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Background: There is an increasing appreciation of the cardiovascular implications of nonalcoholic fatty liver
disease with advanced fibrosis (NAFLD-fibrosis). However, data regarding stroke risk are limited. We sought to
investigate whether NAFLD-fibrosis is associated with stroke in addition to heart disease.

Methods: We performed a cross-sectional study using data from the United States National Health and Nutrition
Examination Survey (2005-2014). After excluding participants with competing causes of liver disease, the
Fibrosis-4 score (FIB-4) and NAFLD Fibrosis Score (NFS) were calculated. First, we used a composite measure to
classify participants: NAFLD-fibrosis was defined as having at least one score above its validated cut-off. Second,
we also used the FIB-4 and NFS scores individually. The key outcome was prevalent stroke, and we also eval-
uated heart disease; both were self-reported. Multivariable logistic regression assessed the association between
NAFLD-fibrosis and these outcomes while adjusting for demographic variables and cardiovascular risk factors.
Results: We identified 1653 participants with NAFLD-fibrosis from a sample of 27,040 participants. In total, 753
had prior stroke. An association between NAFLD-fibrosis and stroke was seen when using the FIB-4 score (OR
1.87, 95% CI 1.00-3.50) but not the NFS (OR 1.31, 95% CI 0.92-1.87). NAFLD-fibrosis was associated with heart
disease (OR 1.46, 95% CI 1.06-2.01) using the composite measure and both scores individually.

Conclusions: NAFLD-fibrosis may be associated with stroke in addition to heart disease, with differences de-
pending on the measure used to define NAFLD-fibrosis.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a worldwide epidemic
with a global prevalence of 25% [1]. NAFLD represents a spectrum of
disease that ranges from isolated steatosis in nonalcoholic fatty liver to
nonalcoholic steatohepatitis (steatosis plus histologic inflammation and
hepatocyte injury), which can lead to fibrosis and eventually cirrhosis
[2]. Although NAFLD has been associated with cardiovascular disease
broadly [3-7], some studies suggest that shared risk factors may ac-
count for potential associations with cardiovascular diseases [8,9]. In-
deed, a Mendelian randomization study found that liver fat content may
not be casually associated with ischemic heart disease [10]. Instead,
recent studies found that NAFLD with advanced fibrosis (NAFLD-fi-
brosis), and not isolated nonalcoholic fatty liver per se, is associated
with both cardiovascular disease and cardiovascular mortality
[6,11-14]. While a specific association with stroke has not clearly

emerged [15-18], there is limited evidence that liver fibrosis may be
associated with ischemic stroke [19] and cerebral microhemorrhages
[20]. Additionally, we and others have previously shown that cirrhosis
is associated with stroke [21,22]. However, these studies were limited
by their use of imprecise administrative claims data and included in-
dividuals with very advanced, decompensated liver disease. Whether
validated, biologically-informed measures of NAFLD-fibrosis are asso-
ciated with stroke at the population level is not known. Therefore, we
sought to assess whether measures of NAFLD-fibrosis are associated
with stroke, in addition to heart disease, in a large, population-based
sample using data from the United States National Health and Nutrition
Examination Survey (NHANES).
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2. Materials and methods
2.1. Study design

We performed a cross-sectional study using continuous survey data
from five biannual survey cycles spanning 2005 to 2014. The NHANES
data are collected by the United States National Center for Health
Statistics, Centers for Disease Control and Prevention using a multi-
stage, probability cluster survey method to generate nationally re-
presentative statistics for the US population. Participants undergo
standardized interview, physical examination, and biological specimen
collection in mobile examination centers [23]. Data collection for
NHANES was approved by the National Center for Health Statistics
Research Ethics Review Board, and written informed consent was ob-
tained from participants; the study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki. Analysis of de-identified
data from the survey is exempt from United States federal regulations
for the protection of human research participants. The data that support
the findings of this study are publicly available at https://www.cdc.
gov/nchs/nhanes. JG had full access to all the data in the study and
takes responsibility for its integrity and the data analysis.

2.2. Population

We included adult participants 21 years of age and older enrolled in
NHANES from 2005 to 2014. Participants with missing age, ethnicity,
sex, liver function test values, platelet count values, cardiovascular
disease history information, and alcohol use history were excluded. In
keeping with prior analyses of NAFLD in NHANES and in order to
minimize the contribution of common competing causes of chronic liver
disease or abnormalities in liver chemistries [24], we excluded preg-
nant women, participants with laboratory evidence of viral hepatitis (B
or C), possible acute liver injury, self-reported excessive alcohol con-
sumption, and use of medications associated with liver steatosis. Evi-
dence of viral hepatitis included positive tests for hepatitis B core an-
tibody and hepatitis C antibody. Aminotransferase levels > 500 U/1
were considered evidence of possible acute liver injury at the time of
collection. Excessive alcohol consumption was defined as > 21 stan-
dard drinks per week for men and > 14 standard drinks per week for
women [2]. Participants reporting use of valproic acid, amiodarone,
methotrexate, and tamoxifen were excluded because these medications
are associated with hepatic steatosis.

2.3. Exposures

Several non-invasive, serum-based clinical scores have been devel-
oped and validated to identify advanced fibrosis in NAFLD and have
been used previously in the analysis of NHANES data [13,25]. We
calculated two scores for each participant: The Nonalcoholic Fatty Liver
Disease Fibrosis Score (NFS) and the Fibrosis-4 (FIB-4) score [26,27].
These scores are calculated from demographic variables, anthropo-
metric data, and laboratory data (Fig. 1). The cut-offs used to assess
underlying advanced fibrosis were NFS > 0.676 and FIB-4 > 3.25
[25]. The specificity of these cut-offs, compared to liver biopsy (gold
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standard), for detection of advanced fibrosis in NAFLD exceeds 90%
[28]. First, we categorized participants as having NAFLD-fibrosis if they
had at least one score above its cut-off were categorized as NAFLD-
fibrosis. We then also used each score individually, as validated.

Covariates included demographic variables, anthropometric data,
clinical history, and laboratory data. Demographic variables included
age, sex, ethnicity, the poverty-ratio index (ratio of family income to
the local poverty threshold by which an index of < 100% denotes
poverty), health insurance (uninsured versus insured), and educational
attainment (<12th grade education versus > 12th grade education).
Physical inactivity was defined as the absence of at least moderate
physical activity within the 30 days prior to the NHANES interview.
Hypertension was defined as self-reported diagnosis, blood pres-
sure > 140/90 mmHg, or use of anti-hypertensive medications.
Diabetes mellitus was defined as self-reported diagnosis, hemoglobin
A;. = 6.5%, or use of diabetes medications. Dyslipidemia was defined
as self-reported diagnosis, total serum cholesterol =240 mg/dl, or use
of cholesterol lowering (statin) medications. Obesity was defined as a
body mass index of =30kg/m [2]. Smoking was categorized as current
smoking versus not current smoking.

2.4. Outcomes

The key outcome was stroke. The outcome of prevalent stroke was
defined based on participants' responses to the following survey ques-
tion: “Has a doctor or other health professional ever told you that you
had a stroke”. The additional outcome was heart disease, which was
defined as affirmative responses to similar questions regarding myo-
cardial infarction, coronary revascularization procedures, angina, and
congestive heart failure. A composite outcome of major cardiovascular
disease was also included, which encompassed both stroke and heart
disease. The measures of self-reported stroke and myocardial infarction
have been shown to be reasonably accurate in the United States general
population and have been used in prior epidemiological studies using
data from NHANES [29-31].

2.5. Statistical analyses

Survey-weighted estimates of prevalence of baseline demographic
characteristics and comorbidities were calculated. Estimates were
weighted using NHANES cycle-specific weights to account for over-
sampling and nonresponse rates, and data for five biannual cycles were
merged into one 10-year pooled dataset. Descriptive statistics were
generated using survey procedures. Participant characteristics were
compared across exposure groups using the chi-squared test and t-test
as appropriate. We used multivariable logistic regression to estimate
the odds ratios and 95% confidence intervals (OR, 95% CI) for the as-
sociation between liver disease and self-reported stroke, in addition to
heart disease and major cardiovascular disease, in three models.
Sampling weights were used to account for the complex, multi-staged
sampling design of NHANES. Model 1 was unadjusted. Model 2 was
adjusted for age, sex, education, insurance, poverty, and physical in-
activity, and Model 3 was additionally adjusted for hypertension, dia-
betes, dyslipidemia, smoking, and obesity. Model 3 accounted for statin
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Fig. 2. Participant flow diagram for primary analysis of nonalcoholic fatty liver
disease with advanced fibrosis.

Participants under the age of 21 and those with missing data were excluded. In
addition, participants were excluded if they were pregnant women, had la-
boratory evidence of hepatitis B or hepatitis C infection, had laboratory evi-
dence of acute liver injury at the time of blood analysis, reported excessive
alcohol consumption, and/or reported using medications associated with liver
steatosis. Some participants had multiple reasons for exclusion.

use because the definition of dyslipidemia reflected statin use. In post-
hoc analyses, we repeated Model 3 without inclusion of dyslipidemia in
case dyslipidemia is a mediator in the pathway. The threshold of sta-
tistical significance was set at o = 0.05. Statistical analyses were per-
formed using SAS software, version 9.4 (SAS Institute Inc., Cary, NC).

3. Results

Our study sample consisted of 27,040 participants after exclusions
(Fig. 2). Of these, 1653 participants (6.1%) had at least one non-in-
vasive fibrosis score above its respective high probability cut-off and
was thus categorized as having possible NAFLD-fibrosis. Among these
participants, the NFS and FIB-4 scores were above cut-offs for 89% and
26%, respectively. Participants with NAFLD-fibrosis were older, more
often men, and had a greater burden of cardiovascular risk factors than
participants without NAFLD-fibrosis (Table 1). In the total sample, 753
(2.8%) participants reported prevalent stroke, 1815 (6.7%) reported
prevalent heart disease, and 2282 (8.4%) reported prevalent major
cardiovascular disease. The prevalence of these outcomes were greater
in participants with NAFLD-fibrosis as compared to those without:
stroke (11% vs 2%), heart disease (30% vs 5%), and major cardiovas-
cular disease (36% vs 7%).

When using both scores together in a composite measure to define
NAFLD-fibrosis, NAFLD-fibrosis was associated with increased odds of
stroke (OR 5.75, 95% CI 4.66-7.09) in the unadjusted model (Model 1).
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Table 1
Characteristics of participants, stratified by NAFLD-fibrosis.

Characteristic® NAFLD-fibrosis” Without NAFLD-fibrosis

(N = 1653) (N = 25,387)
Age, mean (SE, IQR), y 65.5 (0.5, 45.9 (0.3, 31.6-57.4)
57.0-76.4)
Female 840 (51%) 13,145 (52%)
Race®
White 852 (75%) 11,834 (70%)

African American or Non-
Hispanic Black

418 (14%) 4702 (10%)

Hispanic 329 (9%) 6506 (14%)
Other 54 (3%) 2345 (6%)
Poverty Income Ratio Index 184 (12%) 3232 (14%)

< 100%"°
Uninsured 123 (7%) 4866 (19%)

<12th grade education’
Physical inactivity®

1255 (76%)
1328 (80%)

21,254 (84%)
13,849 (55%)

Hypertension' 1345 (81%) 8794 (35%)
Diabetes® 1115 (67%) 2043 (8%)
Dyslipidemia” 1192 (72%) 14,393 (57%)

Current smoking®
Body mass index =30 kg/m?**

154 (9%)
1152 (70%)

4959 (20%)
8760 (35%)

Abbreviations: NAFLD-fibrosis, nonalcoholic fatty liver disease with advanced
fibrosis; SE, standard error; IQR, interquartile range.

@ Data are reported as number (%) except as otherwise specified.

> Possible NAFLD-fibrosis was defined as having a Nonalcoholic Fatty Diver
Disease Fibrosis score (NFS) > 0.676 and/or Fibrosis-4 (FIB-4) score > 3.25.

¢ As reported by participants.

* Data were missing for 8% of participants for poverty and < 1% for edu-
cation, smoking, and obesity. The values provided are for participants with
available data.

¢ Absence of at least moderate physical activity within last 30 days.

" BP > 140/90 mmHg, on antihypertensive medications, or self-report.

8 Hemoglobin A1C =6.5%, on diabetes mellitus medications, or self-report.

" Total serum cholesterol =240 mg/dl, on lipid lowering medications, or
self-report.

The associations were progressively attenuated after adjustment for
demographics, physical inactivity, and cardiovascular risk factors in
Models 2 and 3 (Table 2). After adjustment for all covariates in Model 3,
the association for stroke (OR 1.35, 95% CI 0.96-1.90) was not statis-
tically significant. Then, we used the fibrosis scores individually. When
NAFLD-fibrosis was defined using the FIB-4 score, an association with
stroke was observed (OR 1.87, 95% CI 1.00-3.50) in the most adjusted
model. This was not the case when using the NFS (OR 1.31, 95% CI
0.92-1.87). The direction of effect and effect size was similar regardless
of how we defined NAFLD-fibrosis.

Similarly, the composite measure of NAFLD-fibrosis was associated
with heart disease (OR 7.63, 95% CI 6.20-9.83) and major cardiovas-
cular disease (OR 7.81, 95% CI 6.60-9.25) in unadjusted models. After
adjustment for all covariates in Model 3, NAFLD-fibrosis remained as-
sociated with heart disease (OR 1.46, 95% CI 1.06-2.01) and major
cardiovascular disease (OR 1.53, 95% CI 1.14-2.05). The results were
consistent when using each fibrosis score individually (Table 2). In post-
hoc analyses, the results of Model 3 for stroke, heart disease, and major
cardiovascular disease did not meaningfully change when dyslipidemia
was not adjusted for (data not shown).

4. Discussion

In this cross-sectional analysis of a contemporary population-based
sample, NAFLD-fibrosis was associated with prevalent stroke in addi-
tion to heart disease; however, associations were attenuated after ad-
justment for demographics and cardiovascular risk factors. In most
adjusted models, NAFLD-fibrosis was associated with stroke when using
the FIB-4 score but not the NFS.

Prior data regarding the association between NAFLD-fibrosis and
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Model 2 Model 3

1.86 (1.45-2.39)
1.69 (0.96-2.97)

1.35 (0.96-1.90)
1.87 (1.00-3.50)

Table 2
Associations between NALFD-fibrosis and self-report of prevalent stroke, heart disease, and major cardiovascular disease.
Outcome and exposure” Model 1
Stroke
NAFLD-fibrosis composite” 5.75 (4.66-7.09)
FIB-4 > 3.25 6.54 (3.81-11.22)
NFS > 0.676 5.79 (4.79-7.01)

Heart disease®
NAFLD-fibrosis composite
FIB-4 > 3.25
NFS > 0.676

7.63 (6.20-9.83)
6.94 (5.04-9.56)
7.88 (6.21-9.99)

Major cardiovascular disease’
NAFLD-fibrosis composite
FIB-4 > 3.25

NFS > 0.676

7.81 (6.60-9.25)
7.20 (5.12-10.11)
7.96 (6.64-9.53)

1.96 (1.56-2.47) 1.31 (0.92-1.87)

2.44 (1.95-3.05)
1.58 (1.11-2.25)
2.70 (2.07-3.53)

1.46 (1.06-2.01)
1.79 (1.23-2.61)
1.48 (1.02-2.17)

2.50 (2.02-3.04)
1.60 (1.15-2.24)
2.27 (2.15-3.36)

1.53 (1.14-2.05)
1.81 (1.26-2.60)
1.52 (1.09-2.11)

Abbreviations: NAFLD-fibrosis, nonalcoholic fatty liver disease with advanced fibrosis; NFS, Nonalcoholic Fatty Liver Disease Fibrosis score; FIB-4, fibrosis-

4 score.

@ Results of multivariable analysis are reported as the odds ratio (95% confidence interval). Model 1 is unadjusted; Model 2 is adjusted for age, sex, race/
ethnicity, insurance status, poverty, education, and physical inactivity. Model 3 is additionally adjusted for hypertension, diabetes, dyslipidemia, smoking,

and obesity.

Y In the primary analysis, possible NAFLD-fibrosis was defined as NFS > 0.676 and/or FIB-4 > 3.25.
¢ Heart disease was defined as a composite of myocardial infarction, coronary revascularization procedure, angina, and congestive heart failure.
4 Major cardiovascular disease was defined as a composite of stroke, myocardial infarction, coronary revascularization procedure, angina, and con-

gestive heart failure.

stroke were sparse. Our findings are consistent with a case-control study
that studied the association between liver fibrosis — assessed by tran-
sient elastography, an ultrasound-based measure of fibrosis — and stroke
[19]. They found that the degree of liver fibrosis was associated with an
increased risk of stroke; however, their findings were not definitive
because controls were selected from healthy patients undergoing health
screening, whereas cases were evaluated for liver fibrosis at the time of
stroke. To our knowledge, no prior studies used validated scores cal-
culated from routinely collected health care data. NAFLD-fibrosis, when
defined using the FIB-4 score, was associated with an increased odds of
stroke. The discrepant results between different scores may be due to
the FIB-4 score's greater predictive value [26]. The largely consistent
effect sizes and direction of effect across adjusted models, regardless of
how NAFLD-fibrosis was defined, supports an association between
NAFLD-fibrosis and stroke in our study. However, marked attenuation
in effect size was seen with incremental adjustment for vascular risk
factors. Given the possibility of residual confounding, the magnitude
and precision of the observed effect sizes should be interpreted with
caution. Taken together, these data suggest that liver fibrosis may be
independently associated with stroke, in addition to previously known
associations with heart disease.

These findings are generally consistent with a growing body of lit-
erature regarding the overall risk of cardiovascular disease in partici-
pants with chronic liver disease. At one end of the spectrum, NAFLD, on
the whole, has been previously associated with cardiovascular disease
but not specifically stroke [4,5,7,15-17,32]. However, recent data
suggest that an increased risk of cardiovascular disease is seen primarily
in participants with advanced degrees of liver fibrosis (e.g., histologic
nonalcoholic steatohepatitis) [6,11,13,14]. For example, a recent ana-
lysis of the Multi-Ethnic Study of Atherosclerosis found magnetic re-
sonance liver imaging evidence of fibrosis to be associated with pre-
valent cardiovascular disease outcomes [14]. Our findings regarding
stroke are therefore consistent with data regarding cardiovascular
outcomes broadly.

An association between NAFLD-fibrosis and stroke is likely multi-
factorial. First, a dose-dependent association between degree of liver
fibrosis measured on transient elastography and cerebral microhemor-
rhages suggests that small vessel disease or coagulopathy may be im-
plicated [20]. Second, NAFLD, in particular the more advanced non-
alcoholic steatohepatitis, is associated with systemic inflammation
[33,34] and vascular inflammation [35]. Third, NAFLD has been

associated with increased atherosclerosis [3,36-39], including carotid
artery atherosclerosis [40]. Fourth, advanced liver disease is associated
with a mixed coagulopathy [41], which may have ramifications for
both thrombotic and hemorrhagic stroke risk. Last, it should be noted
that NAFLD-spectrum disorders are heterogeneous; stroke and cardio-
vascular risk may differ based on whether an individual's liver disease is
genetically or metabolically driven [42].

Our study builds on prior studies in part by leveraging non-invasive
serum-based scores for NAFLD-fibrosis and in a diverse, nationally-re-
presentative, population-based sample. Our findings should be inter-
preted in light of two important methodological considerations. First,
NAFLD-fibrosis was ascertained using non-invasive scores that account
for a heterogeneous group of variables, ranging from demographics to
laboratory values. This may account for the variable accuracy of these
scores [25,28] and in turn explain why we found that each score ac-
counted for a different proportion of the overall sample of participants
with NAFLD-fibrosis. However, the high specificity of the scores and the
overall consistency of the results of the multivariable models is re-
assuring. Similarly, while common competing causes of liver disease
were excluded, individuals may have underreported alcohol use such
that there was misclassification error. Although the use of these non-
invasive scores introduces the possibility of misclassification error,
misclassification of the exposures was likely non-differential, which
would be expected to have attenuated the observed associations.
Second, stroke and other cardiovascular diseases were ascertained by
self-report, so we lack information on stroke type, etiology, and se-
verity. Specifically, ischemic and hemorrhagic stroke cannot be differ-
entiated in NHANES. Given prior evidence that the association between
advanced liver disease and stroke may be stronger for hemorrhagic
stroke than ischemic stroke [21,22], the effect size of the association
between NAFLD-fibrosis and stroke in adjusted models may have been
attenuated in part by the inclusion of ischemic stroke alongside he-
morrhagic stroke. Further study with more precise ascertainment of
NAFLD-fibrosis and stroke types is necessary to clarify and confirm our
findings.

Several additional limitations warrant discussion. First, this was an
observational, cross-sectional study such that the temporality of the
association between NAFLD-fibrosis and outcomes cannot be assessed.
Second, because only non-institutionalized participants who can re-
spond to surveys are included in NHANES, it is possible that our sample
included healthier participants with less severe strokes and heart
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disease. Third, although our sample included 10 years of NHANES data,
the analysis with stroke as an outcome may have been underpowered
because stroke was less prevalent than heart disease. Last, as discussed
earlier, there was marked attenuation of effect size after adjustment for
vascular risk factors. This may reflect the presence of confounding and
limits confidence with respect to the magnitude and precision of the
effect sizes we report. However, we believe the risk of bias from con-
founding was at least in part mitigated by our use of NHANES data,
which allowed comprehensive assessment of cardiovascular risk factors
based on self-report, medication use, and clinical and laboratory data.

Among participants in a nationally representative sample of U.S.
adults, NAFLD-fibrosis was associated with prevalent stroke, in addition
to heart disease, albeit with heterogeneity depending on the measure
used to define NAFLD-fibrosis. Prospective study using precise mea-
sures of liver disease and stroke are needed to better understand the
implications of chronic liver disease for stroke.
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