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Background: Sporadic cerebral small-vessel disease (CSVD), i.e., hypertensive arteriopathy (HA) and cerebral amyloid angiopathy (CAA), is the main cause of spontaneous intracerebral hemorrhage (ICH). Nevertheless, a substantial portion of ICH cases arises from non-CSVD etiologies, such as trauma, vascular malformations, and brain tumors. While studies compared HA- and CAA-related ICH, non-CSVD etiologies were excluded from these comparisons and are consequently underexamined with regard to additional factors contributing to increased bleeding risk beyond their main pathology.

Methods: As a proof of concept, we conducted a retrospective observational study in 922 patients to compare HA, CAA, and non-CSVD-related ICH with regard to factors that are known to contribute to spontaneous ICH onset. Medical records (available for n = 861) were screened for demographics, antithrombotic medication, and vascular risk profile, and CSVD pathology was rated on magnetic resonance imaging (MRI) in a subgroup of 185 patients. The severity of CSVD was assessed with a sum score ranging from 0 to 6, where a score of ≥2 was defined as advanced pathology.

Results: In 922 patients with ICH (median age of 71 years), HA and CAA caused the majority of cases (n = 670, 73%); non-CSVD etiologies made up the remaining quarter (n = 252, 27%). Individuals with HA- and CAA-related ICH exhibited a higher prevalence of predisposing factors than those with non-CSVD etiologies. This includes advanced age (median age: 71 vs. 75 vs. 63 years, p < 0.001), antithrombotic medication usage (33 vs. 37 vs. 19%, p < 0.001), prevalence of vascular risk factors (70 vs. 67 vs. 50%, p < 0.001), and advanced CSVD pathology on MRI (80 vs. 89 vs. 51%, p > 0.001). However, in particular, half of non-CSVD ICH patients were either aged over 60 years, presented with vascular risk factors, or had advanced CSVD on MRI.

Conclusion: Risk factors for spontaneous ICH are less common in non-CSVD ICH etiologies than in HA- and CAA-related ICH, but are still frequent. Future studies should incorporate these factors, in addition to the main pathology, to stratify an individual’s risk of bleeding.
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1 Introduction

Intracerebral hemorrhage (ICH) is a severe form of acute stroke, with significant public health implications due to high mortality and disability rates, accounting for nearly half of all stroke-related morbidity and deaths (1, 2). Spontaneous ICH arises primarily from cerebral small-vessel disease (CSVD), particularly hypertensive arteriopathy (HA) and cerebral amyloid angiopathy (CAA). These conditions result in chronic microvascular dysfunction. Hemorrhage can also result from traumatic brain injury, vascular malformations, or brain tumors, collectively referred to as non-CSVD ICH etiologies. Some studies have compared HA- and CAA-associated ICH, claiming that patients with CAA are older, and present more frequently with cortical superficial siderosis, strictly lobar cerebral microbleeds (CMBs), and severe centrum semiovale perivascular spaces (PVS), whereas patients with HA, reveal more often arterial hypertension, severe basal ganglia PVS and strictly deep or mixed deep and lobar CMBs (2, 3). Non-CSVD etiologies have often been excluded from these comparisons, and consequently, they remain underexamined in terms of vascular risk factors, antithrombotic medication usage, and the presence and severity of CSVD as potential contributors to all-cause ICH. In this study, we investigated 922 patients with first-ever ICH, aiming to determine the prevalence of factors associated with increased bleeding risk, including vascular risk profile, antithrombotic medication use, and CSVD severity in HA-, CAA-, and non-CSVD-associated ICH. We hypothesize that these factors, either individually or in combination, may contribute to a hemorrhage-prone cerebral microvasculature, thus playing a role in the onset of non-CSVD ICH.



2 Methods


2.1 Study design and participants

This retrospective observational study utilized the patient database of the neurology and neurosurgery departments at Otto-von-Guericke University, Magdeburg. Between March 2003 and October 2018, 922 adult patients with first-ever ICH and computed tomography (CT) scans within 24 h of symptom onset were identified. ICH location was categorized based on the Cerebral Hemorrhage Anatomical Rating Instrument, including lobar, deep (basal ganglia, thalamus, brainstem, and mixed deep/lobar), cerebellar, and adult primary intraventricular hemorrhage (referred to as ventricular ICH with blood confined to the ventricular system without associated parenchymal hemorrhage).



2.2 ICH etiology

Intracerebral hemorrhage was caused by HA, CAA, or non-CSVD etiologies, including trauma, vascular malformations, and brain tumors. All diagnoses were made by experienced neuroradiologists (minimum 5 years of practice). In short, CSVD-related ICH was considered in case of the absence of trauma, vascular malformations, and brain tumors and was classified as caused by either CAA or HA. CAA diagnosis was based on the modified Boston criteria (4) and HA diagnosis on the existence of deep or mixed, i.e., deep and lobar, hemorrhage(s) (5). Traumatic ICH was diagnosed in case of fall, head trauma, skull fracture, and observable epidural or subdural hematoma (6). Vascular malformations comprising aneurysms, arteriovenous malformations, dural fistula, and cavernoma were detected through vascular and magnetic resonance imaging (MRI). Diagnosis of brain tumor was based on typical CT- and/or MRI features (e.g., intracranial mass lesion, breakdown of blood–brain barrier, contrast enhancement, and peritumoral edema) and histopathology. ICH cases with no clear cause and hemorrhagic transformation of ischemic stroke were excluded from this study.



2.3 Clinical data

Age and sex were available for all patients. Medical records were retrospectively screened for vascular risk factors and intake of antithrombotic medication at the time of ICH by CC; information was available for the majority of patients (n = 861, 93%; n = 427 HA, n = 204 CAA, and n = 230 non-CSVD). Neurovascular risk factors were defined by prior diagnosis and antihypertensive, antidiabetic, or lipid-lowering medication. Intake of two or multiple antihypertensive drugs is recommended in more severe hypertension stages (7) and therefore used as an indicator of greater hypertension severity or longer hypertensive disease duration. Additionally, we considered clinical laboratory blood tests for dyslipidemia (total cholesterol > 5.2 mmol/L, low-density lipoprotein cholesterol > 2.6 mmol/L, high-density lipoprotein cholesterol < 1.0 mmol/L, or triglycerides > 1.7 mmol/L) and type 2 diabetes (HbA1c ≥ 5.7% or fasting plasma glucose level ≥ 5.6 mmol/L). To consider a broader vascular risk, prediabetic patients were included in the type 2 diabetes group, as cerebral microvascular dysfunction and pathology are already apparent in prediabetic adults (8). Patients took either anticoagulants (warfarin, rivaroxaban, apixaban, and edoxaban), antiplatelets (aspirin, clopidogrel, and prasugrel), a combination of both, or none. Smoking was not considered as this information was available in 318 patients (34%) only. To evaluate the overall vascular risk profile of each patient, we calculated a vascular risk sum score. Each risk factor (hypertension, dyslipidemia, and type 2 diabetes), if present, was assigned one point, which was then divided by the total number of risk factors, resulting in values from 0 to 1.



2.4 Vascular imaging

Vascular imaging was performed in 729 (79%) patients, using CT angiography (n = 545, 75%), magnetic resonance angiography (n = 75, 10%), or digital subtraction angiography (n = 109, 15%). Among them, 109 (15%) were diagnosed with vascular malformations [52 aneurysms, 40 arteriovenous malformations, 13 dural fistulas, and four cavernoma (confirmed by MRI)]. The remaining 620 patients (85%) did not exhibit such vascular abnormalities. Of the 193 patients without vascular imaging, 50 (26%) had traumatic ICH, 9 (5%) had brain tumors, and 134 (69%) were suspected to have CSVD (Supplementary Table 1).



2.5 MRI acquisition and analysis

In total, 223 (24%) patients underwent MRI. Thirty-eight scans (n = 23 with CSVD-related ICH; n = 15 with non-CSVD-related ICH) were excluded from the analysis due to motion artifacts (n = 30) or missing sequences needed to complete the MRI analysis (n = 8), leaving n = 185 patients (20%, n = 71 HA, n = 37 CAA, and n = 77 non-CSVD) with available MRI for analysis. MRI was performed using 1.5 T (Siemens Healthineers, Erlangen, Germany; n = 138) or 3 T scanner (MAGNETOM Skyra, Siemens, Erlangen, Germany; n = 47), including the following sequences: T2*-GRE [slice thickness (ST): 3–6 mm, repetition time (TR): 493–1,421 ms, echo time (TE): 14–26 ms], FLAIR (ST: 3–6 mm, TR: 5,000–11,000 ms, TE: 77–145 ms), and T2-weighted (ST: 3–6 mm, TR: 1,040–11,121 ms, TE: 74–128 ms). MRI analysis of all patients was performed by one trained investigator (CC), blinded to clinical information, using Mango software for DICOM images (Supplementary Table 2).



2.6 CSVD markers

Magnetic resonance imaging markers of CSVD severity were rated according to Standards for Reporting Vascular Changes on Neuroimaging (9, 10). CMBs were defined as small (diameter 2–5 mm, maximum up to 10 mm) round or oval hypointense lesions on T2*-GRE, not visible on T2-weighted sequences. They were categorized by applying the Microbleed Anatomical Rating Scale (11). Curvilinear residues of chronic blood products following the cortical surface distinct from vessels visible as linear hypointensities on T2*-GRE sequences were defined as cortical superficial siderosis. Cortical superficial siderosis was classified as not existent, focal (1 non-adjacent sulci with cortical superficial siderosis in each hemisphere or < 3 immediately adjacent sulci with cortical superficial siderosis), or multifocal (2 non-adjacent sulci with cortical superficial siderosis in each hemisphere or > 3 immediately adjacent sulci with cortical superficial siderosis). FLAIR sequences were applied to rate the severity of white matter hyperintensities (WMH) in deep and periventricular regions according to the Fazekas scale (12) and to count the number of lacunes (defined as small, ovoid, hyperintense cavities between 3 and 15 mm in diameter) (13) in deep and lobar regions. PVSs were rated on T2-weighted sequences in the basal ganglia and centrum semiovale using a validated four-point visual rating scale (0 = none, 1 = <10, 2 = 10–20, 3 = 21–40, and 4 = >40) (14). In 15 randomly chosen MRIs, all CSVD markers were scored twice (by CC and MP) with excellent intra- and inter-rater reliability of the global CSVD severity (intraclass correlation coefficients: 0.92 and 0.9, respectively). Both raters were blinded against clinical data.



2.7 CSVD severity

We used established ordinal scales to evaluate the global CSVD, HA, and CAA burden on MRI (14). The global CSVD severity was scored from 0 to 6, with one point being allocated for the presence of (i) lacunes, (ii) 1–4 CMB, (iii) severe basal ganglia PVS (>20), and (iv) moderate WMH (sum of deep + periventricular WMH grade 3–4). Two points were allocated for the presence of (i) >5 CMB or (ii) severe WMH (sum of deep + periventricular WMH grade 5–6). For HA severity, we scored from 0 to 4, with one point being allocated for the presence of (i) lacunes, (ii) deep WMH grade 2–3 or periventricular WMH grade 3, (iii) the presence of ≥1 deep CMB, and (iv) moderate-to-severe basal ganglia PVS (> 10). CAA severity was scored from 0 to 6, with one point each for the presence of (i) 1–4 lobar CMB, (ii) severe centrum semiovale PVS (>20), (iii) deep WMH ≥ 2 or periventricular WMH grade 3, and (d) focal cortical superficial siderosis. We allocated two points for (i) ≥5 lobar CMB and (ii) multifocal cortical superficial siderosis.



2.8 Standard protocol approvals, registrations, and patient contents

The local ethics committee of the medical faculty, Otto-von-Guericke University, Magdeburg (No. 28/16, addendum 07/2018) approved this retrospective study. Informed consent was obtained from all patients for anonymized retrospective analysis of their data conducted for clinical diagnostics.



2.9 Statistical analysis

The Shapiro–Wilk test was used to assess the Gaussian distribution of the data. Demographics, clinical, and MRI variables were compared between different ICH locations and/or etiologies in univariate analyses. Continuous and ordinal variables were expressed as median (interquartile range, IQR) and compared using the Kruskal–Wallis test. Categorical variables were expressed as numbers (percentages) and compared using the chi-square test. Both tests were corrected for multiple comparisons using the Bonferroni post-hoc testing. Multivariable linear regression was performed to test independent associations with CSVD severity. Stepwise forward variable selection (p < 0.05) was used to generate a minimally adjusted model. An adjusted p value of <0.05 was considered significant. Analyses were performed using IBM SPSS Statistics 24.0 software.




3 Results

We enrolled 922 patients with first-ever ICH, with a median age of 71 years (IQR 60–78); 522 (57%) were men. Patient characteristics and workflow are shown in Figure 1 and Table 1. CSVD was the predominant ICH etiology (n = 670, 73%), with 453 (49%) attributed to HA and 217 (24%) to CAA. Of the latter, 141 (65%) were possible CAA, 49 (23%) probable CAA, and 27 (12%) probable CAA with supporting histopathology. HA was the major cause for deep (n = 309, 93%), cerebellar (n = 94, 80%), and ventricular ICH (n = 50, 71%), while CAA was the most frequent cause for lobar ICH (n = 217, 54%). Non-CSVD etiologies included trauma, vascular malformations, and brain tumors, which caused the remaining third of ICH cases (n = 252, 27%), mainly accounting for the remainder of lobar ICH (n = 186, 46%). A comparison of ICH location is displayed in Supplementary Table 3.
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FIGURE 1
 Study cohort, diagnostic workflow, and data overview. In this retrospective study, 922 patients with first-ever ICH were included. The diagnostic workflow comprised an initial CT scan (n = 922), clinical (n = 861), and imaging data (vascular imaging, n = 732; MRI, n = 219; and both, n = 195). ICH location was categorized as lobar, deep, cerebellar, or primary intraventricular. Lobar ICH was further subcategorized as frontal, temporal, parietal, or occipital and deep ICH as affecting primarily the basal ganglia, thalamus, brain stem, or several brain regions (i.e., lobar and deep), namely, mixed ICH. After the assessment of all diagnostic data, generated in the workflow, ICH etiology was determined in all cases (n = 922) as caused by either hypertensive arteriopathy, cerebral amyloid angiopathy, trauma, vascular malformation, or tumor. CT, Computed tomography; ICH, Intracerebral hemorrhage; MRI, Magnetic resonance imaging.




TABLE 1 Demographics and clinical data in different ICH etiology subgroups.
[image: Table1]

Cerebral amyloid angiopathy-related ICH patients were the oldest (median age 75 years), while non-CSVD ICH cases had the youngest age (median age 63 years) (CAA vs. HA, non-CSVD, and HA vs. non-CSVD: adj. p < 0.0001). The vascular risk profile was most severe in HA-related ICH, evident by high rates of three risk factors (HA: adj. p = 0.001), intake of multiple antihypertensive drugs (HA: p < 0.0001), and type 2 diabetes (HA: p = 0.0009). It was lowest in non-CSVD ICH patients due to a lower rate of hypertension (non-CSVD: adj. p = 0.0001), intake of multiple antihypertensive drugs (non-CSVD: adj. p = 0.001), and dyslipidemia (non-CSVD: adj. p = 0.0001). The intake rate of antithrombotic medication was lower in non-CSVD ICH than in HA and CAA (non-CSVD: adj. p < 0.0001) (Table 1).

We compared global CSVD, HA, and CAA severity on MRI among the three ICH etiologies in 185 (20%) patients. HA- and CAA-related ICH patients had higher global CSVD severity scores driven by a higher load of CMB, WMH, and PVS (for each: HA, CAA vs. non-CSVD: adj. p < 0.0001). Markers that are specific for CAA, e.g., strictly lobar CMB, high degree of centrum semiovale PVS, or cortical superficial siderosis, were common in CAA-related ICH but comparably rare in HA- and non-CSVD ICH (for both CAA: adj. p < 0.0001). HA-specific markers, e.g., lacunes, a high degree of basal ganglia PVS, or deep CMB, occurred most frequently in HA-related ICH. Interestingly, a high degree of basal ganglia PVS and lacunes were frequently found in CAA-related ICH patients as well, suggesting that CAA pathology might be specific to CAA-related ICH, whereas HA pathology might also exist concomitantly to CAA pathology.

In particular, two-thirds of non-CSVD ICH patients had at least one CMB (n = 46, 60%), and more than one-third had mixed deep and lobar CMB (n = 29, 38%), resulting in an overall high load of CMB with a median of 4 (IQR 0–10). The presence of deep CMBs in 42 (55%) and lacunes in 6 (8%) non-CSVD ICH patients also points to an accompanying HA pathology in a substantial portion of non-CSVD ICH cases, whereas CAA-specific MRI markers were rather absent (Table 2). CSVD severity, as well as single neuroimaging features were similar among trauma-, vascular malformation- and brain tumor related ICH, suggesting that the etiology in non-CSVD ICH has no effect on concurrent CSVD burden (Supplementary Table 4). In multivariable linear regression, all CSVD scores were associated with increasing age, and hypertension was independently associated with increasing global CSVD (B = 0.52 [95% CI 0.03–1.00], p = 0.04) and HA severity (B = 0.37 [95% CI 0.04–0.70], p = 0.03), which was driven by higher numbers of lacunes and basal ganglia PVS (Table 3; Supplementary Table 5).



TABLE 2 Quantification of CSVD severity according to STRIVE in ICH due to CSVD and non-CSVD etiology.
[image: Table2]



TABLE 3 Multivariable linear regression analysis identifies predictors of CSVD severity in ICH.
[image: Table3]



4 Discussion

This retrospective single-center observational study included 922 patients with first-ever ICH and compared, to the best of our knowledge, for the first-time, clinical characteristics and—in a subset—MRI-based CSVD severity among HA-, CAA-, and non-CSVD-related ICH. Our study emphasizes the significance of CSVD-related ICH. Compared to non-CSVD ICH, both CSVD subgroups were older and exhibited advanced CSVD, frequent systemic vascular risk factors, and antithrombotic medication, overall creating a hemorrhage-prone cerebral microvasculature. However, also among non-CSVD ICH patients, 40% had hypertension, 50% had at least one vascular risk factor, 50% had advanced global CSVD (score ≥ 2), and even 60% presented with CMB, suggesting an accompanying CSVD pathology in a substantial portion of this subgroup.

Hypertensive arteriopathy caused half of all cases, particularly non-lobar ICH, and was associated with severe vascular risk profiles and advanced hypertensive microvascular pathology on MRI, which is in line with recent studies (2, 15). Chronic hypertension is the most common risk factor of ICH (16, 17) and is responsible for structural and functional maladaptation of cerebral blood vessels, comprising arterial stiffening, hypermuscularization of arteriolar transitional segments, focal smooth muscle cell loss, and impaired myogenic autoregulation. As a result, high-pressure waves are transmitted to vulnerable downstream vessels, promoting the rupture of the vascular wall (18, 19). The high frequency of hypertensive microvascular pathologies on MRI in this subgroup represents a valid predictive potential for individuals at an increased risk for ICH and improves primary prevention, as only half of German or United States hypertensive patients achieve adequate blood pressure control (18, 20). Prospective studies recognized hypertensive microvascular pathologies on MRI as prognostic markers for future ICH and reported a 6-fold increased risk in individuals with deep CMBs (4,500 participants; 5-year follow-up) and a 12-fold increased risk in individuals with severe basal ganglia PVS (1,650 participants; 9-year follow-up), independent of demographics and vascular and genetic risks (21, 22).

Cerebral amyloid angiopathy caused a quarter of ICH cases and half of lobar ICH. Severe CAA, i.e., vascular accumulation of β-amyloid (Aβ), similarly induces morphological changes of the vascular wall, including loss of smooth muscle cells, wall thickening, and lumen restriction, making the abnormally fragile vessels prone to rupture by acute trigger factors like increases in blood pressure or minor trauma (23). As the topographical distribution of CAA mainly affects cortical and leptomeningeal small arteries in lobar brain regions and usually spares deep brain regions and the cerebellum, it is associated with strictly lobar ICH (23, 24). These patients displayed frequent CAA-specific downstream microvascular pathologies on MRI, which were almost absent within the rest of the cohort. In particular, 58% were also diagnosed with hypertension and 43% displayed hypertensive microvascular pathologies on MRI with a HA-CSVD score ≥ 2 (2, 3, 25). Although the arteriolosclerotic/hypertensive brain microvasculature is associated with impaired perivascular clearance of Aβ (18, 26), conventionally, hypertension is seen as an age-related comorbidity in CAA, as human neuropathological studies found no association between hypertension and CAA development. However, individuals with CAA and lobar ICH had more often hypertension than those without ICH, overall suggesting that hypertension in combination with CAA may contribute to CAA-related ICH (23). Evidence from clinical studies supports the causal role of hypertension, as lowering of blood pressure reduced the risk of future CAA-related ICH by approximately 77%, and conversely, inadequate blood pressure control in ICH patients was associated with a 4-fold increased risk for recurrent ICH (27, 28).

Non-CSVD-related ICH etiologies including trauma, vascular malformations, or brain tumors represented the remaining quarter and thus a substantial portion of ICH patients, but are frequently excluded from ICH studies due to their pathophysiological heterogeneity and are therefore insufficiently investigated (14, 29–31). In community-based studies, the prevalence of CMB differs across study populations, ranging from 7 to 18% in adults aged <75 years (32). Here, we report a CMB prevalence of 60% in non-CSVD ICH, mainly consisting of HA-associated deep or mixed CMB (55%). One could speculate that preexisting microvascular hemorrhagic lesions indicate a hemorrhage-prone microcirculation in patients with trauma, vascular malformations, or brain tumors that might aid in stratifying patients who are at increased bleeding risk.

Although the main pathology is the current focus for each ICH etiology, one might consider the possibility of a holistic model, in which a predisposing factor initiates hemorrhagic-prone vascular wall remodeling, i.e., CAA, vascular malformations, brain tumors, or vascular risk factor-driven arteriolosclerosis, to which additional factors can further increase rupture risk, i.e., trauma, antithrombotic medication, or vascular risk factor-driven arteriolosclerosis. This concept is supported by studies, reporting increased hemorrhagic risk under anticoagulation in patients with preexisting vascular risk factors and MRI markers of HA and CAA (33–36). In this context, CSVD severity markers and, particularly, hemorrhagic microvascular lesions on MRI represent a valid readout of systemic microvascular health for non-CSVD-related ICH etiologies as well. For aneurysms and arteriovenous malformations, hypertension and CMB have already been identified as risk factors for rupture of vascular malformations and subsequent hemorrhage (37–42). As more and more unruptured vascular malformations are detected on routine MRI, there is an emerging need for personalized rupture-risk assessment to balance the risk of surgical interventions and conservative waiting. Prospective studies of patients with unruptured vascular malformations may evaluate CSVD burden on MRI to estimate its predictive value for future bleeding risk. Traumatic brain injury leads to ICH in 20% of cases, and preclinical as well as clinical traumatic brain injury studies already suggested that microvascular disease contributes to bleeding risk, while pathophysiological mechanisms remain poorly understood and prognostic markers need to be explored (43, 44). Future retrospective studies that compare CSVD burden between trauma patients with and without ICH could indirectly point to the involvement of CSVD.

Recent studies also highlighted associations between preexisting global CSVD burden, particularly the presence of CMB, and post-ICH disability, dementia as well as depression onset (14, 45). However, these data were entirely derived from CSVD-related ICH, and patients with non-CSVD-related ICH were excluded. There might be a similar prognostic potential of CSVD in the latter group, which needs further exploration. Currently, there is one ongoing prospective study, investigating the effect of preexisting CSVD severity on 12 months of post-traumatic brain injury outcome (46).


4.1 Limitations

Our study has limitations, including a descriptive group comparison, due to its retrospective nature, lack of systematic follow-up to obtain outcomes, and the fact that only a subset of patients underwent MRI. The exclusion of aged and severely affected patients who were not suitable for MRI in the clinical setting may have even led to an underestimation of CSVD prevalence. CT scans are still more cost- and time-efficient and can be performed in even severely affected ICH patients. However, the increasing diagnostic and prognostic value of CSVD MRI markers may change their usage in the near future.

In alignment with other retrospective ICH studies, we relied on previous hypertension diagnoses and antihypertensive medication records, which may have underestimated hypertension prevalence (31, 47). Single-hospital blood pressure measures were not considered, as multiple readings on multiple occasions in an ambulatory or at-home setting are recommended for the final diagnosis (7). The final limitation is the relatively uncertain categorization of the underlying arteriopathy in the absence of pathologic data, despite our best efforts to have well-defined groups, including CAA-related purely lobar bleeds vs. purely deep and mixed bleeds, presumably related to HA. Nevertheless, we were able to demonstrate significant associations of typical imaging markers in CSVD that were consistent with previous studies. These drawbacks exist for all large-scale studies that analyze data from ICH cohorts without pathologic confirmation.



4.2 Outlook

In conclusion, our study highlights the role of CSVD in ICH development and identifies frequent microvascular pathologies in non-CSVD-related ICH. Our findings may serve as a groundwork to further study the prognostic value of these risk factors for ICH onset and outcome in yet underexamined ICH etiologies.
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Data are presented as median (IQR) or number (%). The percentage relation to the specific subgroup. Group comparisons between HA-, CAA-, and non-CSVD-related ICH were
conducted by applying the Kruskal-Walis test for continuous/ordinal variables and the chi-square test for categorical variables. p values from pairwise post-hoc tests were Bonferroni adjusted
for multiple comparisons. For categorical variables,the post-hoc test was used to identify which particular subgroups were significantly different from the entire cohort. A (adjusted) p-value of
<0.05 was considered significant and highlighted in bold. CAA, Cerebral amyloid angiopathy; CMB, Cerebral microbleeds; CSVD, Cerebral small-vessel disease; PVS, Perivascular spaces; HA,
Hypertensive arteriopathy; ICH, Intracerebral hemorthage; IQR, Interquartile range; MR, Magnetic resonance imaging; n, Number; WMH, White matter hyperintensities.






OPS/images/fneur-15-1322442-t003.jpg
Global CSVD score HA-CSVD score CAA-CSVD score

B (95% CI) B p value B (95% ClI) B p value B (95% CI) p p value

Vascular risk

Hypertension 052 (0.03,1.00) 015 0.04 037 (0.04,0.70) 015 0.03 0.03 (~050,0.55) 001 073

Dyslipidemia 025 (~0.40,0.90) 007 033 0.05 (<040, 0.50) 0.02 081 0.09 (<0.46,0.64) 003 075

Intake of statins | ~0.15 (~0.95,0.65) =~ ~0.03 079 —0.14(=070,041)  —0.04 079 —046(~1.13,021)  -0.10 018

Type 2 diabetes | 0.33 (~0.24,0.89) 009 017 027 (<0.12, 0.66) 0.09 016 0.34(~0.14,0.82) 0.09 016
Covariates

HA-ICH 1.27 (076, 1.79) 035 <0.001 102(0.71,1.33) 0.41 <0.001 067 (0.24,1.09) 0.20 0.002

CAA-ICH 139 (0.75,2.00) 032 <0001 -002(-049,043)  -0.01 089 253 (2.00,3.06) 063 <0.001

Age 0.03 (0.01,0.04) 024 <0.001 0.02 (0.01,003) 0.28 <0.001 0.02(0.01,0.04) 0.20 0.001

Male sex 0.05 (~0.40,0.50) 002 074 0.04(~0.27,035) 0.02 071 —~004(-042,033)  —0.01 084
Adjusted R* 032 033 043

Multivariable linear regression analyses were performed to test for independent associations with different MRI-based CSVD severity patterns, including ICH etiology, demographics, and
vascular risk. Stepwise forward variable selection (p<0.05) was used to generate a minimally adjusted model. Data represent regression coefficient (B [95% confidence intervall), standardized
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interval; CSVD, Cerebral small-vessel disease; HA, Hypertensive arteriopathy; and ICH, Intracerebral hemorrhage.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Risk factors for intracerebral hemorrhage in small-vessel disease and non-small-vessel disease etiologies—an observational proof-of-concept study



		1 Introduction



		2 Methods



		2.1 Study design and participants



		2.2 ICH etiology



		2.3 Clinical data



		2.4 Vascular imaging



		2.5 MRI acquisition and analysis



		2.6 CSVD markers



		2.7 CSVD severity



		2.8 Standard protocol approvals, registrations, and patient contents



		2.9 Statistical analysis









		3 Results



		4 Discussion



		4.1 Limitations



		4.2 Outlook









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fneur-15-1322442-g001.jpg
All-cause ICH
n =922 (2003 - 2018)

CT within
24 hours

Location ——
n=922

Clinical data
n=861(94%)

/N

Vascular imaging MRI
n=732 n=219
(79%) (24%)

N/

Lobar Cerebellar Primary intraventricular
Location Lobar
B Frontal
B Temporal

3 Parietal
Eoccipital

Deep o bacal ganglia

B Mixed
ElThalamus
Brain stem

B Lobar (n = 403)

M Deep (n=332)

[ cerebellar (n=117)

[ Primary intraventricular (n = 70)

Etiology

Il Hypertensive arteriopathy (n = 453)
Bl Cerebral amyloid angiopathy (n =217)
B Trauma (n = 110)

=1 Vascular malformation (n = 109)

3 Tumor (n = 33)






OPS/images/fneur-15-1322442-t001.jpg
Non-CSVD Group Subgroup

analysis comparisons

Demographics n=922 n=153 n=217 n=252 pvalue pvalue

CAA vs. HA, non-CSVD:

adj. p<0.0001
Age 71(60-78) 71(61-77) 75 (68-80) 63 (51-74) p<0.0001
HA vs. non-CSVD: adj.
p<0.0001
Male sex 522(57%) 260 (57%) 112 (52%) 150 (60%) =020
Vascular risk factors n=861 127 n=204 n=230
HA, CAA vs. non-CSVD:
Vascular risk sum score 0.33 (0.00-0.67) 0.33 (0.00-0.67) 0.33(0.00-0.67) 0.33 (0.00-0.33) p<0.0001
adj. p<0.001
‘Three vascular risk factors 71(8%) 50 (12%) 12(6%) 9 (4%) 006 HA:adj. p=0.001
Hypertension 450 (52%) 240 (56%) 118 (58%) 92 (40%) p<0.0001 Non-CSVD: adj. p=0.0001
> 2 anti-hypertensive HA:adj. p<0.0001
300 (35%) 180 (42%) 63 (31%) 57 (25%) p<0.0001
drugs Non-CSVD: adj. p=0.001
Non-CSVD: adj. p<0.0001
Dyslipidemia 253 (29%) 147 (34%) 64(31%) 4218%) p<0.0001
HA: adj. p=0.008
CAA:adj. p=0.006
Intake of statins* 150 (59%) 76 (52%) 49 (77%) 25(59%) .003
HA: adj. p=0.02
197 (23%) 121 (28%) 36 (18%) 40 (17%) p=0.001 HA: adj. p=0.0009
Antithrombotics n=862 n=427 n=204 n=230
Antithrombotics 258 (30%) 140 (33%) 75 (37%) 43 (19%) p<0.0001 Non-CSVD: adj. p<0.0001
Anticoagulants 149 (17%) 83 (19%) 41 (20%) 25(11%) p=0.01 Non-CSVD: adj. p=0.008
Antiplatelets 97 (11%) 51(12%) 30 (15%) 16 (7%) p=0.03
Anticoagulants and
120%) 6(1%) 42%) 20%) p=064

Antiplatelets

Data are presented as median (interquartile range) or number (%). The percentage is given in relation to the specific subgroup. Group comparisons between HA-, CAA-, and non-CSVD-
related ICH were conducted by applying the Kruskal-Wallis tes for continuous/ordinal variables and the chi-square test for categorical variables. p-values from pairwise post-oc tests were
Bonferroni adjusted for multiple comparisons. For categorical variables, the post-hoc test, Bonferroni adjusted for multiple comparisons, was used to identify which particular subgroups were
significantly different from the entire cohort. A (adjusted) p-value of 0.05 was considered significant and highlighted in bold. “Percentage is given in relation to the number of dyslipidemia
patients. CAA, Cerebral amyloid angiopathy; CSVD, Cerebral small-vessel disease; HA, Hypertensive arteriopathy; and ICH, Intracerebral hemorrhage.
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