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Abstract

Background and Purpose—For survivors of Oral Anticoagulation Therapy (OAT) associated 

Intracerebral Hemorrhage (OAT-ICH) who are at high risk for thromboembolism, the benefits of 

OAT resumption must be weighed against increased risk of recurrent hemorrhagic stroke. The ε2/

ε4 alleles of the apolipoprotein E (APOE) gene, MRI-defined Cortical Superficial Siderosis (CSS) 

and Cerebral Microbleeds (CMBs) are the most potent risk factors for recurrent ICH. We sought to 

determine whether combining MRI markers and APOE genotype could have clinical impact by 

identifying ICH survivors in whom the risks of OAT resumption are highest.

Methods—Joint analysis of data from two longitudinal cohort studies of OAT-ICH survivors: 1) 

Massachusetts General Hospital ICH study (MGH-ICH); 2) longitudinal component of the Ethnic/

Racial Variations of Intracerebral Hemorrhage (ERICH) study. We evaluated whether MRI 

markers and APOE genotype predict ICH recurrence. We then developed and validated a 

combined APOE-MRI classification scheme to predict ICH recurrence, using Classification And 

Regression Tree (CART) analysis.

Results—CSS, CMB and APOE ε2/ε4 variants were independently associated with ICH 

recurrence following OAT-ICH (all p<0.05). Combining APOE genotype and MRI data resulted in 

improved prediction of ICH recurrence (Harrell’s C: 0.79 vs. 0.55 for clinical data alone, 

p=0.033). In the MGH (training) dataset CSS, CMB and APOE ε2/ε4 stratified likelihood of ICH 

recurrence into high, medium and low risk categories. In the ERICH (validation) dataset yearly 

ICH recurrence rates for high, medium and low risk individuals were 6.6%, 2.5% and 0.9% 

respectively, with overall area under the curve of 0.91 for prediction of recurrent ICH.

Conclusion—Combining MRI and APOE genotype stratifies likelihood of ICH recurrence into 

high, medium and low risk. If confirmed in prospective studies, this combined APOE-MRI 

classification scheme may prove useful for selecting individuals for OAT resumption following 

ICH.
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INTRODUCTION

Intracerebral hemorrhage (ICH) is one of the most feared complications of long-term Oral 

Anticoagulation Therapy (OAT), and is more severe and more frequently fatal than 

spontaneous ICH.1, 2 Survivors of OAT-ICH are at high risk for recurrent hemorrhagic 

stroke, reflecting the effects of underlying cerebral Small Vessel Disease (SVD).1 

Individuals diagnosed with OAT-ICH affecting lobar anatomical regions are at higher risk 

for recurrent cerebral bleeding,3 presumably because of underlying Cerebral Amyloid 

Angiopathy (CAA).4, 5 Conversely, OAT substantially decreases the risk of systemic and 

cerebral thromboembolism in a variety of high-risk conditions common among ICH 

survivors.6 Therefore, whether to restart OAT after ICH remains an unsolved clinical 

dilemma. While it has traditionally been assumed that the risks of OAT resumption after 

ICH generally outweigh the benefits, recent retrospective studies suggest there are 
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subgroups of ICH survivors for whom OAT resumption would be of benefit.3 Tools to 

effectively stratify ICH recurrence risk are therefore urgently needed.

MRI-based neuroimaging markers of SVD, including cerebral microbleeds (CMBs) and 

cortical superficial siderosis (CSS), are potent predictors of spontaneous ICH recurrence in 

patients not on OAT.7–9 The apolipoprotein E (APOE) ε2/ε4 alleles are risk factors for 

spontaneous lobar ICH (first-ever and recurrent) and for first-ever OAT-related lobar ICH.
10, 11 We therefore sought to determine whether combining MRI and APOE data could 

generate an effective clinical tool to estimate risk of recurrent hemorrhagic stroke after OAT-

ICH, especially lobar OAT-ICH. To achieve this goal, we leveraged existing data from two 

large studies of ICH: the longitudinal study conducted at Massachusetts General Hospital 

(MGH), and the multi-center Ethnic/Racial Variations of Intracerebral Hemorrhage (ERICH) 

study.3, 12, 13 Specifically, we sought to determine whether MRI-based SVD markers and 

APOE ε2/ε4: 1) are associated with ICH recurrence following OAT-ICH; 2) improved 

prediction of ICH recurrence; and 3) could be incorporated in a classification tool to predict 

ICH recurrence.

METHODS

Participating Studies and Analysis Plan

We analyzed data from OAT-ICH survivors from two studies. The ICH study conducted at 

MGH is a single-center, prospective study.4 Participants are consecutive ICH survivors aged 

≥ 18 years, admitted from July 1994 to December 2017 with spontaneous ICH. The ERICH 

study is a multicenter US study of spontaneous ICH, conducted between August 2010 and 

September 2016.13 Spontaneous ICH was defined in both studies as non-traumatic, abrupt 

onset of severe headache, altered level of consciousness, and/or focal neurologic deficit 

associated with a focal collection of blood within the brain parenchyma on neuroimaging. 

Patients with hemorrhage resulting from trauma, dural venous sinus thrombosis, conversion 

of an ischemic infarct, rupture of a vascular malformation or aneurysm, malignancies 

leading to coagulopathy, or brain tumors were excluded in both studies. Because MGH 

served as a recruitment site for ERICH, all ERICH participants enrolled at MGH were 

included only in the ERICH analyses, to avoid data duplication.3, 12 We performed the 

following joint analyses of the MGH and ERICH datasets: 1) association between MRI 

markers, APOE ε2/ε4 and recurrent hemorrhagic stroke after OAT-ICH; 2) performance of 

MRI markers and APOE in predicting ICH recurrence. We then sought to create and validate 

a combined APOE-MRI novel classification scheme to predict ICH recurrence. We elected 

to conduct initial analyses in the MGH dataset, due to its larger sample size. We then utilized 

the ERICH dataset to independently evaluate the predictive performance of the risk 

classification scheme.

Study Participants

We extracted from participating studies data for individuals fulfilling all these criteria: 1) 

alive at time of discharge; 2) underwent MRI brain within 90 days of enrollment; 3) 

available APOE genotype data; 4) on OAT at time of ICH. OAT was defined as either: 1) use 

of oral vitamin K antagonists and international normalized ratio (INR) > 1.5 at time of 
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symptoms’ onset; or 2) use of non-VKA oral anticoagulants documented in medical records 

within 24 hours of symptoms’ onset. We excluded subjects who had a history of prior ICH 

(before the index event), as they are already known to be at very high risk for recurrent 

hemorrhagic stroke.4 Of note, we included OAT-ICH survivors regardless of whether they 

were restarted on OAT or not during follow-up.

Participants’ Enrollment and Longitudinal Follow-up

Informed consent for study participation was obtained from all participants or their legally 

designated surrogates. Institutional review boards reviewed and approved all study protocols. 

Clinical, demographics, and pre-ICH medication exposure data were collected via in-person 

interview at time of enrollment, supplemented by review of available medical records.3 

Follow-up information was obtained via semi-structured telephone interviews conducted at 3 

months, 6 months, 12 months and then at 6-month intervals after the first year. Information 

on Blood Pressure (BP) measurements during follow-up were obtained according to 

published methodology.4, 12

Neuroimaging

All CT and MRI scans were reviewed for hematoma location and volume by study staff 

blinded to outcome and genetic data. All imaging analyses were conducted at the 

neuroimaging analysis center at MGH, for both the MGH and ERICH studies.3 Lobar ICH 

was defined as selective hematoma involvement of cerebral cortex, cortical-subcortical 

junction, or both; all other cases were defined as non-lobar.3, 4 ICH volumes were 

determined on first-available CT scan, using a previously validated semi-automated method.
14 We extracted MRI information on cerebral microbleeds (CMBs) and cortical superficial 

siderosis (CSS), according to the STRIVE recommendarions15, including: 1) CMBs count 

for lobar and non-lobar locations; 2) presence and pattern (focal vs. disseminated) of CSS.9

Genotyping

We determined APOE genotype on DNA extracted from blood samples. Two single 

nucleotide polymorphisms (rs7412 and rs429358) were genotyped separately at MGH (for 

the MGH study) and at University of Miami (ERICH study).10, 13 The rs7412 and rs429358 

genotypes determined APOE ε status (ε2ε2, ε3ε3, ε4ε4, ε3ε2, ε3ε4, ε2ε4). Research staff 

in charge of genotyping was blinded to neuroimaging and clinical data.

Statistical Methods

Variable definition and handling—Age at index ICH was analyzed as a continuous 

variable. Patients’ sex was analyzed as a binary variable. APOE genotype was analyzed as a 

binary variable indicating possession of ≥1 copies of either ε2 or ε4. ICH volumes were 

analyzed as continuous variables. CMBs were analyzed as continuous variables, and CSS 

was classified as none, focal (involving ≤3 sulci) or disseminated (>3 sulci).9 Categorical 

variables were compared using Fisher exact test (2-tailed) and continuous variables using the 

Mann-Whitney rank-sum or unpaired t test as appropriate.
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Univariable and Multivariable Models for ICH Recurrence—The primary outcome 

was recurrent ICH. Univariable analyses used log-rank tests, while multivariable analyses 

employed Cox regression. All models were censored for death and recurrent ICH. We 

constructed models incorporating: 1) clinical covariates available at time of ICH with p < 

0.20 in univariable analyses; 2) clinical (as before) and MRI data (CMBs counts, CSS 

severity), 3) clinical and APOE data; 4) clinical, MRI and APOE data. We evaluated 

predictive performance via Harrel’s C values, compared using the R package compare 
function.16 All ICH recurrence models included data from both available datasets.

Classification And Regression Tree (CART) analysis—We used Classification And 

Regression Tree (CART) analysis to combine and prioritize predictors of ICH recurrence. 

We did not include follow-up information (blood pressure, medication exposures) among 

eligible predictors, to develop a classification tool to be implementated at time of ICH. The 

CART analysis used the R package partykit framework.17 All available variables were 

initially entered into CART, with minimum final node size of 5 patients. Log-rank p-value 

threshold of 0.05 defined both stopping and splitting criteria. CART identified ideal cut-off 

points for continuous variables based on predictive power (Harrell’s C). Once CART 

selected the optimal tree, we confirmed p<0.05 for each of the splits identified and deleted 

splits not meeting this criterion. Final nodes not meeting criterion of p<0.05 were combined. 

We utilized the ERICH (validation) dataset to: 1) estimate and compare ICH recurrence rates 

across CART nodes; 2) compute sensitivity, specificity, and Area under the Curve (AUC) for 

ICH recurrence (fitting binary predictions obtained via the predict function in the R package 

partykit).17 We opted a priori to conduct the following additional CART analyses: 1) among 

individuals who did not resume OAT (asses for potential indication bias); 2) among 

survivors of lobar vs. non-lobar OAT-ICH (different risks for ICH recurrence). Because of 

limited number of OAT-ICH survivors resuming anticoagulation during follow-up, separate 

analyses in this subgroup were not deemed feasible.

All analyses were performed with R software v 3.5.1 (R Foundation for Statistical 

Computing). p-values < 0.05 (2-tailed) were considered statistically significant, after 

adjustment for multiple testing using the false discovery rate (FDR) method.18

Data Availability

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

RESULTS

Study participants

In the MGH study 1109 ICH survivors (655 lobar, 454 non-lobar) met initial inclusion 

criteria. Of these, 169 (110 lobar, 59 non-lobar) were diagnosed with OAT-related ICH. In 

the ERICH study, 489 ICH survivors (218 lobar, 271 non-lobar) met initial criteria; of these 

61 (38 lobar, 23 non-lobar) were OAT-ICH cases (Table 1). Among study participants, 

indications for OAT were atrial fibrillation (n=177, 77%), mechanical valve (n=14, 6%), 

venous thromboembolism (n=18, 8%), or other miscellaneous (n=13, 9%). Among 169 

Biffi et al. Page 5

Stroke. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



survivors of OAT-ICH enrolled in the MGH study, there were 32 ICH recurrences during a 

median follow-up time of 52.1 months (IQR: 33.4 – 62.7). We observed 16 recurrent ICH 

events among 61 OAT-ICH survivors enrolled in ERICH and followed for a median of 32.1 

months (IQR: 28.3 – 38.2). Average loss to follow-up rate across both studies was 1.6% 

yearly.

Association between MRI-based SVD markers, APOE genotype and ICH recurrence

We performed time-to-event analyses to determine predictors of recurrent ICH following 

OAT-ICH. In joint analysis of both datasets (Supplementary Table I), we identified 

associations between CMBs, CSS and APOE ε2/ε4 and ICH recurrence in univariable 

analyses (all p<0.05). Both imaging and genetic markers were independently associated with 

ICH recurrence after adjustment for covariates of interest (Table 2). We present results of 

multivariable analyses restricted to lobar and non-lobar OAT-ICH in Supplementary Tables 

II and III.

MRI-based SVD markers, APOE and ICH Recurrence Prediction

We then determined whether MRI-based SVD markers and APOE genotype enhance 

prediction of ICH recurrence risk after OAT-ICH. Clinical data alone, without genetics or 

imaging, had moderate predictive power for ICH recurrence risk (Table 3). Incorporation of 

MRI or APOE data individually resulted in markedly improved predictive performance. 

Joint incorporation of MRI and APOE (Table 3) further improved ICH recurrence risk 

prediction.

Development and Validation of an APOE-MRI Risk Prediction System

CART analysis in the MGH dataset demonstrated that integrated use of MRI and APOE 
genotype stratified participants into three significantly different categories of risk for 

recurrent ICH (Figure 1). Disseminated CSS was the most potent individual predictor for 

recurrent ICH, followed by CMB count (with a cut-off of ≥ 2 lobar CMBs selected by the 

algorithm as most informative). Due to limited sample size in individual risk categories, we 

combined presence of disseminated CSS or ≥ 2 lobar CMBs into the high-risk category for 

ICH recurrence. Among individuals lacking these high-risk neuroimaging findings (n = 119, 

70% of our cohort), the presence of an APOE ε2 or ε4 allele distinguished between those at 

medium vs. low risk of recurrent ICH.

Validation of the combined APOE-MRI risk classification scheme in the ERICH dataset 

confirmed significant differences in ICH recurrence rate when comparing the high, medium 

and low risk groups (p<0.001 for trend comparison across categories, and p < 0.05 for all 

pair-wide comparison between risk categories) (Table 4). Overall, the APOE-MRI 

classification scheme demonstrated excellent predictive performance with sensitivity of 0.90, 

specificity of 0.91, and with overall Area Under the Curve (AUC) of 0.91.

Sensitivity analyses

We first applied the APOE-MRI risk classification scheme analysis to individuals not 

receiving OAT during follow-up (n = 51, see Table 4). Classification into high, medium and 

low risk categories retained ability to discriminate significant differences in ICH recurrence 
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rates (p<0.001 for trend comparison across categories, and p < 0.05 for all pair-wide 

comparison between risk categories). We then applied the APOE-MRI risk classification 

scheme in the ERICH validation dataset in the lobar ICH (n = 38) and non-lobar ICH (n = 

23) sub-groups. In both subset analyses (Table 4) classification into high, medium and low 

risk categories retained ability to discriminate significant differences in ICH recurrence rates 

(p<0.05 for trend comparison across categories, and p < 0.05 for all pair-wide comparison 

between risk categories).

DISCUSSION

We demonstrate that, among survivors of OAT-ICH, MRI markers of cerebral small vessel 

disease and APOE variants ε2/ε4 are potent risk factors for recurrent cerebral bleeding. 

Combining MRI and APOE with established clinical markers for risk of ICH recurrence 

yielded significant improvement in predictive capacity for repeat ICH. We therefore 

developed and validated an APOE-MRI risk stratification scheme that successfully 

distinguished patients at high and low risk for recurrent ICH. Individuals in the high-risk 

group had up to 10 times the annual risk of recurrent ICH compared to those OAT-ICH 

survivors whom MRI and APOE identified as low risk.

Our results are concordant with prior studies showing robust associations between CSS, 

CMBs, APOE and risk of non-OAT related ICH7, 19–21 as well as first-ever lobar OAT-ICH.
11 Building on this published evidence, our findings indicate that CAA (the SVD subtyped 

linked to APOE, CMBs and CSS) plays a critical role in recurrent cerebral bleeding risk 

after OAT-related ICH. Lobar hematoma location was not selected for inclusion as a key 

predictor of ICH recurrence by an unbiased algorithm, implying inferior predictive 

capability than the combination of APOE and MRI data. Taken together with prior evidence 

indicating that blood pressure control is associated with recurrence risk of both lobar and 

non-lobar ICH, these findings reflect the mixed hypertensive/amyloid nature of at least a 

subset of lobar ICH events.4 Our results suggest that the complex underlying 

pathophysiology of many OAT-ICH cases is better characterized by combining genetic and 

MRI neuroimaging data.

APOE adds substantially to risk stratification in OAT-ICH survivors, raising the possibility 

that it may be of clinical utility in this setting. MRI identified fewer than one third of 

participants in our analyses as high risk for recurrent cerebral bleeding; most OAT-ICH 

survivors were deemed low risk, as they lacked evidence of disseminated CSS or a high 

CMB count. However, inclusion of APOE in a combined stratification tool separated this 

majority of participants into two groups with widely different risks for recurrent 

hemorrhagic stroke. Individuals with no disseminated CSS, low lobar CMBs count (0 to 1) 

and APOE ε3ε3 genotype accounted for almost half of all OAT-ICH survivors, and were at 

very low risk for recurrent ICH.

Our study displays several strengths, including: 1) highly curated individual-level data 

(including genetic and MRI information); 2) standardized, validated methodology for 

longitudinal follow-up; 3) independent validation in the racially-balanced ERICH study. 

There are also several limitations to our approach. Despite having analyzed data from two 
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separate, large ICH studies, our analyses are retrospective in nature and limited in sample 

size. Study inclusion criteria (especially availability of MRI/APOE data) may have also 

resulted in patient selection bias. Finally, due to the nature of the data being analyzed, we are 

unable to determine whether MRI-APOE-based decision making in regard to OAT 

resumption could directly improve patient outcomes. Our combined APOE-MRI risk 

classification scheme may aid in identifying high risk individuals (for whom future studies 

of OAT resumption would warrant careful consideration) vs. low risk individuals (who may 

be considered for resumption of OAT in the setting of future randomized control studies). Of 

note, our sensitivity analyses demonstrated that the classification scheme retained excellent 

predictive performance regardless of exposure to OAT. Ultimately, only a dedicated 

randomized controlled trial comparing the performance of APOE-MRI risk determination 

with current standard practices could fully address these limitations.

Summary/Conclusions

In summary, we demonstrate that while MRI data and APOE both predict recurrent ICH in 

survivors of OAT-ICH, combining them creates a risk stratification tool that better 

discriminates patients at high and low risk for recurrent ICH. While this combined MRI-

APOE prediction scheme of ICH requires further validation in large, prospective studies, it 

raises the possibility that bedside genetic testing for OAT-ICH survivors could become part 

of routine clinical practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ICH Recurrence Risk following OAT-related ICH, based on MRI data and APOE 
Genotype
Abbreviations: APOE = Apolipoprotein E, CSS = Cortical Superficial Siderosis, CMB = 

Cerebral Microbleeds, ICH = Intracerebral Hemorrhage, OAT = Oral Anticoagulation 

Therapy
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Table 1.

Characteristics of Survivors of OAT-ICH

Variable
MGH ICH (n = 169) ERICH (n = 61)

No Recurrent ICH Recurrent ICH No Recurrent ICH Recurrent ICH

No. of individuals 137 32 45 16

Demographics

Age (mean, SD in years) 71.8 (8.3) 74.7 (7.0) 69.8 (10.2) 70.6 (8.9)

Sex (Male) 75 (56) 17 (53) 21 (47) 8 (50)

Race / Ethnicity

- White 105 (77) 22 (69) 14 (31) 4 (25)

- Black 16 (12) 5 (16) 16 (36) 6 (38)

- Hispanic 14 (10) 4 (13) 15 (33) 6 (38)

- Other 2 (1) 1 (3) 0 (0) 0 (0)

Education (mean, SD in years) 14.0 (3.8) 13.0 (3.7) 10.8 (3.5) 11.1 (3.1)

Pre-ICH Medical History

Hypertension 104 (76) 26 (81) 39 (87) 15 (94)

Diabetes Mellitus 25 (18) 6 (19) 18 (40) 7 (44)

Coronary Artery Disease 37 (27) 10 (31) 15 (33) 6 (38)

CHA2DS2-VASc score (median, IQR) 5 (4 – 6) 5 (4 – 6) 5 (4 – 6) 5 (4 – 6)

HAS-BLED score (median, IQR) 3 (3 – 4) 3 (3 – 4) 3 (3 – 4) 3 (3 – 4)

Genetic Data

APOE ε2 (≥ 1 copy) 20 (15) 9 (28) 7 (16) 4 (25)

APOE ε4 (≥ 1 copy) 30 (22) 12 (38) 10 (22) 5 (31)

Acute ICH Data

ICH Location

- Lobar 84 (61) 26 (81) 27 (60) 11 (69)

- Non-Lobar 53 (39) 6 (19) 18 (40) 5 (31)

ICH Volume (median, IQR in cc) 16.6 (8.8 – 26.6) 17.6 (5.0 – 27.6) 15.4 (7.3 – 25.5) 16.3 (6.3 – 28.2)

IVH Presence 43 (31) 9 (28) 15 (33) 6 (38)

MRI Data

Lobar CMB count (median, IQR) 0 (0 – 1) 1 (1 – 2) 0 (0 – 1) 1 (1 – 2)

Non-Lobar CMB count (median, IQR) 0 (0 – 1) 0 (0 – 1) 0 (0 – 1) 0 (0 – 1)

Cortical Superficial Siderosis

- None 130 (95) 23 (72) 42 (93) 12 (75)

- Focal 4 (3) 3 (9) 2 (4) 1 (6)

- Disseminated 3 (2) 6 (19) 1 (2) 3 (19)

Medication Exposure During Follow-up

OAT 38 (28) 8 (25) 8 (17) 2 (13)

- Vitamin K Antagonists 36 (26) 7 (22) 7 (16) 2 (13)
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Variable
MGH ICH (n = 169) ERICH (n = 61)

No Recurrent ICH Recurrent ICH No Recurrent ICH Recurrent ICH

No. of individuals 137 32 45 16

- Direct Oral Anticoagulants 2 (2) 1 (1) 1 (1) 0 (0)

Antiplatelets 68 (50) 15 (47) 17 (38) 6 (38)

All values presented as number (percentages), unless otherwise specified

Abbreviations: CMB = Cerebral Microbleeds, ICH = Intracerebral Hemorrhage, IQR = interquartile range, OAT = Oral Anticoagulation Therapy, 
SD = standard deviation
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Table 2.

Multivariable Analysis of ICH Recurrence Risk Among OAT-ICH Survivors

Variables HR 95% CI P

Age (per 10 years) 1.04 0.99 – 1.09 0.091

Education (> 12 years) 0.90 0.80 – 1.01 0.069

Lobar CMBs (per each additional CMB) 1.88 1.13 – 3.12 0.015

Increasing CSS Severity (None - Focal - Disseminated) 1.51 1.07 – 2.13 0.021

APOE ε2 or ε4 (≥ 1 copy) 1.90 1.10 – 3.29 0.023

Results derived from combined analysis of MGH-ICH and ERICH data (n = 230)

Abbreviations: APOE = Apolipoprotein E, CSS = Cortical Superficial Siderosis, CMB = Cerebral Microbleeds, ICH = Intracerebral Hemorrhage, 
OAT = Oral Anticoagulation Therapy
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