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Background and Purpose: Perihematomal edema (PHE) is associated with poor functional outcomes after intracerebral hemorrhage (ICH). Early identification of risk factors associated with PHE growth may allow for targeted therapeutic interventions.

Methods: We used data contained in the risk stratification and minimally invasive surgery in acute intracerebral hemorrhage (Risa-MIS-ICH) patients: a prospective multicenter cohort study. Patients' clinical, laboratory, and radiological data within 24 h of admission were obtained from their medical records. The absolute increase in PHE volume from baseline to day 3 was defined as iPHE volume. Poor outcome was defined as modified Rankin Scale (mRS) of 4 to 6 at 90 days. Binary logistic regression was used to assess the relationship between iPHE volume and poor outcome. The receiver operating characteristic curve was used to find the best cutoff. Linear regression was used to identify variables associated with iPHE volume (ClinicalTrials.gov Identifier: NCT03862729).

Results: One hundred ninety-seven patients were included in this study. iPHE volume was significantly associated with poor outcome [P = 0.003, odds ratio (OR) 1.049, 95% confidence interval (CI) 1.016–1.082] after adjustment for hematoma volume. The best cutoff point of iPHE volume was 7.98 mL with a specificity of 71.4% and a sensitivity of 47.5%. Diabetes mellitus (P = 0.043, β = 7.66 95% CI 0.26–15.07), black hole sign (P = 0.002, β = 18.93 95% CI 6.84–31.02), and initial ICH volume (P = 0.018, β = 0.20 95% CI 0.03–0.37) were significantly associated with iPHE volume. After adjusting for hematoma expansion, the black hole sign could still independently predict the increase of PHE (P < 0.001, β = 21.62 95% CI 10.10–33.15).

Conclusions: An increase of PHE volume >7.98 mL from baseline to day 3 may lead to poor outcome. Patients with diabetes mellitus, black hole sign, and large initial hematoma volume result in more PHE growth, which should garner attention in the treatment.
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INTRODUCTION

Spontaneous intracerebral hemorrhage (ICH) is a severe form of stroke and accounts for 10–20% cerebrovascular diseases (1). In the past, the treatment of ICH mainly focused on primary injury and inhibiting hematoma growth. However, these treatment strategies do not seem to have achieved satisfactory results (2, 3). More and more attention has been paid to the secondary damage after cerebral hemorrhage.

After the initial injury caused by brain tissue disruption and mass effect of the hematoma, the activation of a coagulation cascade reaction, inflammatory cell infiltration, and the product of erythrocyte rupture triggers a series of secondary harmful events, eventually leading to the formation of perihematomal edema (PHE) (2, 4–6). A growing body of research shows that PHE was associated with poor functional outcomes after ICH (7–13), and treatment strategies to attenuate PHE are likely to improve patient outcomes (14). PHE progresses fastest in the first 2 to 3 days (4), which leaves a therapeutic time window. Therefore, early identification of risk factors associated with PHE growth may allow for the implementation of a more aggressive treatment strategy.

In this study, we aimed to explore the relationship between PHE and poor outcome and, more importantly, to find out the predictors of PHE growth.



METHODS


Study Design and Population

We used data contained in the risk stratification and minimally invasive surgery in acute intracerebral hemorrhage (Risa-MIS-ICH) study patients: a prospective multicenter cohort study. The study consists of two parts: The first part is to conduct a multicenter retrospective analysis of acute ICH patients from 33 centers in China to create a predictive model of ICH growth based on clinical, blood, genetic, imaging, and pharmacological factors; the second part is to validate the efficacy of the minimally invasive surgery, including stereotactic thrombolysis and endoscopic surgery, in eligible patients with high risk of hemorrhage growth according to the first part results in a prospective multicenter cohort study. The retrospective data were used in this study. The inclusion criteria for patient enrollment were as follows: (1) confirmation of ICH by cerebral imaging within 24 h of onset; (2) no cerebral herniation (defined as a shift of cerebral tissue from its normal location into an adjacent space that is life-threatening and requires prompt surgical intervention) at admission; (3) Glasgow Coma Scale (GCS) score > 5 at admission. Exclusion criteria were (1) secondary ICH due to aneurysm, vascular malformation, hemorrhagic infarction, tumor, or coagulation disorders; (2) occurrence of infratentorial hemorrhage; (3) evidence of pregnancy; (4) patients suffering from tumor, ischemic heart disease, kidney, hepatic insufficiency, or any disease with life expectancy <3 months. Informed consent was taken from all patients. This study was registered with ClinicalTrials.gov (No. NCT03862729).



Data Collection and Outcome Evaluation

Data were retrieved based on electric medical records, including demographic character, initial symptoms, vital signs, medical history, laboratory data and imaging characteristics. Hematoma and PHE volumes were measured following the method of Gusdon et al. (15) using semiautomated planimetry with a three-dimensional slicer. Similar to the previous study (9), the absolute increase in PHE volume from baseline to the third day was defined as iPHE volume. The presence of black hole sign, swirl sign, island sign, and hematoma sedimentation level were used as imaging predictors for early hematoma growth (16–20). We attempted to evaluate their roles in predicting PHE growth; the imaging interpretation criteria used in this study are the same as the previous studies (16–20). Shape and density categorical scales were likewise defined in a previous study (20). Hematoma expansion was defined as an increase in ICH volume between baseline and repeat imaging of more than 6 mL or more than 33% (21). The imaging evaluation was performed by two experienced neuroradiologists who were unaware of the other variables and outcomes. Data collection of laboratory results used the first-time examination at admission (within 24 h after admission). Follow-up data were acquired by medical records, telephone interviews, or outpatient clinics. Poor outcome was defined as modified Rankin Scale (mRS) of 4 to 6 at 90 days.



Statistical Analysis

Statistical analyses were performed using the SPSS software package (version 25.0, IBM Corporation). Baseline demographic and clinical characteristics were descriptively summarized as mean ± standard deviation (SD) or median [interquartile range (IQR)] for continuous variables and as number (%) for categorical variables. The demographics and ICH characteristics were compared between included and excluded patients using Chi-square test, Student's t-test, or the Mann–Whitney U-test as appropriate. Binary logistic regression and restricted cubic splines with three knots were used to assess the relationship between iPHE volume and poor outcome. The receiver operating characteristic (ROC) curve was used to establish the best cutoff point of iPHE volume for predicting poor outcome. Linear regression was used to identify variables associated with iPHE volume. Factors contributing significantly in univariate analysis or showing a trend toward P < 0.10 were entered into a multivariable model. Two-sided P-values < 0.05 was considered significant.




RESULTS


Patient Characteristics

Of a total of 886 patients with ICH entered into our database, 689 patients were excluded due to incomplete clinical data, and 197 patients were included in this study (the enrollment flow chart of the study population is shown in Figure 1). There were more males (n = 134, 68%) than females (n = 63, 32%) enrolled. The average age was 59.6 (±12.9) years. Twenty patients (10.1%) had a history of diabetes mellitus. A total of 52 (26.4%) patients presented with lobar hemorrhage and 145 (73.6%) with deep hemorrhage. Median ICH volume on admission was 12.7 mL (IQR 5.8–20.9), and median PHE volume at baseline was 9.8 mL (IQR 4.4–19.6). Median GCS on admission was 14 (IQR 12–15), median mRS at 90 days was 4 (IQR 3 to 5). There were no significant differences between the two cohorts in age, sex, hematoma volume, diabetes history, black hole sign, and other major factors. However, patients included had a relatively higher admission GCS score due to the exclusion of patients undergoing surgery at early stage. Demographic, clinical, and radiological characteristics are shown in Table 1.


[image: Figure 1]
FIGURE 1. Flow chart of patient selection.



Table 1. Demographics and ICH characteristics of included and excluded patients.
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Correlation Between iPHE Volume and Poor Outcome

iPHE volume was significantly associated with poor outcome [P = 0.003, odds ratio (OR) 1.049 95% confidence interval (CI) 1.016–1.082] after adjustment for hematoma volume. Analyses using the restricted cubic spline suggest a dose-response association between iPHE volume and the poor outcome OR (P for overall-association <0.001, P for non-linearity = 0.766, Figure 2). The ROC curves show that the best cutoff point of iPHE volume was 7.98 mL (AUC = 0.625 95% CI 0.547–0.702, Figure 3) with a specificity of 71.4% and a sensitivity of 47.5%.


[image: Figure 2]
FIGURE 2. Restricted cubic spline analysis of the association between iPHE volume and poor outcome OR (The middle solid line indicates the point estimates of odds ratios and the shaded part indicate the lower and upper limits of the corresponding 95% confidence intervals. The horizontal dashed line was at odds ratio =1 (reference point: 7.98 mL). Three knots were used for the restricted cubic spline analysis).
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FIGURE 3. ROC analysis diagram.




Analysis of Risk Factors for iPHE Volume

Given that iPHE volume was identified as a predictor for poor outcome, we further investigate the potential risk factors for iPHE volume. Univariate linear regression analysis showed that diabetes mellitus (P = 0.007, β = 10.24 95% CI 2.78–17.70), black hole sign (P < 0.001, β = 23.07 95% CI 11.12–35.04), and initial ICH volume (P = 0.023, β = 0.20 95% CI 0.03–0.38) were significantly associated with iPHE volume (Table 2). The variables with a p-value < 0.10 in univariate analysis were included in the multivariate analysis. The same as the former, the result of the multivariate analysis revealed a significant association between diabetes mellitus (P = 0.043, β = 7.66 95% CI 0.26–15.07), black hole sign (P = 0.002, β = 18.93 95% CI 6.84–31.02), initial ICH volume (P = 0.018, β = 0.20 95% CI 0.03–0.37), and iPHE volume (Table 3).


Table 2. Univariate linear regression analyses of iPHE volume after intracerebral hemorrhage.
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Table 3. Multivariable linear regression analyses of iPHE volume after ICH.
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Further Study on Black Hole Sign

To further investigate whether the contribution of black hole sign to edema growth is related to hematoma expansion, we included black hole sign and hematoma expansion together in the regression analysis. The results show that the black hole sign can independently predict the increase of PHE (P < 0.001, β = 21.62 95% CI 10.10–33.15).




DISCUSSION

In this retrospective analysis, we show that the increase of PHE volume from baseline to day 3 was associated with 90-day poor outcome. Furthermore, an iPHE volume >7.98 mL may lead to poor outcomes. Initial ICH volume, black hole sign, and diabetes mellitus were significantly associated with iPHE volume.

Previous studies identify that the iPHE volume was associated with poor outcome (7, 9), so the conclusion of this study is consistent with the above findings. Presently, there is no confirmed definition of PHE expansion. In our study, an increase in PHE volume >7.98 mL from baseline to day 3 may lead to a poor outcome. Consequently, we may define an increase in PHE of more than 7.98 mL within 3 days of onset as PHE expansion. However, the AUC was only 0.625, and the sensitivity of the cutoff value was not sufficiently high; further analysis of larger cohorts is needed for defining the cutoff value.

Time from onset to baseline computed tomography (CT), baseline hematoma volume, 24-h hematoma growth, intraventricular extension, and higher neutrophil-lymphocyte ratio were thought to be independent predictors of 24-h PHE growth (13, 15). Currently, there are few studies on the predictors of iPHE volume. In the present study, we found that diabetes mellitus, black hole sign, and baseline hematoma volume were significantly associated with iPHE volume. Black hole sign was used as an imaging predictor for early hematoma growth; the presence of black hole sign may indicate bleeding of different age (16). After adjusting for hematoma expansion, the black hole sign could still independently predict the increase of PHE, whereas no such association was found for the other three imaging predictors. The underlying mechanisms need to be further explored.

It is well-known that hyperglycemia can result in impaired capillary integrity, which may theoretically lead to greater edema. However, no association between serum glucose and PHE volume was found in previous studies (22, 23). In our study, the admission serum glucose of the excluded patients was significantly higher than that of the included patients, which may be due to stress hyperglycemia caused by the more severe condition in the excluded patients. The linear regression results show that admission serum glucose was not associated with iPHE volume, but iPHE volume was significantly increased in diabetics. Considering that diabetes mellitus is a chronic metabolic disorder, the long-term blood glucose level before the onset of ICH may need more attention.

There are several limitations to this study. First, we excluded a large number of cases in order to obtain the CT scan reviewed at a specified time. Patients in the enrollment cohort had higher GCS scores, lower admission glucose, and longer time from onset to admission CT scan than those in the exclusion cohort. This suggests that our conclusions cannot be generalized to all patients with ICH but are more applicable to patients who are less acutely ill at admission and inclined to conservative treatment. However, in fact, these patients with less primary injury often need to pay more attention to the impact of secondary damage. Second, although our study collected multiple variables, residual confounding from unmeasured confounders may remain. A larger prospective multicenter cohort of Risa-MIS-ICH study has not yet completed data collection, and more data will be available to verify the conclusion of the present study.



CONCLUSIONS

An increase of PHE volume >7.98 mL from baseline to day 3 may lead to poor outcome. Further prospective cohort studies are needed to investigate the significance of black hole sign for iPHE volume. In addition, the long-term blood glucose levels before the onset of ICH need more attention. Upon completing collection of prospective data of the Risa-MIS-ICH study, we will further validate the conclusion of the present study.
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