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The relationship between perihematomal edema and hematoma expansion in acute spontaneous intracerebral hemorrhage: an exploratory radiomics analysis study
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Background: The relationship between early perihematomal edema (PHE) and hematoma expansion (HE) is unclear. We investigated this relationship in patients with acute spontaneous intracerebral hemorrhage (ICH), using radiomics.

Methods: In this multicenter retrospective study, we analyzed 490 patients with spontaneous ICH who underwent non-contrast computed tomography within 6 h of symptom onset, with follow-up imaging at 24 h. We performed HE and PHE image segmentation, and feature extraction and selection to identify HE-associated optimal radiomics features. We calculated radiomics scores of hematoma (Radscores_HEA) and PHE (Radscores_PHE) and constructed a combined model (Radscore_HEA_PHE). Relationships of the PHE radiomics features or Radscores_PHE with clinical variables, hematoma imaging signs, Radscores_HEA, and HE were assessed by univariate, correlation, and multivariate analyses. We compared predictive performances in the training (n = 296) and validation (n = 194) cohorts.

Results: Shape_VoxelVolume and Shape_MinorAxisLength of PHE were identified as optimal radiomics features associated with HE. Radscore_PHE (odds ratio = 1.039, p = 0.032) was an independent HE risk factor after adjusting for the ICH onset time, Glasgow Coma Scale score, baseline hematoma volume, hematoma shape, hematoma density, midline shift, and Radscore_HEA. The areas under the receiver operating characteristic curve of Radscore_PHE in the training and validation cohorts were 0.808 and 0.739, respectively. After incorporating Radscore_PHE, the integrated discrimination improvements of Radscore_HEA_PHE in the training and validation cohorts were 0.009 (p = 0.086) and −0.011 (p < 0.001), respectively.

Conclusion: Radscore_PHE, based on Shape_VoxelVolume and Shape_MinorAxisLength of PHE, independently predicts HE, while Radscore_PHE did not add significant incremental value to Radscore_HEA.
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Introduction

Intracerebral hemorrhage (ICH) is a major cause of global mortality (An et al., 2017). Hematoma expansion (HE), defined as an increase in the volume of the initial ICH over time, has garnered considerable attention due to its association with neurological deterioration and poor prognosis (Steiner and Bosel, 2010; Brouwers and Greenberg, 2013). Perihematomal edema (PHE) is typically induced within the initial 3 h after ICH, with an approximately 75% increase in absolute volume observed within the first 24 h (Gebel et al., 2002). However, the relationship among PHE, intracerebral hematoma, and HE in patients with acute spontaneous ICH is not well established.

Computed tomography (CT) is the most widely used method for evaluating ICH. Extensive research has identified the initial hematoma volume as an independent predictor of HE (Morotti et al., 2019a; Morotti and Arba, 2020). However, the precise relationship between PHE and hematoma volume remains controversial. While some studies have suggested a potential correlation between the PHE volume and baseline hematoma volume within the initial hours post-onset (Arima et al., 2009; Staykov et al., 2011; Venkatasubramanian et al., 2011), conflicting findings exist, with certain investigations failing to establish a definitive association between these two features (Gebel et al., 2002). Notably, few studies have explored the interplay between PHE volume and HE, with existing studies yielding conflicting findings regarding the association between absolute PHE volume and HE, as compared to relative PHE volume, which showed no significant correlation with HE (Gebel et al., 2002; Rodriguez-Luna et al., 2016).

In addition to hematoma volume, specific radiological markers indicative of heterogeneous density or irregular morphology have emerged as predictors of HE (Wada et al., 2007; Barras et al., 2009; Morotti et al., 2019a). Furthermore, one study noted that patients presenting with spot signs within the hematoma exhibited a larger baseline PHE volume (Rodriguez-Luna et al., 2016). Radiomics analysis can be used to evaluate lesion characteristics by extracting high-dimensional features from medical images. Compared to traditional visual assessments, radiomics analysis offers comprehensive, objective, and quantitative evaluations. A recent meta-analysis has shown the efficacy of radiomics features extracted from CT images in characterizing the heterogeneity of ICH and predicting HE (Jiang et al., 2022). Additionally, emerging evidence has indicated a strong correlation between the CT-based radiomics features of PHE and functional prognosis (Huang et al., 2022, 2023). However, to the best of our knowledge, research investigating the predictive value of CT-based radiomics features of PHE in HE has been limited to date.

We hypothesized that the radiomics features of PHE derived from noncontrast CT (NCCT) may be associated with HE. The aims of this study were twofold: first, to determine the potential correlation between radiomics features or radiomics score (Radscore) of PHE and HE, and second, to evaluate whether the addition of the PHE Radscore (Radscore_PHE) to the Radscore of hematoma (Radscore_HEA) improves the predictive capability for HE.



Materials and methods

This study was approved by the institutional review board of our hospital (decision number [2019] 19). The requirement for obtaining informed consent was waived due to the retrospective nature of the study. A flowchart of this study is illustrated in Figure 1.
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FIGURE 1
 Flow chart of this study.



Study population

We retrospectively reviewed 1,336 patients diagnosed with ICH at three medical centers in China between 2014 and 2021. Patients from centers 1 and 2 in Chongqing served as the training cohort, whereas those from center 3 in Sichuan served as the validation cohort.

The inclusion criteria were age > 18 years, available baseline NCCT obtained within 6 h of ICH onset, and available follow-up NCCT obtained within 24 h of baseline NCCT. The exclusion criteria were as follows: primary intraventricular hemorrhage (IVH) or secondary ICH; baseline hematoma volume > 100 mL or < 1 mL; multifocal ICH; surgery before follow-up NCCT; and severe image artifacts.



Clinical data collection

The clinical data of patients at admission were collected from electronic medical records, including sex, age, hypertension history, diabetes history, warfarin treatment history, antiplatelet treatment history, time from ICH onset (Onset_time), Glasgow Coma Scale (GCS) score, and blood pressure.



Image acquisition and preprocessing

Head NCCT data were acquired using three multi-detector CT scanners with the standard scanning protocol of a tube voltage of 120 kV, smart mAs, slice thicknesses of 1 mm or 1.25 mm, a matrix size of 512 × 512, field of view of 25 cm, and gantry rotation of 0.4–0.6 s. Scanning range was performed from the skull base to the cranium.

Image preprocessing was performed to normalize images from different CT scanners, including image resampling: every NCCT image slice from the raw data was resampled to a unified pixel dimension size of 1.0 × 1.0 × 1.0 mm3; gray-level discretization processing: image intensity of every NCCT image was normalized by the gray-level discretization method with a fixed number of 256 bins; standard head window setting: NCCT images were viewed in a fixed head with window level of 50 Hounsfield unit (Hu) and window width of 110 Hu.



Image analysis and segmentation

With reference to previous literature (Barras et al., 2009; Yang et al., 2018; Zhou et al., 2021), imaging characteristics, including hematoma volume, hematoma location (lobar, deep, brainstem, or cerebellum), hematoma shape (regular or irregular), hematoma density (homogeneity or heterogeneity), midline shift, IVH, and the occurrence of HE, were independently assessed and recorded by a trained neuroradiologist (with 7 years of work experience), blinded to patients’ clinical status. The baseline and follow-up hematoma volumes were automatically calculated using artificial intelligence software (StrokeDoc).1 HE was defined as either a proportional increase of >33% or an absolute increase of >6 mL in the volume of the two hematomas (Demchuk et al., 2012).

The volumes of interest (VOIs) of the baseline hematoma and PHE were manually segmented by three trained neuroradiologists (with 5, 3, and 3 years of working experience, respectively) using the open source software (ITK-SNAP)2 with discussion to consensus where necessary. Perihematomal hypodensity encircling the hematoma in ICH cases is typically identified as PHE. The demarcation of the edema borders can be facilitated by referencing the CT attenuation values of the unaffected brain parenchyma on either the ipsilateral or contralateral side. When PHE was undetectable, PHE characteristic values of zero were assigned.



Feature extraction and selection

For each VOI, the radiomics features of the hematoma and PHE were extracted using Python software.3 To evaluate the reproducibility of the radiomics features of the hematoma and PHE, we performed reproducibility analyses and interclass correlation coefficients (ICC) in a randomized sample of 50 patients obtained from the training cohort, as detailed in the Supplementary material.

Before feature selection, we used Python software to perform harmonization in the feature domain, with exclusion of features with zero variance, replacement of missing values of PHE features with zero values, and standardization of feature values. We then used the univariate analysis and elastic net regression to select the radiomics features of hematoma and PHE most associated with HE, respectively.



Radscores construction and validation

In the training cohort, the Radscores of hematoma (Radscore_HEA) and PHE (Radscore_PHE) were calculated using the values of the optimal radiomics features multiplied by the corresponding coefficients in the elastic net regression. The two Radscores were then combined using logistic regression to construct a combined model (Radscore_HEA_PHE) for HE. In the validation cohort, these three radscores were validated to predict HE.



Statistical analysis

Univariate analysis including the chi-square test, Fisher’s exact test, Student’s t-test, and Mann–Whitney U test was used for comparison between groups. Multivariate analysis was used to determine the independent risk factors for HE. Spearman’s correlation analysis was used to assess the correlations between different variables. Receiver operating characteristic (ROC) curve analysis was used to assess the discriminatory power of Radscores. The area under the ROC curve (AUC) was calculated. The Delong test was used to compare the ROC curves between different Radscores, and integrated discrimination improvement (IDI) was used to test the incremental predictive value of Radscore_PHE after adding it to Radscore_HEA. Statistical analysis was performed with SPSS (IBM Inc., Armonk, NY, United States), Python, or R software.4 A two-sided p value <0.05 was considered statistically significant.




Results


Patient characteristics

In total, 490 patients with spontaneous ICH were enrolled, including 296 from Chongqing (training cohort) and 194 from Sichuan (validation cohort), (Figure 1). The characteristics of the patients in the two cohorts are summarized in Table 1. Of these, 177 (36.1%) experienced HE. Patient characteristics did not differ significantly between the training and validation cohorts, except for the baseline PHE volume (p = 0.003).



TABLE 1 Patient characteristics in the training and validation cohorts.
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Significant differences in Onset_time, GCS score, midline shift, hematoma shape, hematoma density, baseline hematoma volume, baseline PHE volume, and follow-up hematoma volume, were found between the HE group and non-HE group in the training cohort (Table 2). The Onset_time and GCS score were used to construct a clinical score by logistic regression.



TABLE 2 Univariable analysis for HE in the training cohort.
[image: Table2]



Radiomics analysis

For each VOI, 107 radiomics features were extracted, as detailed in the Supplementary material.

Intra-observer reproducibility showed that 103 (96.3%) radiomics features of hematoma and 100 (93.5%) radiomics features of PHE had ICCs >0.8. Inter-observer reproducibility evaluation showed that 101 (94.4%) radiomics features of hematoma and 97 (90.7%) radiomics features of PHE had ICCs >0.8.

The process of feature selection is detailed in the Supplementary material. After feature selection, eight radiomics features of hematoma and two radiomics features of PHE were identified as optimal features associated with HE (Figure S1 in Supplementary material). In the training cohort, there were significant differences in Glcm_DifferenceVariance_HEA (p = 0.02), Glszm_SmallAreaEmphasis_HEA (p < 0.001), Glszm_SmallAreaLowGrayLevelEmphasis_HEA (p < 0.001), Glszm_ZoneEntropy_HEA (p < 0.001), Ngtdm_Contrast_HEA (p < 0.001), Shape_LeastAxisLength_HEA (p < 0.001), Shape_Sphericity_HEA (p < 0.001), Shape_VoxelVolume_HEA (p < 0.001), Shape_MinorAxisLength_PHE (p < 0.001), Shape_VoxelVolume_PHE (p < 0.001) between the HE group and the non-HE group (Figure 2).
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FIGURE 2
 Univariable analysis of optimal radiomics features of hematoma and PHE between the HE group and the non-HE group in the training cohort. PHE, perihematomal edema; HE, hematoma expansion. *p < 0.05; ***p < 0.001; ****p < 0.0001.


There were no significant differences in the Radscore_HEA (p > 0.999) or Radscore_PHE (p > 0.999) between the training and validation cohorts (Table 1). In the training cohort, both Radscore_HEA (p < 0.001) and Radscore_PHE (p < 0.001) were significantly higher in the HE group than in the non-HE group (Table 2).



Analysis of PHE radiomics features and Radscore_HEA

The results of the univariate and Spearman correlation analyses for optimal PHE radiomics features and Radscore_HEA in the training cohort are summarized in Table 3 and Figure 3. In the training cohort, the Shape_MinorAxisLength_PHE, Shape_VoxelVolume_PHE, and Radscore_HEA of the midline shift, heterogeneous, and irregularly shaped groups were significantly higher than those of the non-midline shift, homogeneous, and regularly shaped groups (all p < 0.001), and these three variables were significantly associated with the GCS score, Onset_time, baseline hematoma volume, and Radscore_HEA (all p < 0.001). In addition, the Shape_MinorAxisLength_PHE, Shape_VoxelVolume_PHE, and Radscore_PHE of the HE group were significantly higher than those of the non-HE group in both lobar ICH and deep ICH derived from the training cohort (all p < 0.001), whereas there were no significant differences between Shape_MinorAxisLength_PHE (p = 0.390), Shape_VoxelVolume_PHE (p = 0.343), and Radscore_PHE (p = 0.327) between the HE and non-HE groups in patients with infratentorial (brain stem or cerebellum) ICH derived from the training cohort.



TABLE 3 Univariable analysis and correlation analysis for optimal PHE radiomics features and Radscore_HEA in the training cohort.
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FIGURE 3
 Correlation analysis of group-wise quantification in the training cohort.




Multivariable analysis

Multivariable analysis showed that, in the training cohort, Radscore_PHE (odds ratio [OR] and 95% confidence interval [CI] 1.039 [1.003 - 1.077], p = 0.032) rather than Shape_MinorAxisLength_PHE (1.031 [0.974 - 1.092], p = 0.296) or Shape_VoxelVolume_PHE (1.034 [0.989 - 1.081], p = 0.142), was an independent risk factor for HE after adjustment for GCS score, Onset_time, baseline hematoma volume, hematoma shape, hematoma density, midline shift, and Radscore_HEA.



Prediction performances

The AUCs and 95% CIs of Shape_MinorAxisLength_PHE, Shape_VoxelVolume_PHE, and Radscore_PHE were 0.809 [0.756–0.862], 0.781 [0.725–0.838], and 0.808 [0.755–0.861] in the training cohort and 0.737 [0.668–0.807], 0.725 [0.654–0.796], and 0.739 [0.670–0.808] in the validation cohort, respectively (Figure 4). The AUCs and 95% CIs of Radscore_PHE, Radscore_HEA, and Radscore_HEA_PHE were 0.808 [0.759 – 0.851], 0831 [0.783 – 0.872], and 0.832 [0.785 – 0.873] in the training cohort and 0.739 [0.672 – 0.800], 0.777 [0.712 – 0.834], and 0.778 [0.713 – 0.834] in the validation cohort, respectively (Figure 4). No significant differences were found between the AUCs of these three Radscores both in the training and validation cohorts (Table 4).
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FIGURE 4
 Predictive performances of Shape_MinorAxisLength_PHE, Shape_VoxelVolume_PHE and three Radscores for HE in the training and validation cohorts. PHE, perihematomal edema; HE, hematoma expansion.




TABLE 4 The Delong results of pairwise comparisons of the AUCs among three Radscores in the training and validation cohorts.
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In addition, after incorporating Radscore_PHE, the predictive power of Radscore_HEA_PHE was slightly improved, although without statistical significance, in the training cohort, with an integrated discrimination improvement (IDI) and 95% CIs of (0.009 [−0.001 – 0.018], p = 0.086), whereas the predictive power of Radscore_HEA_PHE was slightly decreased with statistical significance in the validation cohort, with an IDI and 95% CIs of (−0.011 [−0.017 – −0.005], p < 0.001).




Discussion

To the best of our knowledge, no previous study has investigated the relationship between PHE and HE using NCCT-based radiomics analysis. Our findings indicated that Shape_VoxelVolume_PHE, Shape_MinorAxisLength_PHE, and Radscore_PHE were associated with HE. Among these factors, only Radscore_PHE emerged as an independent predictor of HE. However, despite demonstrating predictive capability, the efficiency of Radscore_PHE appeared to be suboptimal, compared to that of Radscore_HEA, and failed to yield significant incremental value.

Currently, the pathophysiological mechanisms underlying the formation of HE and PHE are poorly understood. HE may indicate ongoing bleeding within the hematoma, secondary bleeding around the hematoma, or a combination of both (Schlunk and Greenberg, 2015). The formation of PHE is associated with clot retraction, inflammation, and erythrocyte lysis (Zheng et al., 2016). Several studies have suggested that PHE formation, inflammation, and HE are linked (Alvarez-Sabín et al., 2004; Silva et al., 2005; Florczak-Rzepka et al., 2012). However, studies predicting HE have predominantly focused on the characteristics of the hematoma itself (Morotti et al., 2020; Jiang et al., 2022), often overlooking the contributory role of PHE. A previous study suggested that reduced cerebral blood volume in the perihematomal region is associated with HE, suggesting a potential role for the perihematomal region in the pathophysiology of HE (Morotti et al., 2019b). Therefore, exploring the role of PHE in predicting HE is warranted.

Currently, the assessment of PHE has primarily been limited to volume-and density-related parameters (Selim and Norton, 2018; Huan et al., 2021), with studies investigating the association between PHE and HE focusing solely on absolute and relative PHE volume (Gebel et al., 2002; Rodriguez-Luna et al., 2016). Relying solely on the quantitative parameters of PHE volume may inadequately capture nuanced pathological changes. To address this gap, our study employed radiomics analysis to extract multidimensional information pertaining to PHE comprehensively. Remarkably, both Shape_VoxelVolume and Shape_MinorAxisLength of PHE were identified as optimal features associated with HE. Shape_MinorAxisLength represents the second largest axis length within the VOI. Our results showed that patients without HE had smaller PHE Shape_MinorAxisLength values, indicative of a more regular edema morphology. These findings not only reinforce the established relationship between PHE volume and HE (Rodriguez-Luna et al., 2016), but also identify the Shape_MinorAxisLength_PHE as a novel indicator associated with HE.

Although the PHE volume has been found to correlate with HE, it lacks independent predictive capability for HE (Rodriguez-Luna et al., 2016), in agreement with our findings. In this study, despite the associations of Shape_VoxelVolume_PHE, Shape_MinorAxisLength_PHE, Radscore_PHE, with HE, as well as their correlations with the aforementioned clinically relevant factors, imaging signs of ICH, and Radscore_HEA, only Radscore_PHE emerged as an independent risk factor for HE. Compared with PHE volume, Radscore_PHE contains more information about the PHE and may better describe its imaging characteristics. Thus, these findings not only provide a novel tool for predicting HE based on PHE characteristics, but also provide fresh evidence supporting the consideration of PHE treatment as a prospective therapeutic target for addressing HE in individuals with ICH.

To explore the predictive value of Radscore_PHE in HE, we developed a combined model integrating both Radscore_HEA and Radscore_PHE and subsequently assessed the predictive performance of the three Radscores for HE. Our investigation revealed that Radscore_PHE demonstrated predictive capability for HE, as evidenced by its comparable performance to Radscore_HEA, as indicated by slightly lower yet statistically insignificant differences in the AUC values across both training and validation cohorts. However, the results of the IDI test showed that Radscore_PHE did not offer a significant incremental predictive value for HE. This observation can be explained by the fact that the radiomics features of hematoma directly manifest as HE, whereas the radiomics features of PHE serve as an indirect representation of HE. Therefore, our results suggest that Radscore_PHE is a surrogate for Radscore_HEA although it can independently predict HE.

This study had several limitations. First, it was retrospective in nature, potentially leading to an incomplete consideration of the influencing factors, such as length of untreated hypertension during hospitalization or presence of anticoagulation/antiplatelet therapy. The relatively small sample size may have introduced selection bias. Second, our study only included patients with ICH within 6 h of ICH onset. Future investigations should validate our findings in patients outside the 6-h window. Third, while efforts were made to achieve consensus among the raters regarding the segmentation of the VOI for hematoma and PHE, the influence of other similar densities on image segmentation cannot be completely ruled out. Finally, although Radscore_PHE independently predicted HE, further elucidation of its biological basis is necessary to develop more effective therapeutic strategies against HE after ICH. In addition, previous reports have indicated that enhancing the classification accuracy and prediction significance scores may be achieved by incorporating additional clinical scores and utilizing a composite of multiple classifiers and prediction models (Zhou, 2017). This approach may also contribute to the refinement of the Radscore_PHE.

In conclusion, our study demonstrated that Radscore_PHE, based on Shape_VoxelVolume and Shape_MinorAxisLength of PHE, could independently predict HE, but it is a surrogate for Radscore_HEA with no significant incremental value to Radscore_HEA. Future studies involving longitudinal follow-up to implement and validate other imaging modalities, such as MRI, may provide valuable insights into PHE and its relationship with HE.
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