larger sample size is necessary. Despite these
limitations, a multifactorial predictive model has the potential to improve risk assessment for hematoma expansion in
clinical settings and contribute to enhanced prognostic outcomes in individuals with spontaneous ICH.

Conclusion

A predictive model for hematoma expansion following ICH was developed by integrating multiple risk factors.
Coagulopathy, GCS score, systolic blood pressure at admission, CT imaging characteristics, and diabetes mellitus
were associated with hematoma expansion. An optimal cutoff score of 38 points was determined for predicting this
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outcome. We found that the sensitivity of the ROC curve was 54.5%, which may affect its practicality in clinical
diagnosis. This may be due to the retrospective single center study, which has certain limitations in the study of risk
factors for spontaneous intracerebral hemorrhage hematoma enlargement. In this prediction model, we may need to add
more dimensional case data to explore the risk factors for hematoma enlargement, and further expand the sample size for
statistical research. Although the sensitivity of the curve is less than 70%, its specificity is higher than 70%, which can
effectively exclude non cases and has certain value in clinical treatment.

Among individuals meeting this threshold, the highest mortality was observed in those with coagulopathy and elevated
systolic blood pressure at admission when hematoma expansion occurred. These findings provide a novel approach for
predicting hematoma expansion in individuals with ICH, facilitating early risk stratification and clinical decision-making.
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