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Abstract

Background & Aims—Non-alcoholic fatty liver disease (NAFLD) is highly prevalent and is
associated with development of metabolic disease including atherosclerotic cardiovascular disease
(CVD). Our aim is to examine the association of hepatic steatosis with prevalent clinical and
subclinical CVD outcomes in a large community-based sample, the Framingham Heart Study.
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Methods—Hepatic steatosis was measured in 3529 participants using multidetector computed
tomography scanning. Multivariable logistic regression was used to determine whether hepatic
steatosis is associated with prevalent CVD adjusted for covariates. We also tested whether
associations were independent of other metabolic diseases/traits. The primary clinical outcome
was composite prevalent clinical CVD defined by prior non-fatal myocardial infarction, stroke,
transient ischemic attack, heart failure, or peripheral arterial disease. Subclinical cardiovascular
outcomes were coronary artery calcium (CAC) and abdominal artery calcium (AAC).

Results—3014 participants were included (50.5% women). There was a non-significant
association of hepatic steatosis with clinical CVD (OR 1.14 [p= 0.07]). Hepatic steatosis was
associated with both CAC and AAC (OR 1.20 [p<0.001] and OR 1.16 [p <0.001], respectively).
Associations persisted for CAC even when controlling for other risk factors/metabolic diseases,
but for AAC, the associations became non-significant after adjustment for visceral adipose tissue.
The association between hepatic steatosis and AAC was stronger in men than in women (o sex
interaction = 0.022).

Conclusion—There was a significant association of hepatic steatosis with subclinical CVD
outcomes independent of many metabolic diseases/traits with a trend towards association between
hepatic steatosis and clinical CVD outcomes. The association with AAC was stronger in men than
in women.
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Introduction

As the most common liver disease in the United States, non-alcoholic fatty liver disease
(NAFLD) affects approximately 30% of the population with prevalence rising to 70-90% in
diabetics [1,2]. The high prevalence of NAFLD is expected to increase in the coming years
due to the continued rise in diabetes and obesity [2]. Previous studies have found that
NAFLD is associated with the presence of the metabolic syndrome, defined by the Adult
Treatment Panel (ATP) I11 guidelines as the presence of at least three of the following:
hypertension (HTN), hypertriglyceridemia, low high-density lipoprotein (HDL), impaired
fasting glucose, and central adiposity [3-5].

In addition, NAFLD has also been associated with atherosclerotic clinical and subclinical
cardiovascular disease (CVD) outcomes, though many of these studies have been performed
predominantly in diabetic populations [5-9]. However, fewer large-scale population-based
studies have evaluated the association of NAFLD with both clinical and subclinical
cardiovascular outcomes. Subclinical CVD, in particular coronary artery calcium (CAC), is
associated with increased risk of CVD events and has been shown to be both an independent
predictor of CVD and to improve discrimination for risk-stratifying patients for CVD [10-
12]. Though some studies have shown an association between NAFLD and CAC, it remains
unclear whether and to what extent NAFLD relates to the risk of clinical and subclinical
CVD outcomes in men and women in the community [9,13].
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The purpose of this study is to examine the association of NAFLD, determined by
multidetector CT scan, with prevalent clinical and subclinical CVD outcomes in a large,
well-characterized, prospective population-based cohort, the Framingham Heart Study.

Study participants were taken from the Framingham Heart Study, a multigenerational
prospective cohort study initiated in 1948 to study the incidence of coronary heart disease
(CHD) as well as to identify risk factors. Selection of the initial cohort of 5209 residents of
Framingham, MA has been described previously [14]. The original cohort has been followed
at regular intervals with biennial history and physical examinations as well as collection of
risk factor data, including imaging and lab data. In 1971, the Offspring Study began,
enrolling 5124 members of the initial cohort's offspring and their spouses. These study
members are also followed at regular intervals with history and physical exams every 4-8
years, as well as similar risk factor data collection like the primary cohort [15]. In 2002,
4095 third generation members and their spouses were recruited and enrolled in the study
and have undergone two exams to date [16].

Multidetector CT for measurement of hepatic steatosis and vascular calcium

Between 2002 and 2005, multidetector CT scans were performed on 3529 members of both
the offspring and third generation cohorts (1418 from the offspring study and 2111 from the
third generation study). The inclusion criteria and overall protocol for the multidetector CT
scan has been previously described [3,17]. Inclusion criteria included patients who still
resided in the New England area, those older than 35 years in men and 40 in women, and
negative pregnancy screening. Exclusion criteria included confirmed pregnancy and weight
>160 kilograms. Additionally, subjects were excluded if CT scan results were
uninterpretable for hepatic steatosis (n = 323) or if they did not attend the offspring exam (n
= 23). A further 169 participants were excluded for missing a complete covariate profile.
Multidetector CT scanning was conducted as reported in prior studies for the detection and
quantification of CAC and abdominal aortic calcium (AAC) [3,17-19]. CAC and AAC
scoring was conducted using a modified Agatston score [20]. Overall summary findings
regarding the age and sex distribution of CAC and AAC have been previously reported
[21,22]. For hepatic steatosis measurements, previous studies have shown that a single CT
slice comparing three regions of interest in the liver as well as two from the spleen to a
calibration phantom (Image Analysis, Lexington, KY) with a water-equivalent compound
(CT-Water, Light Speed Ultra; General Electric, Milwaukee, WI) produced highly reliable
measurements, with intraclass correlation coefficients of 0.99 [17]. Additional studies have
shown that CT measures of hepatic steatosis, including liver-phantom ratios, correlate well
with histology [17,23]. For the current study, a liver-phantom ratio was calculated and
analyzed as a continuous variable as previously described [3,17]. The liver-phantom ratio
correlates well with the liver-spleen ratio, which has previously been shown to accurately
correspond to hepatic steatosis in biopsy studies (r = 0.92) [23,24]. A liver-phantom ratio of
0.33 or lower represents the presence of thirty percent or more of hepatic steatosis or fatty
liver with a 98% sensitivity and 70% specificity [3]. Continuous liver-phantom ratios, rather
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than dichotomous liver-phantom ratios, were used in order to maximize power, as previous
studies have shown that dichotomizing the liver-phantom ratio resulted in a loss of power
[3]. Other causes of steatosis other than NAFLD (such as alcohol) were controlled for in
regression analysis. Viral hepatitides are less likely to cause steatosis and very rare in the
general population, which is reflected by our study population, so were not included in the
covariate profile.

Covariate measurement

The age of the participant at time of the exam was used for analysis. Menopause was defined
as cessation of menses for at least one year. Participants were considered positive for
smoking if they smoked one cigarette or more per day in the year preceding entry to the
study. Alcohol use was defined in drinks per week and was controlled for in multivariable
regression in order to maintain adequate power to detect differences in our primary outcome.
Body mass index (BMI) was defined as weight (kg)/height (m2) and was considered a
continuous variable. Diabetes was defined as a fasting glucose >126 mg/dl, a random
glucose >200 mg/dl or taking hypoglycemic agents. HTN was defined as a systolic blood
pressure (SBP) =140 mmHg, a diastolic blood pressure (DBP) =90 mmHg, or taking an
antihypertensive medication. Triglycerides and HDL were measured on fasting morning
samples. Metabolic syndrome was defined according to the National Cholesterol Education
Program (NCEP) ATP 11 guidelines [4]. Risk factors were measured at the seventh
examination cycle (1998-2001) for the offspring participants or during the first examination
for the third generation group. Subcutaneous adipose tissue (SAT) and visceral adipose
tissue (VAT) were measured by multidetector CT as previously described and were reported
as cmS [3]. Waist circumference was measured at the umbilicus and reported in mm.

Clinical and subclinical atherosclerotic CVD outcomes

The primary clinical CVD outcome was prevalent clinical CVD and was a composite of
non-fatal myocardial infarction (MI), heart failure, stroke, transient ischemic attack (TI1A),
and peripheral arterial disease (PAD), defined by a three physician endpoint committee. The
definition of clinical CVD and each of the CVD components as well as endpoint committee
review have been previously described [15,16]. Subclinical CVD outcomes were determined
by the CAC and AAC score. AAC and CAC outcomes were defined as dichotomous
outcomes greater than or equal to the age- and sex-specific 90th percentile in healthy
reference group [21,22]. Prevalent events were included if they occurred on or before the
exam date.

Statistical analysis

Differences in characteristics between participants with and without CVD were determined
using a ftest for normally distributed variables, and chi-square test for dichotomous
variables. Multivariable logistic regression analysis was performed to test the association
between hepatic steatosis, defined by the liver-phantom ratio, as the continuous predictor
variable, and clinical CVD. Logistic regression was also used for association analyses of the
liver-phantom ratio with each of the subclinical CVD endpoints, AAC and CAC scores in
the age- and sex-specific 90th percentile.
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The covariates in our multivariable model included age, age?, sex, alcohol use, menopausal
status, and hormone replacement therapy (HRT) [3]. To determine whether the association of
hepatic steatosis was independent of related fat and metabolic disease measures, we also
controlled for BMI, diabetes, HDL, HTN, metabolic syndrome, SAT, VAT, triglycerides, and
waist circumference in our models. In addition, we performed analyses of two composite
covariate profiles: a clinical covariate profile composed of clinically relevant and easily
obtained covariates (age, sex, alcohol use, smoking, menopause, HRT use, diabetes, BMI,
HDL, total cholesterol, HTN, and use of lipid-lowering medications) and a model including
the new American College of Cardiology/American Heart Association (ACC/AHA)
cardiovascular risk prediction model [25].

All models were tested for interactions with sex and age. Analyses were performed using
SAS version 9.3 with a two-sided 0.05 alpha used to declare statistical significance. Given
that the liver-phantom ratio less than or equal to 0.33 defines NAFLD, results were
transformed to reflect an increased OR with higher levels of hepatic steatosis.

Study sample characteristics

Baseline demographics for participants with and without prevalent CVD are shown in Table
1. In our sample of 3014 participants, 50.5% were female with an average age of 51 years.
51% of women were menopausal with 24% using HRT. 6% had diabetes and 30.9% met
criteria for the metabolic syndrome. The prevalence of CVD was 5.87%. The overall
prevalence of AAC and CAC levels at or above the 90th percentile were 25.7% and 19.4%,
respectively. The overall prevalence of fatty liver, defined as 30% or greater levels of hepatic
steatosis, was 17%, as previously reported [3]. There were statistically significant
differences in age, sex, menopausal status and HRT use, glucose-related risk factors, blood
pressure, lipid, and fat-related risk factors between the CVD and non-CVD groups,
justifying our need to control for these in our modeling. Only SAT, current smoking, and
alcohol use showed no significance between-group difference. There was a small but still
statistically significant difference in liver-phantom ratio between CVD and no CVVD groups.

Multivariable-adjusted correlations between hepatic steatosis and clinical and subclinical

outcomes

There was an association of increased levels of hepatic steatosis with prevalent clinical
CVD, though this did not reach statistical significance. This was noted in age/sex-adjusted,
covariates-adjusted, and covariates plus SAT-adjusted models with pvalues of 0.072, 0.074,
and 0.074, respectively (see Table 2). With respect to subclinical outcomes, hepatic steatosis
was significantly associated with CAC at or above the 90th percentile in all models. Hepatic
steatosis was significantly associated with AAC at or above the 90th percentile in most
models. AAC models that included additional adjustment for body fat measures such as
BMI, metabolic syndrome, or VAT, showed attenuated or non-significant associations.
Statistically significant interactions for sex and age were noted for AAC across all models
(age interaction: range of p=0.005-0.03; sex interaction: range of p=0.010-0.048). No sex
or age interactions were noted for any CAC models. When stratified by sex, the association
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between hepatic steatosis and AAC was strongest in men whereas no such sex difference
was noted for CAC (see Fig. 1).

Results for the composite clinical covariate model showed no significant association with
clinical CVD (OR 1.06, p=0.49) or AAC (OR 1.04, p=0.45), but did show an association
with CAC which just reached significance (OR 1.10, p=0.048) (see Table 2). In the model
composed of risk factors included in the new AHA/ACC risk score [25], the results were
similar for CVD, AAC, and CAC outcomes (see Table 2). Results also showed that the
association between hepatic steatosis and AAC in men was stronger (OR 1.17, p=0.006)
than the association in women.

Discussion

Study findings

In this cross-sectional study of clinical and subclinical CVD outcomes in the Framingham
Heart Study offspring and third generation cohorts, there was no association of hepatic
steatosis measured by CT scanning with prevalent clinical CVD, but there were significant
multivariable-adjusted associations of hepatic steatosis with subclinical atherosclerosis,
including CAC in all models but one and AAC in most models.

The most robust finding of our study was the highly significant associations between hepatic
steatosis and CAC/AAC levels. Vascular calcification has long been recognized as playing a
role in cardiovascular risk stratification. In particular, there are strong associations of CAC
with increased risk of future CHD and other CVD outcomes independent of all traditional
risk factors, and CAC is useful in risk stratification because it improves discrimination and
reclassification for future CVD [10-12]. However, compared to CAC, AAC has received less
attention in the literature. Prior studies in the Framingham Heart Study reported strong,
independent associations of AAC, detected by lateral lumbar radiography, with future
clinical CVD outcomes, including CHD, CVD and CVD mortality [26,27]. Over and above
traditional risk factors, AAC provided modest, statistically significant improvement in
discrimination for various CVD outcomes. A recent meta-analysis of 10 studies found an
increased relative risk of coronary and cerebrovascular events, all cardiovascular events, and
cardiovascular death in participants with higher AAC levels [28]. However, data are sparse
regarding CVD risk using CT measures of AAC.

Only two prior studies have reported on associations between hepatic steatosis and AAC.
Liu et al. found that hepatic steatosis was associated with AAC in models controlling for age
and sex, but that this association was lost when controlling for other common risk factors for
CVD, including alcohol use, smoking status, diabetes, HTN, and dyslipidemia [13].
McKimmie et a/. did not find any significant association with either CAC or AAC on
multivariable analysis [29]. A number of factors may account for the differences between
our findings and those from the previous studies, including differences in ethnic
composition, cohort ascertainment, and power. Participants in the Liu ef a/. report were
drawn from the Jackson Heart Study, which is exclusively African-American. African-
Americans tend to have lower amounts of both VAT and hepatic steatosis despite higher
rates of other cardiovascular risk factors [30,31]. Further differences between the
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Framingham cohort and the Jackson Heart Study cohort selected for evaluation of NAFLD
include a higher proportion of women (65% in the Jackson Heart Study compared to 51% in
our study) and an older age (59 years compared to 51 years, respectively). Data from the
totality of previous studies of AAC suggest that an elevated AAC in younger persons confers
a stronger independent risk for future CVD risk [28].

CAC has been more widely studied and is a well-established independent risk predictor for
CVD [12]. Among the prior studies evaluating associations between hepatic steatosis and
CAC, results have been mixed. McKimmie ef a/. found no association between hepatic
steatosis and CAC [29], while two large Korean population-based cohorts, which used
ultrasound to diagnose fatty liver, showed that hepatic steatosis was associated with elevated
CAC scores [8,9]. Kim et al. showed an association between hepatic steatosis and CAC in
both sexes, an association which was independent of VAT as well as traditional
cardiovascular risk factors [9]. Liu et a/. found an association between CAC and hepatic
steatosis, as diagnosed by CT scan, in a cohort of African-Americans in the Jackson Heart
Study, though interestingly, they did not note any sex differences after testing for sex
interactions [13]. A recently published analysis of the Multi-Ethnic Study of Atherosclerosis
(MESA), found a positive association between hepatic steatosis and CAC, independent of
other cardiovascular risk factors [32]. Furthermore, a recent systematic review and meta-
analysis included 7 studies which showed an association between CAC and hepatic steatosis
[33]. Our study adds to this literature by demonstrating a significant association between
hepatic steatosis and CAC, independent of VAT. Given the absence of association between
hepatic steatosis and AAC in the study of Liu ef a/. in African-Americans, further studies in
larger samples are warranted to reliably examine for differences in the presence of
associations or differences in mechanisms of associations in racial/ethnic populations.

Our findings provide further justification for studies to investigate the mechanistic link
between hepatic steatosis and atherosclerotic CVD. Possible mechanisms by which hepatic
steatosis may directly contribute to vascular disease include the production of pro-
atherogenic factors. Consistent with other reports, we have previously demonstrated
associations of hepatic steatosis with individual risk factors such as diabetes, HTN, impaired
fasting glucose, HDL cholesterol, and triglycerides as well as the composite endpoint of
metabolic syndrome, independent of other fat depots. However, in the current study,
associations of hepatic steatosis with subclinical vascular disease are independent of these
risk factors, suggesting that other unmeasured factors may play a role. McKimmie et a/.
found associations of hepatic steatosis with inflammatory markers that might mark the
precursor to atherogenesis, but the study had insufficient power to detect effects on vascular
disease [29]. Given that microRNAs have been recently shown to be released by the liver
and promote vascular disease, further investigation is warranted to identify circulating
factors that may mediate the relationship between steatosis and CVD outcomes [34].

Our study has several limitations. Given the cross-sectional nature of the study, the ability to
draw causal relationships between predictors and outcomes are limited. Furthermore,
prevalence of clinical CVD outcomes was low, with only 177 total cases. This is likely a
consequence of the relative youth of participants, and may limit the power to detect
associations between hepatic steatosis and clinical CVD outcomes. Given the existence of a
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gap between when risk factors are measured and when CT scans are performed, some
patients may have had slightly different risk factor measurements at the time when CT scans
were performed. Such difference in risk factor measurement may result in misclassification
of participants which may bias our results towards non-significance. Though there may have
been fatal CVD events, these were not included as this was a prevalence study.

This study has several strengths. By using the Framingham Heart Study, our study provides
data on hepatic steatosis and CVVD outcomes using well-measured covariates and outcomes
in a large, prospective sample. Prior epidemiologic studies using this cohort have been
widely validated in many other populations, increasing the generalizability of our results.
Our results add to the existing literature by showing associations between hepatic steatosis
and clinical and subclinical outcomes as well as demonstrating gender-dependent
associations between AAC and hepatic steatosis. Though liver biopsy remains the gold-
standard for NAFLD and non-alcoholic steatohepatitis (NASH) diagnosis, CT measurements
of hepatic steatosis correlate well with histologic diagnosis and reflect a real-world use of
diagnostic modalities for NAFLD [17,23]. Though unable to distinguish between NAFLD
and NASH, use of CT for NAFLD diagnosis avoids the ethical implications of wide-spread
biopsy of a whole population within the study and the attendant risks with which this would
be associated. Liver attenuation as measured using CT scanning correlates well with
histological steatosis (r = 0.92) [24]. Other causes of hepatic steatosis besides NAFLD, such
as alcohol use, were controlled for in our models. Additional causes of secondary hepatic
steatosis resulting from genotype 3 hepatitis C or certain drugs such as antiretrovirals or
seizure medications, or causes of increased liver attenuation (opposite of the lower
attenuation seen with steatosis), such as hemochromatosis or glycogen storage diseases,
would be unlikely to substantially bias results due to their low prevalence in the general
European ancestry population which constitutes the Framingham cohort. Additionally, as all
members of the offspring and third generation underwent CT scanning, there was minimal
loss of subjects due to exclusion criteria which limits selection bias.

In conclusion, there was a significant association of hepatic steatosis with subclinical CVD
outcomes independent of many metabolic diseases/traits. Further studies with larger
numbers of prospective clinical CVD outcomes are necessary to determine if hepatic
steatosis is associated with incident CV outcomes as well as to determine what precise role
hepatic steatosis plays in the development of clinical and subclinical CV outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Forest plot
Odds ratio and 95% ClI for fatty liver marker
(adjusted for standard covariates)
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Fig. 1. Forest plot of odds ratios with 95% confidence intervals for association of non-alcoholic
fatty liver disease with clinical and subclinical cardiovascular disease outcomes, stratified by sex
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Table 1

Characteristics of participants.
Category Overall (N=3014) CVD(N=177) NoCVD (N=2837) pvalue
Female (%) 50.5 (1521) 37.3(66) 51.3 (1455) <0.001
Age at exam (yr) 51.1(10.1) 62.3 (10.2) 50.4 (10.1) <0.001
Menopause (%) el 51.1 (777) 90 (60) 49.3 (717) <0.001
Hormone replacement therapy (%) o 24.1(347) 36.4 (24) 23.6 (343) 0.017
Current cigarette use (%) 13.0 (393) 14.7 (26) 12.9 (367) 0.50
Mean alcoholic drinks per week (SD) 5.5 (7.8) 6.2 (11.4) 5.4 (7.5) 0.38
Glucose-related
Fasting glucose (mg/dl) 98.8 112 (42.6) 97.9 (18.8) <0.001
Diabetes mellitus (%) 6.1 (183) 20.9 (37) 5.1 (146) <0.001
Blood pressure-related
Hypertensive drug use (%) 18.6 (562) 54.2 (96) 16.4 (466) <0.001
Systolic BP (mmHg) 121.7 (16.5) 128.2 (18.3) 121.3 (16.3) <0.001
Diastolic BP (mmHg) 75.5 (9.3) 73.3(9.9) 75.7 (9.3) 0.001
Lipid-related
Triglycerides (mg/dl) 127.2 (92.7) 170.6 (134.3) 124.5 (88.7) <0.001
HDL-cholesterol (mg/dl) 53.9 (16.7) 47.4 (15.9) 54.3 (16.7) <0.001
Total cholesterol (mg/dl) 196.3 (35.5) 187.6 (40.4) 196.9 (35.1) <0.001
Fat-related
BMI (kg/m?) 27.4 (4.9) 28.6 (5.4) 27.3 (4.9) <0.001
Waist circumference (mm) 978.1 (128.2) 1023 (123.1) 975.3 (128.0) <0.001
SAT (cm3) 2788.7 (1315.8) 2770.6 (1158.5)  2789.8 (1325.2) 0.85
VAT (cmd) 175458 (1019.50)  2467.5 (1250.8)  1710.1 (986.6) <0.001
Metabolic syndrome (%) 30.92 60.4 (107) 29.1 (825) <0.001
Outcomes
Total prevalent CVD (%) 5.87 -
AAC (%)& 25.71 56.5 (100) 23.8 (675) <0.001
CAC ()& 19.4 47.5(84) 17.7 (502) <0.001
Predictor
Liver-phantom ratio® 0.36 0.34 (0.06) 0.35 (0.05) 0.03

BP, blood pressure; HDL, high density lipoprotein; BMI, body mass index; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; AAC,
abdominal aortic calcium; CAC, coronary artery calcium; CVD, cardiovascular disease; NAFLD, non-alcoholic fatty liver disease. Data are
presented as mean (standard deviation) or % (number of individuals).

*Kk

Data shown for women only: n = 1521.
& .

Defined as 90th percentile or greater.

NAFLD defined as liver-phantom ratio of 0.33 or less.
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