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Abstract

Background & Aims—Non-alcoholic fatty liver disease (NAFLD) contributes to premature
death along with obesity, diabetes, and cardiovascular disease. We examined whether hepatic
steatosis on ultrasound and liver enzyme activities were associated with increased liver disease
mortality in the U.S. National Health and Nutrition Examination Survey (NHANES), 1988-1994,
with up to 23 years of linked-mortality data.

Methods—Survey-linked National Death Index records were analyzed among 14,527 adult
participants who were negative for viral hepatitis B and C and iron overload. Hepatic steatosis on
ultrasound was categorized as normal, mild, moderate, or severe. Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and gamma glutamyltransferase (GGT) elevation was
defined as the highest sex-specific decile.

Results—Cumulative mortality was 36.2% from all causes, including 16.3% from cardiovascular
disease, 10.8% from cancer, 5.4% from diabetes, and 1.1% from liver disease. Severe hepatic
steatosis was associated with increased liver disease mortality in both age-adjusted (hazard ratio
[HR], 3.92; 95% confidence interval [CI], 1.49-10.27, p for trend, 0.011) and multivariate-
adjusted analyses (HR, 2.68; 95% ClI, 1.02-7.03; p for trend, 0.072). Hepatic steatosis was not
independently associated with mortality from all-causes, cardiovascular disease, cancer, or
diabetes. Higher liver disease mortality was found with elevated ALT (HR, 4.08; 95% ClI,
1.99-8.33), AST (HR, 4.33; 95% Cl, 2.18-8.59), and GGT (HR, 7.91; 95% Cl, 3.06-20.46). GGT
elevation was associated with increased overall mortality (HR, 1.45; 95% CI, 1.21-1.74). Liver
enzymes were, otherwise, unrelated to overall or cause-specific mortality.

Conclusion—In the U.S. population, severe hepatic steatosis on ultrasound and liver enzyme
elevation were associated with increased liver disease mortality, but were not independently
associated with mortality from all causes (except for GGT), cardiovascular disease, cancer, or
diabetes.
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Fatty liver disease has become the most common liver disease in the United States and other
Western countries and non-alcoholic steatohepatitis has emerged as the second leading
etiology of liver disease among adults listed for liver transplantation in the U.S.(1-3) The
prevalence of fatty liver disease in the U.S. population has ranged from 21% to 34% when
measured by ultrasound or proton nuclear magnetic resonance spectroscopy(1, 4) and fatty
liver prevalence has increased over the past two decades.(5, 6) Fatty liver disease
encompasses a spectrum of liver injury ranging from steatosis to severe steatohepatitis that
can progress to fibrosis, cirrhosis, liver failure, or hepatocellular carcinoma in a subgroup of
patients.(7) However, the natural history remains incompletely understood. NAFLD is
considered to contribute to premature death along with obesity, diabetes, and cardiovascular
disease.(8, 9) However, studies of the general U.S. population have not found higher
mortality from all-causes, cardiovascular disease, or diabetes among viral hepatitis negative
persons with fatty liver on abdominal ultrasound or with abnormal serum ALT activity.
(10-13) Higher liver disease mortality was found among persons with ALT elevation.(12,
14) We questioned whether recent survey-linked National Death Index records would reveal
a stronger relationship of fatty liver disease with mortality outcomes. Mortality
ascertainment is now complete for the third U.S. NHANES through 2011, providing up to
23 years of follow-up. We examined whether hepatic steatosis on ultrasound and abnormal
serum activities of ALT, AST, and GGT, among persons without viral hepatitis or iron
overload, were associated with all-cause and disease-specific mortality in this national,
population-based, prospective survey.

METHODS

The NHANES I11 was conducted in the United States from 1988 through 1994 by the
National Center for Health Statistics of the Centers for Disease Control and Prevention.(15)
The survey consisted of cross-sectional interview, examination, and laboratory data
collected from a complex multistage, stratified, clustered probability sample representative
of the civilian, noninstitutionalized population with oversampling of non-Hispanic blacks,
Mexican Americans, and persons aged 60 years or older. The survey was approved by the
institutional review board of the Centers for Disease Control and Prevention, and all
participants provided written informed consent to participate.

Of 23,258 sampled persons aged 20 years and older in NHANES 111, 16,573 (71%) attended
a study visit at a mobile examination center. Participants were excluded if they were positive
for serum hepatitis B surface antigen or hepatitis C antibody (n=453), had a serum
transferrin saturation >50% (n=460), were missing viral hepatitis serology or transferrin
saturation (n=1,111), were ineligible for mortality follow-up (n=10), or did not have a cause
of death available (n=12) (Figure 1). For analyses of hepatic steatosis, we additionally
excluded persons who were ineligible for abdominal ultrasonography due to age older than
74 years or whose ultrasound was missing or ungradable for hepatic steatosis (n=2,316),
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resulting in an analysis sample of 12,216. For analyses of aminotransferases, we excluded
persons who were missing data on ALT or AST activities (n=95) resulting in an analysis
sample of 14,432. An additional 3,263 participants were surveyed before GGT was added to
the protocol and, therefore, were excluded from analyses of GGT, resulting in an analysis
sample of 11,264.

A serum sample was collected and shipped weekly at —20°C to a testing laboratory. ALT,
AST, and GGT activities were assayed by using a Hitachi 737 Analyzer (Boehringer-
Mannheim Diagnostics, Indianapolis, IN) at the White Sands Research Center, Alamogordo,
NM.(16) Because ALT and AST activities are higher in men compared with women, and
their relationships with mortality were previously found to be U-shaped,(14) ALT and AST
were categorized as sex-specific deciles 1-3, 4-9, and 10 with deciles 4-9 serving as the
comparison group. ALT cut-points were 13 1U/L and 34 IU/L, respectively, for men and 9
IU/L and 22 1U/L, respectively, for women and AST cut-points were 18 IU/L and 30 IU/L,
respectively, for men and 15 IU/L and 26 1U/L, respectively, for women. The relationship of
GGT activity with mortality was previously found to be linear and abnormal GGT activity
was defined as the 10t decile using cut-points of 58 IU/L for men and 40 1U/L for women.
(14)

Hepatic steatosis was ascertained among participants aged 20-74 by abdominal ultrasound.
Ultrasounds were originally performed in 1988 to 1994 to evaluate gallbladder disease.
Archived video tapes of ultrasounds were reviewed in 2009-2010 to assess the presence of
fat within the hepatic parenchyma using standard criteria.(10, 17) Evaluation of hepatic
steatosis was performed using five criteria: parenchymal brightness, liver to kidney contrast,
deep beam attenuation, bright vessel walls, and gallbladder wall definition. Readers under
the supervision of a radiologist who was an expert in ultrasonography evaluated each scan.
Hepatic steatosis was categorized as normal, mild, moderate or severe.

Data were collected at baseline on factors believed to be related to liver injury and included
as covariates in multivariate analyses:(12, 18-25) age (years), sex, race-ethnicity (hon-
Hispanic white, non-Hispanic black, Mexican American, other), education (years; <12, 12,
>12), alcohol intake (never, former, >0-<1 drink/day, 1-2 drinks/day, >2 drinks/day),
cigarette smoking (never, former, >0-<1 pack per day, =1 pack per day), caffeine intake
from beverages (mg/day; deciles), physical activity (metabolic equivalents/month; deciles),
diagnosed diabetes, body mass index [BMI; weight (kg) / height (m?2)]; waist-to-hip
circumference ratio, and systolic and diastolic blood pressure (mmHg). Serum was tested for
hepatitis B virus surface antigen, hepatitis C virus antibody, transferrin saturation (%),
platelet count (1000 cells/uL), and concentrations of hemoglobin A;¢ (%), total and high-
density lipoprotein (HDL) cholesterol (mg/dL), C-reactive protein (mg/dL; 0-0.3, >0.3),
estimated glomerular filtration rate (ml/min/1.73m2; 260, <60), alkaline phosphatase (1U/L),
total bilirubin (mg/dL), and albumin (g/dL) as previously described.(16) Diabetes was
defined as a diagnosis or hemoglobin A;c =6.5%.

Participants were passively followed for mortality through December 31, 2011, by linking
NHANES Il1 participants with National Death Index records through a probabilistic match,
a well-established matching method.(26) In a validation study of a prior NHANES cohort,
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the accuracy of the method was high, with 96.1% of decedents and 99.4% of living
participants being classified correctly.(27) Mortality outcomes were based on death
certificate underlying or other cause of death coded according to the International
Classification of Diseases, Ninth Revision (ICD-9), for deaths occurring between 1988 and
1998 and the International Classification of Diseases, Tenth Revision (ICD-10), for deaths
occurring between 1999 and 2011. Outcomes for this analysis consisted of all-cause
mortality and cause-specific mortality from cardiovascular disease (ICD-9 codes 410-414,
428, 429.2, 433-435, 437.0-437.1, 440, and 444; 1CD-10 codes G45, 120-125, 150, 163, 165-
166, 167.2, 167.8, 169.3, 170, and 174), neoplasms (ICD-9 codes 140-239; ICD-10 codes C00-
D48), diabetes (ICD-9 code 250; ICD-10 codes E10-E14), and liver disease (ICD-9 codes
570-573; ICD-10 codes K70-K76). Deaths with liver cancer coded as underlying or other
cause of death (n=11) were included with neoplasms. Restricted NHANES Il mortality data
were used for this analysis through the National Center for Health Statistics Research Data
Center.(28)

Statistical analysis

Baseline characteristics of participants by hepatic steatosis status, or by liver enzyme
activity deciles, were examined by comparing means (standard deviations) of continuous
factors using a t test and percentages of categorical factors using a chi-square (x2) test.
Cumulative mortality during follow-up by hepatic steatosis status or by liver enzyme
activity deciles was calculated using Kaplan-Meier analysis. HR estimates (relative risk) and
95% Cls for mortality outcomes were calculated using Cox proportional hazard regression
analysis (SUDAAN PROC SURVIVAL) to control for effects of potential risk factors while
taking into consideration varying lengths of follow-up. Factors included in multivariate
analyses consisted of age, sex, race-ethnicity, education, alcohol intake, cigarette smoking,
caffeine intake from beverages, physical activity, BMI, waist-to-hip circumference ratio,
diabetes, total and HDL cholesterol, systolic and diastolic blood pressure, C-reactive protein,
and estimated glomerular filtration rate. Continuous factors whose distributions were
skewed to the right were expressed as deciles (101" percentiles) before being added to
regression models. For analyses of hepatic steatosis, HRs were computed for each steatosis
category relative to normal liver by categorizing steatosis status as indicator variables. The
trend in HRs across steatosis categories was tested by treating steatosis status as an ordinal
variable of 4 levels. For analyses of ALT and AST activities, HRs were computed for
deciles 1-3 and decile 10 relative to deciles 4-9 by categorizing these aminotransferases as
indicator variables. Time at risk was from the date of the NHANES 111 examination to the
date of death or to December 31, 2011. For analyses of cause-specific mortality, participants
who died from other causes were censored at the date of death. All factors met the
proportional hazard assumption of a relatively constant risk ratio through examination of -
log (-log) plots of survival versus time by categories.(29) Multivariate analyses excluded
persons with missing values for any factor included in the model. P-values were two-sided,
and a P-value of < 0.05 was considered to indicate statistical significance. All analyses
utilized sample weights that accounted for unequal selection probabilities and nonresponse.
All variance calculations accounted for the design effects of the survey using Taylor series
linearization.(30)
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RESULTS

Baseline characteristics

Among 12,216 participants 20-74 years of age without viral hepatitis or iron overload, the
prevalence (standard error) of mild, moderate, and severe hepatic steatosis on ultrasound
was 13.7% (0.6%), 13.7% (0.6%), and 6.8% (0.6%), respectively. Consistent with previous
reports,(5, 10) persons with hepatic steatosis were older, more likely to be male, Mexican
American, former or heavier drinkers, former smokers, and diabetic, and less likely to be
non-Hispanic black or moderate drinkers, and had higher BMI, waist-to-hip circumference
ratio, blood pressure, total cholesterol, C-reactive protein, and liver enzyme activities, and
lower education levels, physical activity, and HDL cholesterol (Table 1). For most of these
known NAFLD risk factors, increasing hepatic steatosis on ultrasound was associated with
worsening health outcomes.

Among 14,432 participants 20 years or older without viral hepatitis or iron overload, those
with liver enzyme activities in the highest decile were more likely to be Mexican American,
heavier drinkers, and diabetic, and had higher levels of BMI, waist-to-hip circumference
ratio, total cholesterol, diastolic blood pressure, C-reactive protein, and hepatic steatosis, and
lower caffeine intake compared with the middle (41-9t") deciles for ALT and AST or
deciles 1-9 for GGT (Table 2). Compared with the reference deciles, participants with ALT
activity in the highest decile were younger and less likely to be non-Hispanic black and
those with GGT activity in the highest decile were older and more likely to be non-Hispanic
black, while AST activity was unrelated to age or non-Hispanic black ethnicity.

Mortality follow-up

The median follow-up time among participants 20 years or older without viral hepatitis or
iron overload was 19.3 years (interquartile range, 17.4-21.1 years). The cumulative mortality
from all causes was 36.2% (4,661 deaths) at 23 years of follow-up. The cause-specific
cumulative mortality (underlying or other cause) was 16.3% (1,933 deaths) from
cardiovascular disease, 10.8% (1,192 deaths) from cancer, 5.4% (576 deaths) from diabetes,
and 1.1% (116 deaths) from liver disease.

Hepatic steatosis and liver disease mortality

For mortality both overall and from each specific cause, the unadjusted cumulative mortality
rates rose with increasing hepatic steatosis on ultrasound (Table 3). For liver disease
mortality, severe hepatic steatosis was associated with almost four times the risk in age-
adjusted analysis (HR, 3.92; 95% CI, 1.49-10.27, p=0.006) and a test for trend was
significant (p=0.011). In multivariate-adjusted analysis, liver disease mortality remained
over two and a half times as high among persons with severe steatosis (HR, 2.68; 95% ClI,
1.02-7.03; p=0.046); however, a test for trend missed statistical significance (p=0.072)
(Figure 2e). We were unable to evaluate liver disease mortality from underlying cause of
death alone among persons with severe steatosis because of the small number of deaths;
however, a test for trend was significant in age-adjusted analysis (p=0.037) and missed
significance in multivariate-adjusted analysis (p=0.072).
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Mortality from all causes was higher among persons with moderate or severe steatosis, and a
test for trend was significant, in analyses adjusted only for age (Table 3). However, after
adjusting for multiple factors, no statistically significant association was found (Figure 2a).
For cardiovascular disease mortality, moderate hepatic steatosis was associated with higher
mortality and a test for trend was significant in analysis adjusted only for age, but no
statistically significant association was found after multivariate-adjustment (Figure 2b). For
cancer, mortality was not increased in analyses adjusted only for age or in multivariate-
adjusted analyses (Figure 2c). For diabetes, mortality was over twice as high for each
hepatic steatosis category and a test for trend was significant in analysis adjusted only for
age, but no statistically significant association was found after multivariate-adjustment
(Figure 2d). Results for cardiovascular disease, cancer, and diabetes mortality were similar if
limited to underlying cause of death alone (data not shown).

The increased all-cause and cardiovascular disease mortality with hepatic steatosis that was
found in analyses adjusted only for age, but not with multivariate adjustment was further
evaluated to identify risk factors accounting for the difference. We conducted analyses
adjusting for age and each of the following risk factors individually: waist-to-hip
circumference ratio, diabetes, and HDL cholesterol. These analyses included 11,715
participants with complete data on all of these risk factors of interest. Hepatic steatosis was
categorized as an ordinal variable with four levels, i.e., normal, mild, moderate, and severe.
For all-cause mortality adjusting for waist-to-hip ratio, diabetes, or HDL cholesterol in
addition to age decreased the risk of higher mortality with increasing hepatic steatosis, and
with adjustment for waist-to-hip ratio or diabetes, this relationship was no longer statistically
significant (Figure 3). Likewise, for cardiovascular disease mortality the higher risk in age-
adjusted analysis was no longer statistically significant with the addition of any of the other
three factors. In contrast, for liver disease mortality, the age-adjusted HR was only modestly
decreased with addition of each of the other factors

Because the relationship of severe hepatic steatosis on ultrasound with mortality has not
been previously studied in the general U.S. population, we conducted 2 supplementary
analyses to examine: 1) mortality outcomes among participants with severe hepatic steatosis
and additional risk factors (ALT and/or AST elevated, overweight or obese, and diabetes),
and 2) factors associated with mortality among the subgroup of persons with severe hepatic
steatosis. Additional description and results of these analyses are presented in
Supplementary Online Tables 1 and 2.

Liver enzymes and liver disease mortality

We also studied the relationship of liver enzyme elevation with mortality outcomes. Because
persons with ALT in the highest decile were younger (Table 2), they had lower unadjusted
cumulative mortality rates for all outcomes except liver disease for which cumulative
mortality was higher (Table 4). After adjusting for age, ALT in the highest decile was
associated with over 5 times the risk of liver disease mortality (Table 4). The risk remained
increased over fourfold with adjustment for additional factors (HR, 4.08; 95% CI, 1.99-8.33;
p<0.001) (Figure 2e). If liver disease mortality was defined based on underlying cause of
death alone, rather than from any of the multiple causes recorded on the death certificate,
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there were 57 deaths. The cumulative mortality was increased among persons with ALT in
the highest decile (1.6%) compared to those in the 4-9t deciles (0.48%). In age-adjusted
analysis, persons with ALT in the highest decile had six times the risk of liver disease
mortality (HR=6.06, 95% Cl=2.42-15.17, p<0.001), and the risk remained increased in
multivariate-adjusted analysis (HR=3.78, 95% CI=1.71-8.34, p=0.002).

All-cause mortality was increased with an ALT in the highest decile after adjusting for age
(Table 4); however, with adjustment for multiple factors, the relationship was no longer
statistically significant (Figure 2a). For cardiovascular disease, an ALT in the highest decile
was not associated with a significantly increased risk of mortality after age-adjustment, and
this was unchanged in multivariate-adjusted analysis (Figure 2b). A negative result was,
likewise, found for cancer (Figure 2c). For diabetes, ALT in the highest decile was
associated with over twice the risk of mortality in age-adjusted analysis, but not after
multivariate adjustment (Figure 2d). The increased diabetes mortality among persons with
ALT in the highest decile with adjustment only for age was explained by the higher
prevalence of diabetes at baseline among persons with elevated ALT. With adjustment for
age and baseline diabetes alone, ALT in the highest decile was no longer associated with
increased diabetes mortality (HR=1.08; 95% CI, 0.66-1.75; p=0.77). Adjusting for other
factors included in the multivariate-adjusted model had limited effect. If mortality was
limited to underlying cause of death alone, results were similar to those for underlying or
other cause of death for cardiovascular disease and cancer and for diabetes mortality there
was no longer a statistically significant association in age-adjusted analysis (data not
shown).

For AST, unadjusted cumulative mortality rates from all-causes and from diabetes and liver
disease were higher with AST in the highest decile (Table 4). Age- and multivariate-
adjusted relationships were similar to those for ALT (Table 4, Figures 2a-¢). For liver
disease, the mortality risk was increased over five-fold in age-adjusted analysis, and
remained over four times higher with multivariate adjustment (HR, 4.33; 95% CI, 2.18-8.59;
p<0.001).

GGT elevation was more likely to be related to mortality compared with ALT or AST. For
both all-cause mortality and each specific cause, the cumulative mortality was higher among
participants with GGT in the highest decile (Table 5). For liver disease mortality, GGT in
the highest decile was associated with over 10 times the risk in age-adjusted analysis (Table
5). The risk remained increased almost eight-fold with adjustment for additional factors
(HR=7.91, 95% CI1=3.06-20.46, p<0.001) (Figure 2¢). If liver disease mortality was defined
based on underlying cause of death alone, there were 39 deaths. The cumulative mortality
was higher among persons with GGT in the highest decile (2.0%) compared to those in the
4th-gth deciles (0.27%). In age-adjusted analysis, persons with GGT in the highest decile had
over eleven times the risk of liver disease mortality (HR=11.71, 95% Cl1=4.28-32.07,
p<0.001), and an over eight-fold higher risk remained in multivariate-adjusted analysis
(HR=8.19, 95% Cl=2.78-24.18).

The risk of all-cause mortality was over 60% higher among persons with GGT in the highest
decile in age-adjusted analysis (Table 5), and an increased risk remained after adjusting for
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multiple factors (HR, 1.45; 95% Cl, 1.21-1.74; p<0.001) (Figure 2a). For both
cardiovascular disease and cancer, the mortality risk for persons with GGT in the highest
decile was increased over 50% in age-adjusted analysis, but diminished with multivariate
adjustment and no longer reached statistical significance (Figures 2b-c). For diabetes
mortality, GGT in the highest decile was associated with over two and a half times the risk
in age-adjusted analysis, but the association diminished and no longer reached statistical
significance after multivariate adjustment (Figure 2d). Results for cardiovascular disease,
cancer, and diabetes mortality were similar if mortality was limited to underlying cause of
death alone.

DISCUSSION

In this large, national, U.S. population-based study with up to 23 years of follow-up,
ultrasound-documented fatty liver among persons without viral hepatitis or iron overload
was associated with mortality from liver disease. This relationship was limited to persons
with severe hepatic steatosis. Although the number of liver disease deaths among persons
with severe steatosis was not large, the relationship was consistent in age-adjusted and
multivariate-adjusted analyses. Higher liver disease mortality in association with fatty liver
was not found in previous analyses of the NHANES population which had shorter follow-up
and did not look at severe steatosis on ultrasound as a separate category.(10, 11) In contrast,
fatty liver disease was not independently associated with mortality overall or from
cardiovascular disease, cancer, or diabetes. In analyses adjusted only for age, mortality from
all-causes, cardiovascular disease, and diabetes was higher with fatty liver and the risk rose
with increasing steatosis. However, adjusting for metabolic factors such as obesity, diabetes,
and dyslipidemia, eliminated these statistically significant associations. These findings are
consistent with those of previous studies in the U.S. population with shorter follow-up and
varying definitions of fatty liver disease.(10, 11)

In analyses of liver enzymes, higher liver disease mortality was found with elevation of all
three enzymes, consistent with previous studies with shorter follow-up.(12, 14) For GGT,
which is less specific to the liver compared with ALT or AST, an association was also found
with overall mortality, also consistent with a previous study.(12) Positive relationships of
GGT elevation with cardiovascular disease, cancer, and diabetes mortality just missed
statistical significance in the current analysis which used higher cut-points than in the
previous study which found associations with these outcomes.(12)

NAFLD contributes to premature death and is believed to accompany cardiovascular disease
leading to increased mortality.(8, 9) Despite up to 23 years of follow-up (median 19.3), we
were unable to confirm such an association with cardiovascular disease mortality in the
general U.S. population. Fatty liver disease is a complex trait influenced by both genetic
variation and environmental factors. It shares many important risk factors with
cardiovascular disease and NAFLD is considered to be the liver manifestation of the
metabolic syndrome.(31, 32) However, the variation in hepatic steatosis prevalence among
racial-ethnic groups(1, 4) and the incomplete correlation between metabolic and other risk
factors and the presence of fatty liver suggest an important contribution for genetic factors.
Recently, significant advances have taken place in understanding the genetics of NAFLD.
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Genetic variation in the patatin-like phospholipase domain-containing protein 3 (PNPLA3)
was found to be associated with differences in proton magnetic resonance spectroscopy
measured hepatic triglyceride content.(33) This finding was subsequently confirmed in other
populations and extended to include associations with the histological severity of NAFLD
and the occurrence of NAFLD-associated hepatocellular carcinoma.(34-38) Additional
NAFLD-associated loci have been identified including variants in or near the genes GCKR,
LYPLAL1, PPP1R3B, and the NCAN/TM6SF2/CILP2/PBX4 region on chromosome 19.(39)
Interestingly, gene variants conferring increased risk for NAFLD did not uniformly result in
abnormalities in lipids or glycemic and anthropometric traits.(35, 39, 40) More recently, a
variant of the transmembrane 6 superfamily member 2 (TM6SF2) gene conferring
susceptibility to hepatic steatosis was identified.(41) This finding has been independently
validated and extended to include associations with hepatic fibrosis progression and a lower
risk of cardiovascular disease.(42-44) TM6SF2 has been determined to play a role in VLDL
secretion from liver into serum and normal gene activity results in increased serum lipid and
risk of myocardial infarction and decreased risk of liver steatosis, while the reverse is found
with the genetic variant.(40, 41) These findings suggest a genetic heterogeneity in the
etiology of NAFLD with the existence of multiple metabolic subtypes.(39, 40) Further
understanding of the complex genetic basis of fatty liver disease may help to explain why
mortality associations found in studies of selected patient samples have not been confirmed
in the general U.S. population.

The term ‘NAFLD’ refers to hepatic steatosis by imaging or histology in persons without
secondary causes for hepatic fat accumulation, such as significant alcohol intake (>21 drinks
on average per week for men or >14 drinks on average per week for women), medications,
or hereditary disorders.(45) However, because over two thirds of U.S. adults are now
overweight or obese, mixed forms of NAFLD and alcoholic fatty liver disease are
increasingly likely.(46, 47) Furthermore, the accuracy of self-reported alcohol consumption
is unknown and clinical diagnosis based on patient-reported intake remains a potential
source of misclassification between modest and significant alcohol use. Therefore, we
treated fatty liver disease holistically and chose not to exclude persons based on their
reported alcohol consumption in this integrated noninvasive fatty liver disease marker study.
Instead, we adjusted for alcohol intake in multivariate analyses to present a more
comprehensive and informative picture of the fatty liver disease epidemic in the U.S.

As previously reported, a limitation of using NHANES to study liver injury is the reliance
on ultrasound-detected hepatic steatosis or single serum liver enzyme activities as markers,
whereas the criterion standard for clinical management is a histological diagnosis. However,
liver biopsies cannot be conducted on the general population. Magnetic resonance imaging
is highly accurate and correlates well with histology,(48) but is expensive, requires expert
interpretation and is not easily performed in large populations. In NHANES I11, ultrasounds
were performed in 1988 to 1994 to evaluate gallbladder disease and archived video tapes
were reviewed in 2009-2010 to assess hepatic steatosis.(49, 50) Ultrasound may be less
sensitive in detecting mild hepatic steatosis and may not differentiate moderate from severe
steatosis. Another limitation of the current study was the lack of validation of cause of death.
Although ascertainment of vital status using the National Death Index is very high (>99%),
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assigning cause of death based on death certificate diagnoses can lead to misclassification.
Thirdly, because participants were not reevaluated for hepatic steatosis or liver enzyme
elevation during over two decades of follow-up, some may have developed them leading to
misclassification; however, we hypothesize that such an increase in the prevalence of
noninvasive liver disease markers would lead to a stronger association with liver disease
mortality. Finally, despite up to 23 years of follow-up, the number of liver disease deaths
was limited among persons with severe hepatic steatosis. These limitations are balanced by
the benefits of a large, national, population-based sample, particularly the avoidance of
ascertainment bias that occurs in clinical studies of selected patients and the ability to
generalize the results to the U.S. population. Other important strengths of our study were
over two decades of mortality follow-up and the availability of data on numerous known
predictors of liver disease mortality measured at baseline.

In conclusion, in the U.S. population severe hepatic steatosis on ultrasound was associated
with increased liver disease mortality; however, there was no independent relationship with
deaths from all-causes, cardiovascular disease, cancer, or diabetes after accounting for other
known risk factors. ALT and AST elevation were, likewise, associated only with liver
disease mortality, while elevated GGT was positively related to liver disease deaths and to
overall mortality. Complementary noninvasive liver injury markers identified through
comprehensive genetic and epigenetic analyses will further enhance our understanding of
the risk of premature death attributable to fatty liver disease in the general population.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Derivation of NHANES I11 sample for analysis of noninvasive fatty liver markers and

mortality.

NHANES I11, third National Health and Nutrition Examination Survey; HBV sAg+, hepatic
B virus surface antigen positive; HCV Ab+, hepatitis C virus antibody positive; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma

glutamyltransferase.
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Hepatic steatosis ALT decile AST decile GGT decile

Fatty liver marker

Figure2.
(A) Multivariate-adjusted hazard ratios and 95% confidence intervals for all-cause mortality

by category of hepatic steatosis on ultrasound or AST, ALT or GGT decile, United States,
1988-2011.

(B) Multivariate-adjusted hazard ratios and 95% confidence intervals for cardiovascular
disease mortality by category of hepatic steatosis on ultrasound or AST, ALT or GGT
decile, United States, 1988-2011.

(C) Multivariate-adjusted hazard ratios and 95% confidence intervals for cancer mortality by
category of hepatic steatosis on ultrasound or AST, ALT or GGT decile, United States,
1988-2011.

(D) Multivariate-adjusted hazard ratios and 95% confidence intervals for diabetes mortality
by category of hepatic steatosis on ultrasound or AST, ALT or GGT decile, United States,
1988-2011.

(E) Multivariate-adjusted hazard ratios and 95% confidence intervals for liver disease
mortality by category of hepatic steatosis on ultrasound or AST, ALT or GGT decile, United
States, 1988-2011.

Footnotes for Figure 2:
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ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma
glutamyltransferase.

For hepatic steatosis, N=7,729 with normal liver and 1,657 with mild, 1,908 with moderate,
and 922 with severe steatosis.

For ALT, N=4,627 in deciles 1-3, 8,343 in deciles 4-9, and 1,462 in decile 10. Cut-points
were 13 and 34 1U/L for men and 9 and 22 IU/L for women.

For AST, N=4,375 in deciles 1-3, 8,428 in deciles 4-9, and 1,629 in decile 10. Cut-points
were 18 and 30 IU/L for men and 15 and 26 1U/L for women.

For GGT, N=9,804 in deciles 1-9 and 1,460 in decile 10. Cut-points were 58 IU/L for men
and 40 1U/L for women.

Hazard ratios were estimated using Cox proportional hazards regression analysis and
adjusted for age, sex, race-ethnicity, education, alcohol intake, cigarette smoking, caffeine
intake from beverages, physical activity, BMI, waist-to-hip ratio, diabetes, total and HDL
cholesterol, systolic and diastolic blood pressure, C-reactive protein, and estimated
glomerular filtration rate.

Hepatology. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Unalp-Arida and Ruhl

Mortality outcome
Factors adjusted for

All-cause

Age -

Age. BMI

Age. WHR

Age. diabetes

Age. HDL cholesterol —
Multivariate-adjusted —

Cardiovascular disease
Age

Age. BMI

Age. WHR

Age. diabetes

Age. HDL cholesterol
Multivariate-adjusted —

Liver disease

Age

Age. BMI

Age. WHR —

Age. diabetes —

Age. HDL cholesterol -
Multivariate-adjusted —

i

Page 21

0.8

Figure 3.
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Hazard ratio for hepatic steatosis

Hazard ratios and 95% confidence intervals for the relationship of hepatic steatosis on
ultrasound with all-cause, cardiovascular disease, or liver disease mortality adjusted for risk
factors, United States, 1988-2011 (N=11,715).

WHR, waist-to-hip ratio; HDL, high-density lipoprotein.

Hepatic steatosis was included in models as an ordinal variable with 4 levels, i.e., normal,
mild, moderate, and severe. Hazard ratios were estimated using Cox proportional hazards
regression analysis. Multivariate-adjusted hazard ratios were adjusted for age, sex, race-
ethnicity, education, alcohol intake, cigarette smoking, caffeine intake from beverages,
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physical activity, BMI, waist-to-hip ratio, diabetes, total and HDL cholesterol, systolic and
diastolic blood pressure, and C-reactive protein.
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Table 3
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Cumulative probability of mortality (unadjusted) over 23 years and age-adjusted hazard ratios for mortality by

category of hepatic steatosis on ultrasound (N=12,216), United States, 1988-2011

Age-adjusted

Mortality outcome Hepatic steatosis category™  No. of deaths  Unadjusted cumulative mortality ! Lt 95% CI p-value
All-cause

Normal 1,617 24.8 1.0

Mild 388 285 117 0.98-1.41 0.082

Moderate 577 355 120 1.06-1.35 0.005

Severe 296 38.1 1.26 1.06 - 1.49 0.011

Ordinal - - 1.09 1.04-114  <0.001
Cardiovascular disease

Normal 577 9.5 1.0

Mild 146 11.7 1.16 0.86 - 1.57 0.31

Moderate 246 16.0 141 119-168  <0.001

Severe 95 14.5 130 097-1.73 0.078

Ordinal - - 113 1.04-1.22 0.003
Cancer

Normal 485 7.8 1.0

Mild 111 8.8 119 0.84-1.69 0.33

Moderate 147 11.7 1.08 0.83-1.41 0.54

Severe 99 13.8 113 0.81-1.59 0.46

Ordinal - - 105 0.96-1.14 0.31
Diabetes

Normal 196 3.2 1.0

Mild 57 51 201 125-3.23 0.005

Moderate 111 8.0 280 1.98-3.96 <0.001

Severe 59 10.1 216  1.27-3.69 0.006

Ordinal - - 141 123-161  <0.001
Liver disease

Normal 50 0.82 1.0

Mild 14 11 096 0.29-3.15 0.94

Moderate 21 14 158 0.69-3.65 0.27

Severe 10 1.4 392 1.49-10.27 0.006

Ordinal - - 150 1.10-2.03 0.011

HR, hazard ratio; Cl, confidence interval.

N=7,729 with normal liver and 1,657 with mild, 1,908 with moderate, and 922 with severe hepatic steatosis.

TEstimated using Kaplan-Meier analysis.

t

Estimated using Cox proportional hazards regression analysis.
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Table 5

Cumulative probability of mortality (unadjusted) over 23 years and age-adjusted hazard ratios for mortality by
GGT decile (N=11,264), United States, 1988-2011

Age-adjusted

i ile" No. of deaths i i ity
Mortality outcome GGT decile Unadjusted cumulative mortality Rt 95% Cl p-value

All-cause
1-9 2,915 325 1.0
10 522 40.5 1.66 1.46 -1.88 <0.001

Cardiovascular disease

1-9 1,229 14.6 1.0

10 196 17.2 151 1.27-1.80 <0.001
Cancer

1-9 743 9.4 1.0

10 135 13.9 1.54 112-211 0.008
Diabetes

1-9 336 4.3 1.0

10 84 9.1 2.75 2.08-3.63 <0.001

Liver disease
1-9 40 0.55 1.0
10 40 3.5 10.75 5.26-21.96  <0.001

GGT, gamma glutamyltransferase; HR, hazard ratio; Cl, confidence interval.
N=9,804 in deciles 1-9 and 1,460 in decile 10. Cut-point was 58 1U/L for men and 40 IU/L for women.
TEstimated using Kaplan-Meier analysis.

iEstimated using Cox proportional hazards regression analysis.
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