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Abstract

Background: Cirrhosis is associated with an increased risk of hemorrhagic stroke. Liver fibrosis, typically a silent
condition, is antecedent to cirrhosis. The objective of this study was to test the hypothesis that elevated Fibrosis-4 (FIB-
4) index, indicating a high probability of liver fibrosis, is associated with an increased risk of hemorrhagic stroke.
Methods: We performed a cohort analysis of the prospective United Kingdom Biobank cohort study. Participants 40—
69years old were enrolled between 2007 and 2010 and had available follow-up data until March |, 2018. We excluded
participants with prevalent hemorrhagic stroke or thrombocytopenia. High probability of liver fibrosis was defined
as having a value >2.67 of the validated FIB-4 index. The primary outcome was hemorrhagic stroke (intracerebral
or subarachnoid hemorrhage), defined based on hospitalization and death registry data. Secondary outcomes were
intracerebral and subarachnoid hemorrhage, separately. We used Cox proportional hazards models to evaluate
the association of FIB-4 index >2.67 with hemorrhagic stroke while adjusting for potential confounders including
hypertension, alcohol use, and antithrombotic use.

Results: Among 452,994 participants (mean age, 57 years; 54% women), approximately 2% had FIB-4 index >2.67, and
1241 developed hemorrhagic stroke. In adjusted models, FIB-4 index >2.67 was associated with an increased risk of
hemorrhagic stroke (HR, 2.0; 95% ClI, 1.6-2.6). Results were similar for intracerebral hemorrhage (HR, 2.0; 95% Cl,
1.5-2.7) and subarachnoid hemorrhage (HR, 2.2; 95% ClI, 1.5-3.5) individually.

Conclusions: Elevated FIB-4 index was associated with an increased risk of hemorrhagic stroke.

Keywords
Hemorrhagic stroke, liver fibrosis, epidemiology, cohort study

Date received: 12 February 2024; accepted: |7 May 2024

Introduction liver fibrosis may be associated with cerebrovascular dis-
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intracerebral hemorrhage volume'>!* and with hemor-

rhagic transformation of ischemic stroke.'* However,
whether liver fibrosis generally, like its severe form in cir-
rhosis, is a risk factor for incident hemorrhagic stroke is
not known. We therefore sought to test the hypothesis that
elevated Fibrosis-4 (FIB-4) index, indicating high proba-
bility of liver fibrosis, is associated with an increased risk
of hemorrhagic stroke in a large cohort of participants
from the United Kingdom Biobank.

Methods
Design

This is a retrospective cohort analysis using prospectively-
collected data from the UK Biobank, which is a prospective
cohort study that recruited approximately 500,000 partici-
pants between 40 and 69 years of age from across the United
Kingdom.'> Baseline assessments occurred from 2007 to
2010 and included detailed health questionnaires, physical
measurements, and collection of biological samples for
laboratory tests and genotyping. Participants are followed
longitudinally, including through linked hospital record and
death data. Based on these linked data, the UK Biobank
includes time-to-event data for common health outcomes,
including hemorrhagic stroke, in addition to death and loss
to follow-up. UK Biobank data are subjected to extensive
data stewardship measures designed to ensure data
integrity.'®

Standard protocols and approvals

The UK Biobank obtained written informed consent from
participants. The Weill Cornell Medicine institutional
review board certified these analyses of deidentified data as
exempt from review. The data that support the findings of
this study are made available in an anonymized format to
qualified investigators upon application to the UK Biobank
(https://www.ukbiobank.ac.uk/). Analytic methods will be
made available upon reasonable request. We followed the
Strengthening the Reporting of Observational Studies in
Epidemiology guidelines.

Population

From among the approximately 500,000 participants in the
UK Biobank, we included those who attended a baseline
assessment visit and excluded participants with prevalent
hemorrhagic stroke or missing exposure variable data.
People with prevalent hemorrhagic stroke were excluded
because our objective was to maintain temporality between
the baseline FIB-4 measurement and future hemorrhagic
stroke. We also excluded participants with possible acute
hepatitis (aspartate aminotransferase or alanine aminotrans-
ferase =2501U/L)"” or thrombocytopenia (<100,000/mL)
at baseline.

Measurements

The exposure variable was probable liver fibrosis, as meas-
ured by the FIB-4 index. We calculated the FIB-4 index
according to its formula, with age in years, aminotrans-
ferases in U/L, and platelet count in 10%/L'$:

(age X aspartate aminotransferase) +

( platelets x \/ alanine aminotransferase )

We classified participants with FIB-4 index >2.67 as hav-
ing high probability of advanced liver fibrosis.'®!® The
FIB-4 index has been widely validated, including specifi-
cally in the general population.?®>* Qur approach of evalu-
ating risk of liver fibrosis in the general population,
irrespective of underlying etiology, is consistent with other
efforts to understand the role of liver fibrosis broadly in
human disease.?>?® This approach accounts for the real-
world overlap between chronic liver conditions such as
alcoholic and presumed nonalcoholic fatty liver disease.?’

The primary outcome was incident hemorrhagic stroke,
a composite of intracerebral or subarachnoid hemorrhage.
Intracerebral and subarachnoid hemorrhage were also
assessed individually as secondary outcomes. The UK
Biobank dataset contains time-to-event data for hemor-
rhagic stroke derived using algorithms* based on hospital
records and mortality register data and standard
International Classification of Diseases versions 9 and 10
diagnosis codes for these conditions.?!

Covariates were demographics, comorbidities, and
antithrombotic medication use. Demographics were age,
sex, and self-reported ethnicity. The UK Biobank provides
an “ethnicity” variable based on which participants were
categorized as Asian, Black, other/multiple, and White,
reflecting UK demographics. Hypertension was defined as
a self-reported diagnosis of hypertension, systolic blood
pressure =130 mmHg, diastolic blood pressure =80 mmHg,
or use of anti-hypertensive medications.?? Diabetes mellitus
was defined as a self-reported diagnosis of diabetes, hemo-
globin Alc =6.5%, or use of diabetes medications.*
Dyslipidemia was defined as use of lipid-lowering medica-
tions or total cholesterol =200 mg/dL.>* Body mass index
was categorized using standard cutoffs for normal (18.5—
24.9kg/m?), underweight (<18.5kg/m?), overweight (25—
29.9kg/m?), and obesity (=30kg/m?). Tobacco use was
categorized as never-smoker versus smoker (current or for-
mer). Alcohol use was categorized based on consumption
frequency as non-drinker, less than once weekly, 1-4 times
per week, and daily or almost daily. Patients reporting any
prevalent chronic liver condition, including cirrhosis, alco-
holic liver disease, hepatitis and non-infectious liver dis-
ease during their nurse-led interview were categorized as
having a clinically known liver condition. For the purposes
of interaction term testing by APOE genotype, given the
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possible relevance of APOE genotype for intracerebral
hemorrhage,>7 the APOE gene was directly genotyped
for UK Biobank participants, and we used standard defini-
tions to ascertain APOE genotypes based on 75429358 and
rs7412 alleles.*®*® We defined baseline antithrombotic
medication use as use of any antiplatelet or anticoagulant
medication, ascertained from nurse-led medication inven-
tories taken for all participants in the UK Biobank. All vari-
ables used for calculation of the exposure variable and
covariates were ascertained from the baseline visit in which
subjects were initially enrolled in the UK Biobank study.

Statistical analyses

Survival analysis was used to estimate cumulative risks,
with observations censored at the time of death, loss to fol-
low-up, or at the end of available follow-up in our dataset
(March 1, 2018). The primary statistical analysis entailed
use of Cox proportional hazards models to compare the risk
of hemorrhagic stroke in participants with FIB-4 index
>2.67 and =<2.67 by calculating cause-specific hazard
ratios. Proportionality of hazards was confirmed by visual
inspection of survival and log-log plots. We specified the
following models. Model 1 was unadjusted. Model 2 was
adjusted for age, sex, and ethnicity. Model 3 was addition-
ally adjusted for hypertension, diabetes, dyslipidemia, body
mass index category, smoking status, alcohol consumption
frequency, and antithrombotic medication use.

We performed several sensitivity analyses. First, we
excluded all participants with any known chronic liver con-
dition at baseline to evaluate the association between ele-
vated risk of subclinical liver fibrosis and incident
hemorrhagic stroke. Second, we excluded participants tak-
ing any antithrombotic medication. Third, we excluded par-
ticipants with platelet count <150,000 per microliter, a
more conservative cut-off than used for the primary analy-
sis study population. Lower platelet counts mathematically
increase FIB-4 scores; this sensitivity analysis was intended
to evaluate the stability of our results after more stringently
excluding participants with elevated FIB-4 scores due to
any level of thrombocytopenia. In addition, due to observed
differences between participants with FIB-4 index >2.67
and <2.67 in multiple baseline characteristics including
age, which is a component of the exposure variable, we per-
formed confirmatory matched-cohort analyses. Participants
with FIB-4 index >2.67 and <2.67 were 1:1 matched on
age (exact match), sex, hypertension, and antithrombotic
medication using greedy nearest-neighbor matching.
Conditional Cox proportional hazards regression models
were then used to estimate hazard ratios for the primary and
secondary outcomes in the matched cohort. Last, given the
possible relevance of APOE €4 and &2 alleles for hemor-
rhagic stroke risk,>*>7 we performed tests of interaction by
APOE genotype for the primary outcome of hemorrhagic
stroke in Model 3. The APOE genotype variables were
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Figure |. Participant selection flow diagram. From among
participants in the UK Biobank, we excluded participants

with missing available liver fibrosis score data, possible acute
hepatitis (aspartate or alanine aminotransferase =2501U/L),
thrombocytopenia (platelet count <100,000/mL), and prevalent
hemorrhagic stroke. Some participants had multiple reasons for
exclusion.

specified as APOE €4 carriers (=1 €4 alleles), APOE €4/¢e4,
APOE €2 carriers (=1 €2 alleles), and APOE €2/¢2, all with
APOE €3/€3 as the reference group. The threshold of statis-
tical significance was o=0.05. Analyses were performed
by NSP and CZ using SAS Version 9.4 (Cary, NC) and R
4.0.5 (R Core Team, Vienna, Austria).

Results

Participant characteristics

From among 502,567 participants in the UK Biobank, we
included 452,994 participants after applying study exclu-
sions (Figure 1). The mean age of participants was 56.5
(SD, 8.1)years, and 245,453 (54%) were women. Overall,
72% had hypertension, 6% had diabetes, and 16% had
antithrombotic use. Clinically known liver conditions were
uncommon, reported by 2578 (0.6%) participants. The
overall median FIB-4 score was 1.23 (IQR, 0.97-1.56),
falling in the indeterminate range. However, 8787 (1.94%;
95% CI, 1.90-1.98) participants had a FIB-4 index >2.67.
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Table |. Baseline characteristics® of participants in the UK Biobank, stratified by FIB-4 index.

Variable FIB-4 >2.67 FIB-4 <2.67
Participants N=8787 N=444,207
Age, years (mean, SD) 63 (6) 56 (8)
Women (%) 33 55
Ethnicity (%)°

Asian 2 2

Black 3 2

Other and multiracial | I

White 94 95
Hypertension (%) 79 72
Systolic blood pressure, mmHg (mean, SD) 142 (20) 138 (19)
Diabetes (%) 10 6
Hemoglobin Alc, % (mean, SD) 5.5(0.7) 5.5 (0.6)
Dyslipidemia (%) 73 75
Total cholesterol, mmol/L (mean, SD) 53 (1.2) 57 (1.1)
History of tobacco smoking (%) 63 59
Body mass index, kg/m? (mean, SD) 27 (5) 27 (5)
Known liver condition (%) 2.0 0.5
Alcohol consumption frequency (%)

None 9 8

Less than once weekly 19 23

|—4 times weekly 43 49

Daily or almost daily 29 20
Antithrombotic medication use (%) 30 15
Anticoagulant medication use (%) 5 I
Aspartate aminotransferase, lU/L (median, IQR) 35 (28-51) 24 (21-29)
Alanine aminotransferase, IU/L (median, IQR) 22 (15-34) 20 (15-27)
Platelet count, 107 cells/L (median, IQR) 160 (137-186) 250 (216-288)
Albumin, g/dL (median, IQR) 4.5 (4.347) 4.5 (4447

SD: standard deviation; mmHg: millimeters mercury; mg/dL: milligrams per deciliter; kg/m2: kilograms per meter-squared; IU/L: international units

per liter; IQR: interquartile range; g/dL: grams per deciliter.

Data are presented as percentage unless otherwise specified. Percentages for any given characteristic may not sum to 100% because of rounding.
PEthnicity groupings based on UK Biobank variable, reflecting UK population composition.

Participants with FIB-4 index >2.67 were older, more
likely men, had a higher prevalence of hypertension and
diabetes, and more often reported daily alcohol consump-
tion (Table 1).

Primary outcome analyses

During a median follow-up of 9.0 (IQR, 8.3-9.7)years,
there were 1241 incident hemorrhagic strokes (719 intrac-
erebral hemorrhage, 522 subarachnoid hemorrhage). The
rate of hemorrhagic stroke per 1000 person-years was 0.89
(95% CI, 0.70-1.14) in participants with FIB-4 index
>2.67 and 0.30 (95% CI, 0.28-0.31) in those with FIB-4
index <2.67 (Figure 2). In an unadjusted Cox proportional
hazards model, participants with FIB-4 index >2.67 had an
increased risk of incident hemorrhagic stroke compared to
participants with FIB-4 index <2.67 (hazard ratio (HR),
3.0; 95% CI, 2.4-3.9). This association remained signifi-
cant in adjusted models, including when adjusting for
demographics and shared risk factors (HR, 2.0; 95% CI,

1.6-2.6) (Table 2). Our findings were unchanged in three
separate sensitivity analyses after excluding participants
with any clinically known liver conditions at baseline (HR,
2.0; 95% CI, 1.6-2.6), baseline antithrombotic use (HR,
1.8; 95% CI, 1.3-2.6), and platelet count <150,000 per
microliter (HR, 2.1; 95% CI, 1.6-2.9) (Table 2). Last, find-
ings remained significant in a complementary matched
cohort analysis that matched participants with FIB-4 index
>2.67 and <2.67 on age, sex, hypertension, and antithrom-
botic use (HR, 2.6; 95% CI, 1.6—4.6). There were no statis-
tically significant interactions to suggest interaction by
APOE genotype (all p values <0.20).

Secondary outcome analyses

Secondary outcomes were intracerebral hemorrhage and
subarachnoid hemorrhage, assessed separately. The rate of
intracerebral hemorrhage per 1000 person-years was 0.69
(95% CI, 0.52-0.91) in participants with FIB-4 index
>2.67 and 0.19 (95% CI, 0.18-0.21) in those with FIB-4
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Figure 2. Cumulative risk of hemorrhagic stroke, stratified by FIB-4 index. In this analysis of data from the UK Biobank
prospective cohort study, participants with FIB-4 Index >2.67 had an increased risk of hemorrhagic stroke.

Table 2. Association® of FIB-4 index >2.67 with hemorrhagic
stroke in the UK Biobank.

Model Hazard ratio (95% ClI)
Model I: Unadjusted 3.0 (2.4-3.9)

Model 2: Adjusted for 2.1 (1.6-2.7)
demographics®

Model 3: Adjusted for 2.0 (1.6-2.6)
demographics, risk factors®

Sensitivity analysis 1¢ 2.0 (1.6-2.6)
Sensitivity analysis 2° 1.8 (1.3-2.6)
Sensitivity analysis 3 2.1 (1.6-2.9)

Cl: confidence interval.

?Results of multivariable Cox regression models comparing participants
with versus without liver fibrosis as categorized by the Fibrosis-4 score.
®Age, sex, and ethnicity.

‘Hypertension, diabetes, dyslipidemia, body mass index, smoking, alcohol
intake frequency, antithrombotic medication use.

9Excluded participants with any clinically known liver condition. Model 3
covariates were used.

°Excluded participants with antithrombotic medication use. Model 3
covariates, except for antithrombotic medication use, were used.
fExcluded participants with platelet count <150,000/uL. Model 3 covari-
ates were used.

index <2.67. After adjusting for demographics and shared
risk factors, FIB-4 index >2.67 was associated with an
increased risk of intracerebral hemorrhage (HR, 2.0; 95%
CI, 1.5-2.7). The rate of subarachnoid hemorrhage per

1000 person-years was 0.32 (95% CI, 0.21-0.49) in partici-
pants with FIB-4 index >2.67 and 0.13 (95% CI, 0.12—
0.14) in those with FIB-4 index <2.67. After adjusting for
demographics and shared risk factors, FIB-4 index >2.67
was associated with an increased risk of subarachnoid hem-
orrhage (HR, 2.2; 95% CI, 1.5-3.5). The associations
remained significant in matched cohort analyses for intrac-
erebral hemorrhage (HR, 3.3; 95% CI, 1.8-6.0) and suba-
rachnoid hemorrhage (HR, 2.6; 95% CI, 1.2-5.9).
Characteristics of the matched cohort appear in Table 3.

Discussion

In this analysis of adults in the UK Biobank cohort study,
participants with FIB-4 index >2.67 had a two-fold
increased risk of hemorrhagic stroke, including both intrac-
erebral and subarachnoid hemorrhage. This finding was
robust across multiple sensitivity analyses.

Prior studies have shown a consistent association of
cirrhosis with an increased risk of hemorrhagic stroke.>”’
In contrast to decompensated cirrhosis, which is often
clinically apparent in terms of physical examination find-
ings and laboratory tests, liver fibrosis is often subclini-
cal.>!! In this analysis, we found an association of FIB-4
index >2.67, indicating a high probability of liver fibro-
sis, with hemorrhagic stroke even after excluding partici-
pants with clinically known chronic liver disease. Mild
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Table 3. Baseline characteristics® of participants with FIB-4 index >2.67 and <2.67 matched on a I:| basis by age, sex,

hypertension, and antithrombotic medication use.

Variable FIB-4 >2.67 FIB-4 <2.67
Participants N=8787 N=8787
Age, years (mean, SD) 63 (6) 63 (6)
Female (%) 33 33
Ethnicity (%)°

Asian 2 2

Black 3 I

Other and multiracial | |

White 94 96
Hypertension (%) 79 79
Systolic blood pressure, mmHg (mean, SD) 142 (20) 143 (19)
Diabetes (%) 10 10
Hemoglobin Alc, % (mean, SD) 5.5(0.7) 5.6 (0.7)
Dyslipidemia (%) 73 80
Total cholesterol, mmol/L (mean, SD) 53 (1.2) 5.5(1.2)
History of tobacco smoking (%) 63 65
Body mass index, kg/m? (mean, SD) 27 (5) 28 (4)
Known liver condition 2.0 0.5
Alcohol consumption frequency (%)

None 9 8

Less than once weekly 19 19

|—4 times weekly 43 47

Daily or almost daily 29 25
Antithrombotic medication use (%) 30 30
Anticoagulant medication use (%) 5 2
Aspartate aminotransferase, IU/L (median, IQR) 35 (28-51) 25 (22-29)
Alanine aminotransferase, IlU/L (median, IQR) 22 (15-34) 21 (17-28)
Platelet count, 107 cells/L (median, IQR) 160 (137-186) 240 (209-278)
Albumin, g/dL (median, IQR) 4.5 (4.347) 4.5 (4447)

SD, standard deviation; mmHg, millimeters mercury; mg/dL, milligrams per deciliter; kg/m?, kilograms per meter-squared; IU/L, international units

per liter; IQR, interquartile range; g/dL, grams per deciliter.

?Data are presented as percentage unless otherwise specified. Percentages for any given characteristic may not sum to 100% because of rounding.
PEthnicity groupings based on UK Biobank variable, reflecting UK population composition.

thrombocytopenia can reflect chronic liver disease®’;
however, our results were consistent when specifically
excluding participants with any thrombocytopenia
(<150,000/uL) from the study population. Thus, these
results represent a novel finding that probable liver fibro-
sis, despite being frequently subclinical, is an independent
risk factor for hemorrhagic stroke. An important implica-
tion of these results is that strategies to improve primary
prevention of liver disease may subsequently improve pri-
mary prevention of hemorrhagic stroke as well.

We found an association of elevated FIB-4 index with
hemorrhagic stroke after adjusting for risk factors, and
additionally in confirmatory analyses in which we matched
participants based on key hemorrhagic stroke risk factors
including hypertension and antithrombotic medication use,
suggesting that such risk factors alone do not explain our
findings. Additional processes related to chronic liver dis-
ease may be responsible, such as endothelial dysfunction,
subclinical coagulopathy, and vascular inflammation,

which have been described in people with a variety of clini-
cally apparent liver conditions.*'* Liver fibrosis has also
been linked to brain imaging markers of cerebral microvas-
cular disease, including white matter hyperintensity vol-
ume and cerebral microbleeds,*>*” both of which are linked
to an increased risk of hemorrhagic stroke.*® Future work is
required to understand whether these processes account for
the association of liver fibrosis and hemorrhagic stroke.
The key strengths of this analysis are the large sample
size for the primary analysis and consistency of results
across analytical approaches. The findings should be inter-
preted considering several limitations. First, the FIB-4
index is a surrogate marker and its use introduces the pos-
sibility of misclassification. For example, participants with
mild liver fibrosis may be misclassified as having no fibro-
sis, and the index may be less reliable among elderly sub-
jects.!® Future studies should use more direct liver measures
such as transient elastography or magnetic resonance elas-
tography, although the feasibility of this is limited in cohorts
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of this size. Second, similarly, there is a risk of misclassifi-
cation of the primary outcome, hemorrhagic stroke. Though
the UK Biobank’s algorithm for ascertainment of primary
stroke cases has been validated to have high positive pre-
dictive value,*'* occasional inclusion of hemorrhage sec-
ondary to trauma, mass lesion, or other causes may occur.*
Third, the UK Biobank study population has evidence of a
healthy participant bias.’! In this analysis, the prevalence of
probable liver fibrosis was approximately 2%, which is
lower than other population-based estimates, for example
5% in the United States.’> Additionally, the UK Biobank
cohort is approximately 95% White, limiting generalizabil-
ity to other race and ethnic groups. Furthermore, lifestyle
patterns specific to the UK Biobank cohort regarding diet,
smoking, and alcohol consumption may impact the results
and limit generalizability to other geographic areas. Future
studies should confirm our findings in more diverse popula-
tions, and among populations with a greater burden of
comorbidities. Fourth, we did not have neuroimaging data;
future studies should leverage datasets with more granular
hematoma characteristics, such as lobar versus non-lobar
location. Fifth, although we adjusted for relevant confound-
ers, there may be unmeasured confounding that accounts
for the observed association between probable liver fibrosis
and risk of hemorrhagic stroke. In particular, we did not
have data on multiple variables that could affect this asso-
ciation, such as chronic kidney disease, atrial fibrillation,
diet, and quantity of alcohol consumption.

Conclusion

Probable liver fibrosis, defined by FIB-4 index >2.67, was
associated with an increased risk of hemorrhagic stroke.
Further research is required to understand the mechanistic
basis of this association.
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