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Abstract
Background & Aims—Nonalcoholic fatty liver disease (NAFLD) is the most common chronic
liver disease in the United States. The etiology is believed to be multi-factorial with a substantial
genetic component; however, the heritability of NAFLD is undetermined. Therefore, a familial
aggregation study was performed to test the hypothesis that NAFLD is highly heritable.

Methods—Overweight children with biopsy-proven NAFLD and overweight children without
NAFLD served as probands. Family members were studied including magnetic resonance imaging
to quantify liver fat fraction. Fatty liver was defined as a liver fat fraction ≥ 5%. Etiologies for
fatty liver other than NAFLD were excluded. Narrow-sense heritability estimates for fatty liver
(dichotomous) and fat fraction (continuous) were calculated using variance components analysis
adjusted for covariate effects.

Results—Fatty liver was present in 17% of siblings and 37% of parents of overweight children
without NAFLD. Fatty liver was significantly more common in siblings (59%) and parents (78%)
of children with NAFLD. Liver fat fraction was correlated with body mass index (BMI), although
the correlation was significantly stronger for families of children with NAFLD than those without
NAFLD. Adjusted for age, sex, race, and BMI, heritability of fatty liver was 1.000 and of liver fat
fraction 0.386.

Conclusion—Family members of children with NAFLD should be considered at high risk for
NAFLD. These data suggest that familial factors are a major determinant of whether an individual
has NAFLD. Studies examining the complex relations between genes and environment in the
development and progression of NAFLD are warranted.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in
adults and children in the developed world. Although obesity is a strong risk factor, the
condition of obesity alone is not sufficient to produce NAFLD. There are examples of obese,
even morbidly obese, individuals who do not have NAFLD as well as examples of NAFLD
occurring in individuals of normal weight. 1–5 A major unanswered question is what
underlies the difference between people who develop NAFLD and those who do not.

One explanation for variation in the development of NAFLD may be heredity, as supported
by two lines of reasoning. First, clinical case series have shown familial clustering of
NAFLD. 6, 7 A retrospective case series noted that many patients were from families with
multiple subjects demonstrating NAFLD.7 Second, there are racial and ethnic differences in
the prevalence of NAFLD. 1, 8 Among patients of comparable body mass index and insulin
resistance, NAFLD is much more likely to occur in Hispanic Americans than among African
Americans.1, 9–12 Although environmental risk factors are likely to influence the
development of NAFLD, aspects of the observed variation in NAFLD phenotypic
expression in persons with similar metabolic risk factors strongly implicates a genetic
contribution.

An important step in deciding whether or not to pursue a genetic linkage or association study
for identifying specific genetic variations that might influence NAFLD susceptibility is to
determine the heritability of the NAFLD phenotype.13 Heritability estimates consider the
fraction of the total variation exhibited by a phenotype that can be attributed to genetic
factors, and rely on the comparison of the phenotype across related and unrelated
individuals. Such estimates can be confounded by shared environmental factors that exist
among related individuals and are usually environmentally context-specific. Estimates of
heritability among individuals exclusively from one environment might be different from
those among individuals from a different environment.14 Despite this caveat, heritability
estimates are used routinely to assess the likelihood that a phenotype has identifiable genetic
determinants. Estimates of the heritability of NAFLD are lacking in large part due to the
methodological challenge of accurately determining the phenotype in terms of the presence
or absence of NAFLD in each family member. Advances in magnetic resonance imaging
(MRI) make accurate noninvasive evaluation feasible for both children and adults. The aim
of this study was to estimate the heritability of NAFLD. A familial aggregation study was
performed using MRI to assess hepatic steatosis in families of overweight children with and
without NAFLD to test the hypothesis that NAFLD is a heritable condition.

METHODS
Subject Selection

Probands—Because most children with NAFLD are overweight or obese, all probands
were required to be overweight or obese.15 Probands were further selected on the basis of
the presence or absence of NAFLD. The diagnosis of NAFLD was based upon: 1) liver
biopsy with at least 5% or greater of hepatocytes containing macrovesicular fat16, and 2)
exclusion of other causes of chronic liver disease including hepatitis B (hepatitis B surface
antigen), hepatitis C (hepatitis C antibody), alpha-1 antitrypsin deficiency (serum alpha-1
antitrypsin level and histology), autoimmune hepatitis (antinuclear antibody, anti-smooth
muscle antibody, and histology), Wilson’s disease (serum ceruloplasmin), drug toxicity,
total parenteral nutrition, chronic alcohol intake (clinical history), and chronic disease
(cystic fibrosis, HIV, celiac disease, type 1 diabetes mellitus). The absence of NAFLD was
based upon a liver MRI with a hepatic fat fraction < 5%.
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Family Members—First, second, and third degree family members of probands were
recruited. To better ensure that all subjects could follow the study protocol, the minimum
age for family members was set at 8 years, with no upper age limit. Exclusion criteria were:
1) inability to complete a MRI evaluation (claustrophobia, metal implants, or body
circumference greater than the imaging chamber); 2) potential reasons for hepatic steatosis
other than NAFLD including medication (amiodarone, glucocorticoids, L-asparaginase,
valproic acid), chronic disease (cystic fibrosis, HIV, hepatitis C, Wilson’s disease, celiac
disease, type 1 diabetes mellitus), and chronic alcohol consumption; and 3) pregnancy.

The protocol was approved by the institutional review board of the University of California,
San Diego. All adult subjects provided written informed consent. The parent(s) of all
subjects < 18 years of age provided written informed consent for their children. Written
assent was obtained from all children age 8 to 17.

Clinical Assessment
Subjects made a fasting visit to the General Clinical Research Center. Age and sex were
recorded. Participants self-identified race and ethnicity. Height and weight were measured
with the subjects standing and wearing light clothing without shoes to the nearest 0.1cm and
0.1kg, respectively. Body mass index (BMI) was calculated as the weight (kg) divided by
the height (m) squared. Children were classified based upon BMI percentile as normal
weight (BMI percentile between the 5th and 84th percentile), overweight (BMI percentile
between the 85th and 94th percentile) or obese (BMI percentile ≥ the 95th percentile).17

Adults were classified based upon BMI as normal weight (BMI 18.5 to 24.9), overweight
(BMI 25.0 to 29.9), or obese (BMI = 30.0). Subjects were instructed to fast overnight for 12
hours prior to phlebotomy. Fasting laboratory assays performed in the clinical chemistry
laboratory included glucose, insulin, HDL-cholesterol, triglycerides, alanine (ALT) and
aspartate (AST) aminotransferase. ALT > 30 U/L was considered abnormal. Diabetes was
defined as a pre-existing clinical diagnosis of type 2 diabetes and/or fasting blood glucose ≥
126 mg/dL.

Determination of Fatty Liver
Hepatic fat content was measured non-invasively using magnetic resonance (MR) imaging
with a modified Dixon technique.18 Subjects were scanned supine with a phased-array coil
centered over the liver at 1.5T (Siemens Symphony, Siemens Medical Systems, Erlangen,
Germany). Multi-slice two-dimensional spoiled gradient recalled echo images were obtained
in the axial plane. Field of view was adjusted to individual body habitus. To minimize T1
effects, a low flip angle (10°) was used with a repetition time of 122 msec.19–21 To assess
fat-water signal interference effects and correct for T2* effects,19, 21, 22 six echoes were
obtained at serial out-of-phase and in-phase echo times (2.3, 4.6, 6.9, 9.2, 11.5, 13.8 msec)
during a single breath-hold. Other imaging parameters were 8-mm slice thickness, 500-Hz/
pixel receiver bandwidth, one signal average, and 256×160–256 matrix.

For each subject, images at each of the six echo times were reviewed on a diagnostic-quality
picture archiving and communication system digital monitor. A representative axial slice of
the liver was selected. Avoiding organ boundaries, imaging artifacts, major vessels and bile
ducts, a single elliptical region of interest (ROI), approximately 300–400 mm2, was
manually selected within the liver parenchyma and automatically propagated to images at
each of the six echo times. Image registration was not necessary as images at each echo time
were acquired during the same breath hold and were already co-localized. The average
signal intensity within each ROI was measured and recorded.
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Imaging ROI values were analyzed using MATLAB (The MathWorks, Natick, MA). As
described by Bydder, the measured signal intensity variation was modeled as a function of
echo time.21 This method models the interference between fat-water and fat-fat while also
correcting for exponential T2* decay. From the model, the fractional fat content in the liver
was calculated as the ratio of fat proton density to the sum of the fat and water proton
densities, and expressed as a percentage. Liver fat fraction ≥ 5% was defined as fatty liver.
A radiologist reviewed all images.

Data Analysis and Heritability Calculation
Data were expressed as means ± standard deviations or frequency and percentage.
Categorical variables were compared using Fisher’s exact test and continuous variables with
Student’s t-test. Pearson correlation coefficients were used to assess the strength of the
relationships between continuous variables. Differences between correlation coefficients
were assessed with standard Fisher z-transform based tests. All hypothesis tests were two-
tailed. Significance was defined at α = 0.05.

Narrow sense heritability (h2) estimates for continuous traits (liver fat fraction, BMI,
glucose, triglycerides) and dichotomous traits (fatty liver, obesity, diabetes) were calculated
using the suite of variance component-based statistical models and methods implemented in
the Sequential Oligogenic Linkage Analysis Routines (SOLAR, Version 4.1.5, Southwest
Foundation for Biomedical Research, San Antonio, TX). The range of possible values for h2

is from 0.0 (not heritable) to 1.0 (complete heritability). The variance component models for
estimating heritability in SOLAR are linear models that account for the dependencies in the
phenotypes among the related individuals in such a way as to partition variation in the
phenotype into that variation attributable to the genetic relationships of the subjects and that
attributable to other factors. Heritability was based on residual variance after adjusting for
covariates (age, sex, race, ethnicity, BMI). Analyses of dichotomous or otherwise non-
normally distributed phenotypes assessed in a traditional variance component modeling
framework may inflate type I error rates.23, therefore we used the feature in SOLAR that
models dichotomous and non-normally distributed traits on the multivariate t-distribution.24

In addition, we corrected for participant ascertainment by conditioning on proband
phenotypes.25

RESULTS
Description of Probands

Details for the probands are shown in Table 1. There were 33 children with biopsy-proven
NAFLD and 11 children without NAFLD. Age and BMI did not differ between groups. The
distribution of overweight and obesity was also the same for both groups: overweight 18%
and obese 82%. The racial and ethnic distribution for children with NAFLD was White-
Hispanic 23/33 (70%), White-non-Hispanic 7/33 (21%), and Native American Indian-
Hispanic 3/33 (9%). For children without NAFLD, the racial and ethnic distribution was
White-Hispanic 6/12 (50%), White-non-Hispanic 2/12 (17%), Native American Indian
Hispanic 3/12 (25%), Pacific Islander-non-Hispanic 1/12(8%). Probands with NAFLD had a
significantly (p < 0.001) higher mean ALT and AST than overweight children without
NAFLD. ALT was elevated in 31 of 33 (94%) children with NAFLD and in 3 of 11 (27%)
children without NAFLD (p< 0.001). All children with NAFLD had MR-measured liver fat
fraction > 5%. Children with NAFLD had a significantly (p < 0.001) higher mean MR-
measured liver fat fraction of 18.1% compared to 1.6% for children without NAFLD.
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Description of Family Members
A total of 152 non-proband family members were studied. The median family size studied
was 4 people (range 2 to 12). Family members of children with NAFLD included 29
siblings, 55 parents, and 27 2nd or 3rd degree relatives. Family members of children without
NAFLD included 12 siblings, 19 parents, and 10 2nd or 3rd degree relatives. Details for the
siblings and parents of probands with and without NAFLD are shown in Table 1.

The mean values of the laboratory parameters tested were not significantly different between
siblings of children with NAFLD and siblings of children without NAFLD. Serum
triglycerides and fasting insulin were significantly (p < 0.05) higher in parents of children
with NAFLD than in parents of children without NAFLD. ALT was elevated in 30 of 55
(55%) parents of children with NAFLD and in 7 of 19 (37%) parents of children without
NAFLD (p = 0.29). Diabetes was present in 12 of 55 (22%) parents of children with
NAFLD and in 2 of 12 (17%) parents of children without NAFLD (p =0.99).

Assessment of Fatty Liver
MR-measured liver fat fraction was significantly (p < 0.01) higher in siblings (9.3%) and
parents (14.0%) of children with NAFLD than siblings (2.7%) and parents (7%) of children
without NAFLD. For all participants combined including probands, liver fat fraction was
significantly (p < 0.01) correlated (r = 0.54) with BMI. As shown in Figure 1, the correlation
between liver fat fraction and BMI was strong in families of children with NAFLD and mild
in families of children without NAFLD. The difference in the strength of correlation was
significant (p = 0.029).

Fatty liver was present in 59% (17 of 29) of the siblings and 78% (43 of 55) of the parents of
children with NAFLD. The frequency of fatty liver was significantly (p< 0.01) lower in the
siblings (17%, 2 of 12) and the parents (37%, 7 of 19) of children without NAFLD. As
highlighted by the family pedigree shown in figure 2, fatty liver was present in 20 of 111
(18%) of family members of children with NAFLD despite being non-obese and having a
normal ALT. In family members with fatty liver, mean ALT was mildly elevated (45 ± 38
U/L) but significantly (p < 0.01) higher than in family members without fatty liver (27 ± 21
U/L). Among family members with fatty liver, the mean liver fat fraction was 15.4 ± 9%.

Previously unrecognized cirrhosis was detected by MRI in 2 family members of children
with NAFLD. Both cases were subsequently confirmed by clinical evaluation including
biopsy. The first case was a 62 year-old grandmother with a history of type 2 diabetes and
mild liver chemistry elevation (ALT 47 U/L, AST 42 U/L). She had previously been told
that she had mild fatty liver based upon her serum aminotransferase values. MRI evaluation
revealed a liver fat fraction of 7%, a shrunken liver, and the presence of esophageal varices.
The second case was a 39 -year-old father with no known medical problems. He had a BMI
of 33.8 Kg/m2. Serum ALT was 62 U/L and AST was 70 U/L. Liver MRI revealed a hepatic
fat fraction of 24% along with an enlarged caudate lobe and lobulated, nodular liver margins
consistent with cirrhosis.

Estimate of heritability
As shown in Table 2, in the unadjusted model, NAFLD was significantly (p < 0.001) and
highly heritable (h2 = 0.850 (SE 0.325)). Using regression-like adjustments for age, gender,
race and BMI, the estimated heritability of NAFLD increased to the boundary or maximum
value of 1.0 (p < 0.0001). When assessed as a continuous measure, the heritability for liver
fat fraction was 0.581 (p=0.0001). After adjustment for age, sex, race and BMI, the
heritability estimate for liver fat fraction was attenuated but retained significance (h2 =
0.386, p < 0.05). Both the continuous measure of BMI and the dichotomous measure of
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obesity also had high heritability. Serum triglycerides were significantly heritable but at a
lower level. Neither the diagnosis of diabetes nor serum glucose as a continuous variable
demonstrated significant heritability in this study sample.

DISCUSSION
We performed a familial aggregation study of fatty liver in overweight children with and
without NAFLD. In family members, the presence or absence of fatty liver was documented
using MRI. Clinical history and laboratory testing were applied to exclude participants with
alternate explanations for fatty liver other than NAFLD. The main finding was that liver fat
fraction and the condition of fatty liver are heritable traits. The estimate for the heritability
of the fatty liver as a dichotomous trait reached the boundary value of 1.0, thus we were not
able to determine the exact value for the heritability of fatty liver, but can confidently
conclude that the heritability is high.

Earlier evidence for the familial nature of NAFLD came from retrospective case series.
Struben et. al. reviewed a clinical database of 124 patients with NASH and 174 with
cryptogenic cirrhosis and identified 32 patients who reported a family history of fatty liver
and/or cryptogenic cirrhosis. They reviewed the medical records of a total of 10 family
members from 8 of the 32 patients with a positive family history and noted the co-existence
of NASH and/or cryptogenic cirrhosis in seven of eight kindreds studied.6 Willner and
colleagues reviewed the charts of 90 patients with a diagnosis of NASH at the University of
Tennessee and the Medical University of South Carolina.7 The investigators noted that 16 of
the 90 patients came from families with 2 or more patients with NASH. Notably cirrhosis
was observed in 7 of these 9 families. A case series from Japan described 3 families each
with 2 people with biopsy-proven NASH.26 In addition to familial aggregation of NAFLD,
the phenotypic features associated with NAFLD may also be more prevalent in families with
NAFLD. A study of 20 adults with NAFLD and 20 controls without NAFLD, demonstrated
that insulin resistance was more prevalent in first degree relatives of patients with NAFLD
than those without NAFLD.27

The frequency of fatty liver seen in the siblings and parents of overweight children without
NAFLD was consistent with population-based estimates. The prevalence of fatty liver in
children in the County of San Diego was estimated to be 9.6% overall and 17.3% for
adolescents age 15 to 19. 1 For adults age 30 to 65, the prevalence of hepatic steatosis was
estimated to be 34% in Dallas County.8 In sharp contrast, family members of children with
NAFLD appear to be at high risk as the majority of both siblings and parents of children
with NAFLD were shown to have hepatic steatosis. Targeted screening may be warranted.
Moreover, a demonstration of the familial nature of the disease may serve to enhance efforts
at modifying the family environment towards increased physical activity and healthier
dietary choices. Of additional concern was the detection of 2 cases of unrecognized cirrhosis
out of the 33 families with a child with NAFLD studied. Primary care physicians,
endocrinologists, gastroenterologists, hepatologists, and pediatricians should consider the
possibility of advanced liver disease in the absence of any symptoms.

A novel finding in the current study was the interaction between BMI and familial factors on
liver fat fraction. In families of children with NAFLD (i.e., the families at higher risk for
fatty liver), the severity of steatosis as determined by the MRI-measured fat fraction was
strongly correlated with BMI. In contrast, in families of children without NAFLD (i.e., the
families at lower risk for fatty liver), the correlation between BMI and liver fat fraction was
weaker. This difference helps to explain why the adjustment for BMI attenuated the
heritability estimate for liver fat fraction as a continuous trait but, by reducing noise,
increased the heritability estimate for fatty liver as a dichotomous trait. Moreover, these
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observations suggest that BMI is a strong determinant of steatosis severity in those with a
heritable susceptibility to fatty liver but not in those without a heritable susceptibility and
helps to strengthen the argument that familial factors contribute to the development of
hepatic steatosis.

Establishing the heritability of a trait is considered a first step towards the identification of
specific genes that influence that trait. Although the strength of the heritability of a trait does
not always translate into the ease with which genes can be identified, it does provide support
that genes contribute to the phenotypic expression of that trait. It is likely that fatty liver that
begins early in life has a stronger genetic component than fatty liver that does not develop
until adulthood. Once heritability has been established, a logical next step is to pursue the
identification of specific genes that influence the trait via linkage and association analysis.13

The accumulation of fat, largely composed of triglyceride, in the hepatocyte is the essential
first step in the development of NAFLD. The pathogenesis of steatosis is likely multi-
factorial, involving both complex genetic and environmental factors that regulate lipid
metabolism and the flux of fatty acids to, within and from the hepatocyte.28, 29 Putative
candidate genes include those involved in processes that regulate hepatic lipid metabolism
and the flux of fatty acids to the liver from the adipocyte. Free fatty acid in the liver is
metabolized by one of two pathways: oxidation to generate ATP or esterification to produce
triacylglycerides. Triglycerides are incorporated into VLDL particles for export or stored
within hepatocytes. Therefore, hepatic steatosis can be caused by any combination of factors
that increase the hepatocyte free fatty acid pool or that decrease mitochondrial β-oxidation,
peroxisomal γ-oxidation, or VLDL synthesis/secretion. Association studies of single
nucleotide polymorphisms as a risk factor for NAFLD offer promising findings for genes
related to: (1) the magnitude and pattern of fat deposition, (2) hepatic lipid export, and (3)
inflammation and oxidant stress. 30–36 Similarly, studies of gene expression in hepatic
steatosis have shown upregulation of genes involved in lipid metabolism.37–39 The studies
to date are not definitive because of small sample sizes, the complex issue of appropriate
control groups and the lack of replication samples. These data along with the current study
support the planning and execution of large scale studies examining genetic factors
contributing to NAFLD.

A strength of this study was the use of magnetic resonance imaging, as this allowed for
objective and precise determination of hepatic fat fraction. Studies based upon less robust
measures for case definition, such as liver chemistry or ultrasonography, are subject to
greater error. The use of a diverse study population was notable, especially the inclusion of a
large number of Hispanic families because they are at greater risk for NAFLD than non-
Hispanics. However, this emphasis may limit the generalizability of these findings to non-
Hispanic families. Another limitation was the lack of liver biopsies in the family members
studied. A design including biopsy would be required to determine the hereditability of a
sub-phenotype of NAFLD such as steatohepatitis or advanced fibrosis, but is not feasible for
a family study which requires the use of a method that can be applied to all family members.
Heritability estimates are influenced by shared environmental factors. In order to further
separate environmental from genetic causes, future studies will need to collect information
on factors including nutrition and activity.

The public health burden of NAFLD is considerable and likely to increase over time.
Understanding the genetic and environmental factors that contribute to NAFLD prevalence
and severity has important implications for clinical care and public health. The current data
demonstrate for the first time that NAFLD is a highly heritable condition. Family members
of children with NAFLD should be considered at high risk for NAFLD, even in the absence
of obesity or elevated serum aminotransferases. The current data suggest that familial factors
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are a major determinant of whether an individual has NAFLD. Further family studies will
help unravel the complex interactions between genes and environment in the development of
NAFLD.
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Figure 1. Correlation of BMI and Liver Fat Fraction
Panel A: the correlation between BMI and liver fat fraction was high (r2 = 0.61; p < 0.01) in
family members of children with NAFLD (●). Panel B: the correlation (r2 = 0.26; p < 0.05)
between BMI and liver fat fraction was low in family members of children without NAFLD
( ). The difference in correlation was significant (p =0.029).
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Figure 2. Paradigmatic pedigree of a child with NAFLD
The arrow indicates the proband, a girl with biopsy-proven NAFLD. She is shown to be
obese (left upper box with grey fill), have an elevated ALT (right upper box with black fill)
and to have a liver fat fraction > 5% (bottom box with striped fill). Her family can be seen to
have only 1 other obese individual, 3 other with an elevated ALT, but fatty liver in all
sibliings and parents.
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