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Abstract

Background & Aims—Dietary modification has been recommended for treatment of 

nonalcoholic fatty liver disease (NAFLD), although it is not clear whether improving diet quality 

can prevent its development. We performed a prospective study to examine the association 

between diet quality change and change in liver fat change. We also examined the association 

between genetic risk score and liver fat change in individuals with different levels of diet quality 

change.

Methods—Our study included 1521 participants who attended the seventh and eighth 

examinations (1998–2001 and 2005–2008) of the second-generation cohort or attended the first 

and second examinations (2002–2005 and 2008–2011) of the third-generation cohort in the 

Framingham Heart Study. The self-administered semi-quantitative 126-item Harvard food 

frequency questionnaire was used to determine dietary intake in the year leading up to an 

examination. We assessed levels of liver fat using liver-phantom ratio (LPR) and computed 

tomography images from 2002 through 2005 and again from 2008 through 2011. LPR values are 

inversely related to liver fat—increased LPR indicates decreased liver fat. We examined 

associations of changes in 2 diet scores—the Mediterranean-style diet score (MDS) and 

Alternative Healthy Eating Index (AHEI)—with changes in liver fat and new-onset fatty liver. We 

evaluated interactions between diet score change and a weighted genetic risk score for NAFLD, 

determined based on multiple single nucleotide polymorphisms identified in genome-wide 

association studies of NAFLD. The primary outcome was change in LPR between baseline and 

follow-up measurement.

Results—For each 1-standard deviation increase in MDS, the LPR increased (meaning liver fat 

decreased) by 0.57 (95% CI, 0.27–0.86; P<.001) and the odds for incident fatty liver decreased by 

26% (95% CI, 10%–39%; P=.002). For each 1-standard deviation increase in AHEI, LPR 

increased by 0.56 (95% CI, 0.29–0.84; P<.001) and the odds for incident fatty liver decreased by 

21% (95% CI, 5%–35%; P=.02). Increased diet scores were also associated with reduced odds of 

developing more-advanced fatty liver. Higher genetic risk scores were associated with increased 

liver fat accumulation in participants who had decreased MDS (P<.001) or AHEI scores (P=.001), 

but not in those with stable or improved diet scores (P for gene–diet interaction <.001).

Conclusions—In an analysis of participants in the Framingham Heart Study, increasing diet 

quality, determined based on MDS and AHEI scores, is associated with less liver fat accumulation 

and reduced risk for new-onset fatty liver. An improved diet is particularly important for 

individuals with a high genetic risk for NAFLD.
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Introduction

In parallel with rising rates of obesity and type 2 diabetes, the occurrence of non-alcoholic 

fatty liver disease (NAFLD) has dramatically increased in recent decades to a worldwide1, 2. 

The rise in NAFLD prevalence has important consequences; NAFLD is projected to become 

the primary indication for liver transplantation in the United States by 20253, 4. Given its 
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correlation with cardiometabolic diseases, NAFLD has been posited as a target-organ 

manifestation of the metabolic syndrome5-9. Thus, prevention of NAFLD is important for 

public health.

Lifestyle modification, primarily a weight loss diet, is recommended for treatment of 

NAFLD10. Available evidence also suggests that a healthy eating pattern such as a 

Mediterranean diet may favorably affect NAFLD independent of weight loss11, 12. Prior 

population-based studies have utilized dietary scores developed to assess diet quality, such 

as the Mediterranean-style diet score (MDS) and the Alternative Healthy Eating Index 

(AHEI) score13, 14. In general, adherence to favorable dietary patterns, captured by these 

scores, is associated with less weight gain, lower risk of incident cardiovascular disease, and 

decreased risk of death14-16. Adherence to a healthy diet is associated cross-sectionally with 

less hepatic fat17-19. The longitudinal association between diet quality and change in liver fat 

accumulation is unknown.

NAFLD is likely a consequence of the interaction between genetic predisposition and 

environmental, behavioral, and health factors including diet, diabetes, and obesity20. 

Genome-wide association studies (GWAS) have identified several NAFLD-associated 

loci21, 22. A recent study also showed that body mass index (BMI), a measure of general 

adiposity, modifies the genetic effect on liver fat accumulation and that inter-individual 

variation in liver fat is partly determined by gene-environment interactions23. Nevertheless, 

studies examining the effect of gene-environment interactions on NAFLD are scarce. 

Therefore, the objectives of our study were to examine prospectively whether improved diet 

quality, assessed using two indices, MDS and AHEI score, is associated with a 

corresponding decline in liver fat accumulation, and to explore if diet quality modifies 

genetic risk for NAFLD.

Methods

Study sample

The study sample included participants from the second- and the third-generation cohorts of 

the Framingham Heart Study24, 25. Briefly, 2,869 participants attended both the seventh and 

eighth examinations (1998–2001 and 2005–2008) of the Second Generation cohort and 

3,411 participants attended both the first and second examinations (2002-2005 and 

2008-2011) of the Third Generation cohort. A subgroup of these participants (n=3,477) had 

liver fat measured at year of 2002 to 2005. Among these participants, 1,886 participants had 

also liver fat measured at year of 2008 to 2011. We excluded participants if they had high 

alcohol consumption (n=144), defined as more than 21 drinks per week for men and more 

than 14 drinks per week for women10, or lacked dietary data (n=96) or other covariates 

(n=125). Thus, a total of 1,521 participants (610 from the second-generation cohort and 911 

from the third-generation cohort) were included for the primary analysis. The Framingham 

Heart Study protocols and procedures were approved by the Institutional Review Board for 

Human Research at Boston University Medical Center and all participants provided written 

informed consent.
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Diet quality scores

We used a previously validated, self-administered semi-quantitative 126-item Harvard food 

frequency questionnaire (FFQ) to determine dietary intake for the previous year leading up 

to an examination26. The FFQ was mailed to participants to be completed at home and 

returned during the study appointment. We excluded FFQ data when the reported energy 

intake was <2.5 MJ/d (600 kcal/d) for both men and women, ≥16.7 MJ/d (4000 kcal/d) for 

women, ≥17.5 MJ/d (4200 kcal/d) for men, and if ≥13 food items were left blank. We 

calculated the MDS and AHEI scores at both baseline (Second Generation cohort exam 

seven; Third Generation cohort exam one) and follow-up (Second Generation exam eight; 

Third Generation cohort exam two).

The MDS had nine components (Supplemental Table 1): vegetables, fruits, nuts, legumes, 

whole grains, fish, red meat, ratio of monounsaturated fatty acids (MUFA) to saturated fatty 

acids (SFA), and alcohol13. Consumption of each food component was categorized into sex-, 

cohort-, and examination-specific quartiles. For all components except red meat and alcohol, 

the lowest to highest quartile categories were assigned scores of 0, 1, 2, and 3. The order of 

the scores was reversed for red meat. For alcohol, we assigned a score of 1 if consumption 

was ≥ 10 grams/day and ≤ 25 grams/day for men or ≥ 5 grams/day and ≤ 15 grams/day for 

women. We assigned an alcohol consumption score of 0 for all other values. All the scores 

were summed to create the MDS, which ranged from 0 to 25, with higher scores indicating a 

healthier dietary pattern.

The AHEI was comprised of 11 components (Supplemental Table 1) including vegetables, 

fruits, nuts and legumes, sugar-sweetened beverages and fruit juice, whole grains, red meat, 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), polyunsaturated fatty acids 

(PUFA without EPA and DHA), trans-fatty acids, sodium, and alcohol14. Scores for each 

component ranged from 0 to 10, with a score of 10 indicating that the participant has met 

dietary recommendations based on the 2010 Dietary Guidelines for Americans. All scores 

were summed to create the AHEI score, comprehensively ranging from possible values of 0 

to 110.

Liver fat

The protocols for hepatic fat measurements in the Framingham Heart Study have been 

described elsewhere27, 28. We used abdominal multidetector computed tomography (CT, 

General Electric Health Care) to measure liver fat. We conducted CT scans using an 8-slice 

scanner at baseline (2002-2005) and a 64-slice scanner at follow-up (2008-2011). To 

quantify liver fat, we calculated the mean Hounsfield units of three regions in the liver29. 

Then, the liver-phantom ratio (LPR) was calculated by dividing the mean Hounsfield units 

by the Hounsfield units of a ‘phantom’ control and multiplying by 100. LPR values are 

inversely related to liver fat content. We defined fatty liver as LPR less than or equal to the 

sex-, cohort-, and examination-cycle specific 30th percentile of LPR (Supplemental Table 2) 

in participants without heavy alcohol consumption, previous myocardial infarction, stroke, 

cancer (except for non-melanoma skin cancer), or bariatric surgery. It has been shown that a 

serum aspartate aminotransferase (AST) to alanine aminotransferase (ALT) ratio > 1 is 

associated with increased risk of advanced fibrosis in patients fatty liver30. Therefore, we 
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further categorized our participants into the following mutually exclusive groups: no fatty 

liver, fatty liver alone (isolated NAFL), and fatty liver with serum AST/ALT ratio > 1 

(advanced NAFL).

Genetic risk score

To create a genetic risk score (GRS), we first selected single nucleotide polymorphisms 

(SNPs) from published GWAS of NAFLD22, 31, 32. Selection criteria included: 1) GWAS in 

adults of European ancestry, 2) had replication or functional studies to validate genome-wide 

significant SNPs, and 3) minor allele frequency > 0.05. For SNPs in LD (R-squared ≥0.3), 

we selected the variant with the lowest P-value in GWAS. Five SNPs (rs738409, rs2228603, 

rs12137855, rs780094, and rs4240624) from one published GWAS meta-analysis of NAFLD 

were selected22. Functional features of these SNPs and mapped genes are summarized in 

Supplemental Table 3. Genotyping in the Framingham Heart Study was performed with the 

Affymetrix 550K Array33. SNPs were imputed to the 1000 Genomes Project reference 

panel34. Genotypes were coded using continuous dosages from 0 to 2. We then developed a 

weighted GRS by summing together the product of the number of NAFLD-associated risk 

alleles and the corresponding regression coefficient (Supplemental Table 3) derived from the 

GWAS22.

Covariate assessments

We assessed all covariates when participants visited the research clinic in accordance with 

standard protocols35. Body mass index (BMI) was calculated as weight divided by height 

squared (kg/m2). Waist circumference was measured at the level of the umbilicus with the 

participant in a standing position. Current smokers were defined as participants who self-

reported smoking at least one cigarette per day in the prior year. We used self-reported 

consumption of beer, wine, liquor, and spirits to determine alcohol drinking36. We generated 

a physical activity score using the intensity and time spent for each type of activity assessed 

by the physical activity questionnaire37.

Statistical analysis

The primary exposures were change in MDS (ΔMDS) and change in AHEI score (ΔAHEI) 

and the primary outcome was LPR change (ΔLPR) between baseline and follow-up. We 

applied linear mixed models to account for the family structure in our study sample. The 

initial model (Model 1) adjusted for sex, age, and baseline dietary score (i.e., baseline MDS 

when exposure was ΔMDS and baseline AHEI score when exposure was ΔAHEI), baseline 

LPR, baseline AST/ALT ratio, energy intake, smoking status, and physical activity score. In 

Model 2, we additionally adjusted for baseline BMI and changes in energy intake, smoking 

status, and physical activity score. We next adjusted for BMI change in Model 3. We also 

conducted a mediation test to estimate the proportion of mediation by ΔBMI. In the 

mediation test, we used multiple linear regression models and nonparametric bootstrap with 

1000 simulations to estimate confidence intervals. To explore which specific dietary 

components might drive the association, we applied a similar statistical approach for 

changes in the individual components of MDS and AHEI between baseline and follow-up. 

In these analyses, instead of adjusting for baseline dietary score, we adjusted for baseline 

score of each individual component.
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We examined the prospective association of diet change (ΔMDS and ΔAHEI) and incident 

fatty liver at follow-up. We used generalized estimating equations to estimate the odds ratio 

(OR) of incident fatty liver. In addition, we calculated ORs of incident fatty liver as a 

function of diet change with and without the inclusion of elevated AST/ALT ratio using 

logistic regression models with the generalized logit link function. The cumulative logit link 

function in logistic regression models was used to evaluate the linear trend associated with 

diet change. In the analyses of incident fatty liver, we excluded participants with fatty liver at 

baseline. We adjusted for the same covariates as described above in the primary analyses.

To study gene-diet interactions, we stratified participants into tertile categories according to 

their GRS, i.e., participants who carried low, medium, and high genetic risk for developing 

NAFLD. We also stratified participants into tertile categories according to ΔMDS and 

ΔAHEI. We then performed stratified analyses to examine the associations between GRS 

and ΔLPR in each stratum of the dietary score change using linear mixed models with 

adjustment for the same covariates as described in the primary analysis. We formally 

examined the interaction by testing the multiplicative term of the GRS and ΔMDS or GRS 

and ΔAHEI38, 39.

We conducted a sensitivity analysis by repeating the primary analyses after additionally 

excluding participants with a history of bariatric surgery, myocardial infarction, stroke, and 

cancer (except for non-melanoma skin cancer) before the follow-up examination. Waist 

circumference is an independent risk factor for fatty liver. In the present sample, waist 

circumference was highly correlated with BMI (Pearson r=0.9). We then repeated the 

primary analyses by adjusting for baseline and change in waist circumference instead of 

baseline BMI and ΔBMI. We also conducted analyses to account for potential differences 

between the two studied cohorts. For example, CT scans were obtained near the time of the 

research clinic examinations for the Third Generation cohort, whereas CT scans were 

conducted about 3 years after the research clinic examinations for the Second Generation 

cohort. Thus, we repeated the abovementioned analyses in each cohort separately. Another 

major difference between the two cohorts was age. We therefore performed an interaction 

analysis by testing the significance of the product of ΔMDS or ΔAHEI with age group 

dichotomized at the median value (<49 years or ≥ 49 years). Interaction between sex and 

change in dietary scores was also examined.

All statistical analyses were conducted using SAS statistical software (version 9.3; SAS 

Institute, Cary, North Carolina) or R statistical analysis software (version 3.3.3; https://

www.R-project.org). Given the exploratory nature of the present study, we considered a two-

tailed p<0.05 value as statistically significant.

Results

Participant characteristics

As shown in Table 1, from baseline to follow-up (median interval six years), mean BMI 

increased by 0.7 kg/m2, mean waist circumference increased by 3.1 cm, and the mean LPR 

decreased by 1.1. The dietary scores calculated at baseline and at follow-up examinations 

were correlated, Pearson r was 0.60 for MDS and 0.65 for AHEI (both P<0.001). However, a 
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large inter-individual variation was also observed, mean (standard deviation; SD) was 0.3 

(4.0) for ΔMDS and 6.0 (10.3) for ΔAHEI (Table 1, Supplemental Tables 4 and 5).

Change in diet quality and change in BMI and waist circumference

After adjusting for multiple covariates (Supplemental Table 6 and 7), both serially increased 

(i.e. healthier) MDS and AHEI score were associated with less weight gain. For one SD 

increase in MDS, BMI declined by 0.38 kg/m2 (95%CI: 0.24, 0.51; P<0.001) and WC 

declined by 1.07 cm (95%CI: 0.69, 1.45; P<0.001). Similarly, per SD increase in AHEI 

score, BMI declined by 0.38 kg/m2 (95%CI: 0.25, 0.51; P<0.001) and WC declined by 0.99 

cm (95%CI: 0.64, 1.35; P<0.001).

Change in diet quality and change in LPR

As shown in Table 2, increased MDS score from baseline to follow-up was associated with 

reduced liver fat accumulation after adjusting for baseline values and longitudinal changes in 

covariates; for each SD serial increase in MDS, the decline in LPR during followup (an 

indicator of increased liver fat accumulation) decreased by 0.57 (95%CI: 0.27, 0.86; 

P<0.001). LPR declined the most, −1.90 (95%CI: −2.63, −1.18), in the lowest quartile 

category of ΔMDS (median MDS decreased by 4 units). In contrast, change in LPR (−0.49; 

95%CI: −1.19, 0.21) was not significantly different from zero in the highest quartile 

category of ΔMDS (median MDS increased by 4 units). After also adjusting for ΔBMI, the 

association between ΔMDS and ΔLPR was attenuated, but remained statistically significant 

(P=0.02). The proportion of mediation by ΔBMI was 38% (95%CI: 19% – 73%; P<0.001).

We observed similar associations between ΔAHEI and ΔLPR (Table 3). For each SD serial 

increase in AHEI score, the corresponding decline in LPR was 0.56 (95%CI: 0.29, 0.84; 

P<0.001) after adjusting for baseline values and changes in covariates. Participants in the 

lowest quartile category of ΔAHEI (median AHEI decrease by 6 units) had the greatest 

reductions in LPR (−1.71; 95%CI: −2.41, −1.01), while, those in the highest quartile 

category of ΔAHEI (median AHEI increased by 18 units) had least reduction in LPR (−0.34; 

95%CI: −1.07, 0.38). The association between ΔAHEI and ΔLPR also remained significant 

after additional adjustment for ΔBMI (P=0.01). The proportion of mediation by ΔBMI was 

38% (95%CI: 22% – 73%; P<0.001).

Change in diet quality and incident fatty liver

We observed that both increased MDS and increased AHEI were associated with reduced 

risk of incident fatty liver after adjusting for baseline values and changes in covariates 

(Figure 1A and 1B). The odds of incident fatty liver declined by 26% (95%CI: 10%, 39%; 

P=0.002) for one SD increase in MDS and by 21% (95%CI: 5%, 35%; P=0.02) for one SD 

increase in AHEI. Odds ratios (ORs) for incident fatty liver for each quartile category of 

ΔMDS and ΔAHEI are shown in Supplemental Table 8. After additionally adjusting for 

ΔBMI (Supplemental Table 7), the observed association remained significant for ΔMDS 

(P=0.03) but not for ΔAHEI (P=0.12).

Figure 2 shows that both the risks of incident isolated NAFL and advanced NAFL declined 

in concert with an increase in MDS or AHEI. For one SD increase in MDS, OR of incident 
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isolated NAFL was 0.77 (95%CI: 0.60, 0.97; P=0.03) and OR of incident advanced NAFL 

was 0.68 (95%CI: 0.49, 0.94; P=0.02), P-trend=0.002. For one SD increase in AHEI, OR for 

incident isolated NAFL was 0.80 (95%CI: 0.64, 0.99; P=0.049) and OR for incident 

advanced NAFL was 0.76 (95%CI: 0.56, 1.03; P=0.07), P-trend=0.01.

Change in individual dietary components and change in liver fat

Among the nine components of MDS, increased scores for vegetables, nuts, legumes, and 

red meat (a higher score indicating a higher intake of vegetables, nuts, and legumes and a 

lower intake for red meat) were associated with less liver fat accumulation after adjusting for 

baseline values and longitudinal changes in covariates (Supplemental Table 9). Each 1-SD 

increase in the scores for vegetables, nuts, legumes, and red meat were associated with 0.31 

(95%CI: 0.001, 0.62, P=0.049), 0.41 (95%CI: 0.09, 0.74, P=0.01), 0.38 (95%CI: 0.07, 0.69, 

P=0.02), and 0.35 (95%CI: 0.02, 0.67, P=0.04) increases in LPR, respectively, reflecting a 

longitudinal decline in liver fat.

Among the 11 components of the AHEI, increased scores for vegetables, fruits, nuts and 

legumes, whole grains, red meat, EPA and DHA, and trans-fatty acids (a higher score 

indicating a higher intake of vegetables, fruits, nuts and legumes, whole grains, and EPA and 

DHA and a lower intake for red meat and trans-fatty acids) were associated with lower liver 

fat accumulation after adjusting for baseline values and changes in covariates (Supplemental 

Table 10). Each 1-SD increase for these seven individual scores was associated with 0.36 

(95%CI: 0.06, 0.67, P=0.02), 0.50 (95%CI: 0.20, 0.80, P=0.001), 0.39 (95%CI: 0.09, 0.69, 

P=0.01), 0.34 (95%CI: 0.02, 0.66, P=0.04), 0.37 (95%CI: 0.04, 0.69, P=0.03), 0.31 (95%CI: 

0.02, 0.60, P=0.03), 0.41 (95%CI: 0.08, 0.75, P=0.02) increases in LPR, respectively.

In addition, the combined fruit and vegetable scores in both MDS and AHEI were inversely 

associated with liver fat accumulation, P=0.02 and P=0.01 (Supplemental Table 9 and 10). 

After additionally adjusting for ΔBMI, the nuts score in MDS and the score for nuts and 

legumes in AHEI remained significant (P=0.02 and P=0.04, respectively). For both MDS 

and AHEI, the strength of the association between individual components and ΔLPR was 

generally lower than that for the overall score.

Gene-diet interaction for change in LPR

The interaction term between GRS and ΔMDS was significant (P<0.001; Figure 3A). 

Among participants who were in the lowest tertile category of ΔMDS (i.e. declining diet 

quality from baseline to follow-up) we observed a significant association between NAFLD-

associated GRS and increased liver fat accumulation from baseline to follow-up (P<0.001). 

In contrast, the association between GRS and ΔLPR was not significant in participants who 

were in the middle and highest tertile categories of ΔMDS, i.e. those who had a stable or 

improved diet quality. The interaction term was also significant between GRS and ΔAHEI 

(P<0.001; Figure 3B). We observed a similar relationship for ΔAHEI; an inverse association 

between GRS and ΔLPR was only significant in participants in the lowest tertile category of 

ΔAHEI, representing those with declining diet quality from baseline to follow-up (P=0.001). 

In participants whose diet remained stable or improved, the association between GRS and 

ΔLPR was not significant.
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Sensitivity analysis

After excluding 168 participants with a history of bariatric surgery, myocardial infarction, 

stroke, or cancer (except for non-melanoma skin cancer) before the follow-up examinations, 

the association remained similar between ΔMDS and ΔLPR (Supplemental Table 11) and 

between ΔAHEI and ΔLPR (Supplemental Table 12). Substitution of waist circumference 

for BMI did not substantially alter the observed associations between ΔMDS and ΔLPR 

(Supplemental Table 13) or between ΔAHEI and ΔLPR (Supplemental Table 14). As shown 

in Supplemental Figure 1, the observed overall association between change in diet quality 

(ΔMDS and ΔAHEI) and ΔLPR was driven by the significant association in the Third 

Generation cohort, a younger group in which dietary assessment, clinical examinations, and 

liver fat measurements were assessed at the same time. Further, we observed no interaction 

between age and change in dietary scores (P=0.40 for ΔMDS and P=0.09 for ΔAHEI) or 

between sex and change in dietary scores (P=0.82 for ΔMDS and P=0.62 for ΔAHEI).

Discussion

From our longitudinal analysis we observed that improved diet quality from baseline to 

follow-up was associated with reduced liver fat accumulation in a group of middle-aged to 

older adults. Compared with participants whose diet quality declined most over time (i.e. the 

lowest quartile of longitudinal dietary score change), those whose diet improved the most 

(i.e. the highest quartile) had about 80% less liver fat accumulation from baseline to follow-

up. We found that these associations were largely driven by increased consumption of fruits, 

vegetables, nuts, legumes, whole grains, EPA and DHA and decreased consumption of red 

meat and trans-fat. We also observed that adopting a healthier eating pattern was associated 

with lower risk of developing fatty liver, particularly fatty liver accompanied by biochemical 

changes (increased AST/ALT ratio). Furthermore, we found that adopting a healthier diet 

might mitigate an individual’s genetic predisposition to NAFLD. Considered in aggregate, 

these findings indicate that after accounting for serial weight change, the adoption of a 

healthier diet is associated with favorable changes in liver fat accumulation and reduced risk 

of NAFLD.

The present study examined two a priori dietary scores, MDS and AHEI13, 14. Whereas most 

of the individual MDS dietary components overlapped with the AHEI components, the 

scores assigned to each component were weighted differently; MDS used population-based 

cutoffs, whereas AHEI was constructed based on dietary guidelines. Therefore, the two 

scores complement each other.

A recent prospective observational study of 146,071 individuals, who were followed for up 

to 20 years, demonstrated that increases in MDS and AHEI were associated with less weight 

gain40. Our findings on the relations of dietary scores to longitudinal change in weight were 

similar; we found that after six years of observation, improved diet quality scores were 

associated with a lower increase in BMI and waist.

To our knowledge, ours is the first prospective study to examine the relations of long-term 

habitual diet to fatty liver. A cross-sectional study among 5,079 participants enrolled in a 

multi-ethnic cohort showed that a higher diet-quality score, constructed based on the 
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Mediterranean diet, was associated with less liver fat41. Further, a six-week randomized, 

crossover intervention study implemented in 12 biopsy-proven NAFLD cases demonstrated 

that, compared with a low-fat and high-carbohydrate diet, a Mediterranean diet was 

associated with greater reductions in liver fat despite similar weight loss between the two 

diets11.

The present study extends the current literature by providing novel evidence of an inverse 

association between long-term diet quality changes and serial changes in liver fat 

accumulation in the general population.

Previous studies have shown that dietary constituents, such as omega-6/omega-3 PUFA ratio 

and dietary carbohydrate, might modify the effect of a NAFLD-associated polymorphism, 

rs738409 (PNPLA3), on liver fat accumulation in adolescents42, 43. However, studies 

examining the ways in which overall diet quality may interact with genetic risk factors for 

NAFLD are lacking. Our findings indicate that worsening diet quality may accentuate the 

genetic predisposition to NAFLD, while improving diet quality may mitigate genetic risk. 

Replication studies in independent cohorts with sufficient sample sizes are needed to 

validate our observations.

Our observations suggest that two types of mechanisms may be involved in the relationship 

between diet and liver fat. First, diet may impact liver fat deposition by regulating overall 

adiposity. This is supported by our findings that the association of diet quality change and 

liver fat accumulation was attenuated by adjusting for change in BMI. Several food 

components such as fruits and vegetables may affect liver fat through this mechanism. Fruits 

and vegetables contain high amounts of water and fiber, which can decrease energy intake 

by affecting satiety and improve weight control44. High fiber consumption may promote 

enrichment of certain bacteria in the gut such as members in phylum Firmicutes45, which is 

commonly depleted in NAFLD patients46. One potential pathway linking dietary fiber, gut 

microbiota, and NAFLD is through regulating the bacterial synthesis of short-chain fatty 

acids (SCFAs)46. SCFAs are hypothesized to play complex roles in NAFLD. High fiber 

consumption increases the richness of fiber-degrading bacteria, which in turn increase the 

production of beneficial SCFAs such as butyrate. Available evidence reveals that butyrate 

may suppress inflammation and thus reduce the likelihood of the development and 

progression of NAFLD46. The other mechanism that could link diet to liver fat accumulation 

is based on specific biochemical processes occurring in the liver. This hypothesis is 

supported by our observation that increased nut or combined nut and legume consumption 

was associated with reduced liver fat accumulation independent of change in BMI. 

Preliminary evidence suggests that nut consumption may promote fat oxidation and reduced 

ectopic fat mass in viscera47. However, as human studies supporting this hypothesis are 

limited, future research exploring the benefits of nut consumption on hepatic fat 

accumulation is warranted.

NALFD has reached epidemic-levels and has a substantial impact on public health1. NAFLD 

is associated with increased type 2 diabetes risk9, 48. It is also projected to become the 

leading indication for liver transplantation in the US by 20253, 4, and when simple hepatic 

steatosis progresses to nonalcoholic steatohepatitis (NASH), individuals are at an increased 
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risk for liver cancer49. Our findings emphasize the notion that improving diet quality is an 

important strategy for NAFLD prevention and, particularly among those with high genetic 

risk.

The methods used in this study have many strengths, particularly the prospective assessment 

of changes in diet and liver fat with six years of observations. There are also several 

limitations that warrant discussion. We used an 8-slice scanner at baseline (2002-2005) and a 

64-slice scanner at follow-up (2008-2011). The technology differed from the baseline to the 

follow-up examination, which may have impacted absolute values of the LPR. For this 

reason, we used percentiles rather than fixed values of LPR to define changes in liver fat 

accumulation and fatty liver. In the second-generation cohort, CT was conducted on average 

three years after the clinical examinations, which might bias point estimates toward a weaker 

observed association. The AST to ALT ratio has been examined as a surrogate marker for 

advanced liver fibrosis, but sensitivity of the ratio is relatively low30. Because we lacked 

additional data, we did not explore liver fat changes related to viral infection and use of 

medications such as steroids and tamoxifen. However, we believe that fatty liver due to these 

exposures is rare in our study setting. We selected several key dietary components to 

construct the MDS and AHEI, however, other dietary constituents may play important roles 

in liver fat metabolism. Longitudinal change in dietary scores observed in the present study 

might reflect a regression to mean phenomenon; however, this phenomenon would likely 

attenuate the observed associations. The semi-quantitative FFQ used in the present study 

may lead to misclassification. In addition, diet was not assessed between baseline and 

follow-up examinations. Whereas we adjusted for a variety of lifestyle factors, residual 

confounders cannot be ruled out. Finally, our participants are predominantly white, which 

limits the generalizability of these results to other populations.

We demonstrate that improved diet quality over six years was associated with reduced liver 

fat accumulation and lower risk and severity of fatty liver in a group of middle-aged to older 

adults. Our findings also indicate that improved diet quality may be particularly important 

for those with high genetic risk for NAFLD. Future intervention studies are needed to test 

the efficacy and efficiency of diet-based approaches for NAFLD prevention as well as to 

examine mechanisms underlying the association between diet and NAFLD.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Association of change in Mediterranean-style diet (ΔMDS) and change in alternative healthy 

eating index (ΔAHEI) and incident fatty liver. Symbols and bars are odds ratios and 95% 

confidence interval. 1A is for ΔMDS and 1B is for ΔAHEI. Model adjusted for sex, age, 

baseline MDS or AHEI, baseline liver-phantom ratio, baseline AST/ALT ratio, energy 

intake, smoking, physical activity level, BMI, as well as change in smoking status, physical 

activity, and energy intake.
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Figure 2. 
Predicted probability of incident fatty liver with elevated AST/ALT ratio (advanced NAFL) 

and incident fatty liver without elevated AST/ALT ratio (isolated NAFL) according to the 

change of diet quality. 2A for the Mediterranean-style dietary score (MDS) and 2B for the 

alternative healthy eating index (AHEI). Sample size was 1092, no fatty liver (N=912), 

isolated NAFL (N=122), and advanced NAFL (N=58). Model adjusted for sex, age, baseline 

MDS or AHEI, baseline liver-phantom ratio, baseline AST/ALT ratio, and baseline values of 

energy intake, smoking, physical activity level, BMI, as well as change in smoking status, 

physical activity, and energy intake.
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Figure 3. 
Association between genetic risk score (GRS; tertile categories) and change in liver-

phantom ratio across tertile categories of dietary score change. A is for Mediterranean-style 

dietary score (MDS) and B is for alternative healthy eating index (AHEI). Values of y-axis 

are mean change and 95% confidence interval in liver-phantom ratio (a lower value represent 

increase in liver fat accumulation). P-interaction and P-trend were calculated with 

adjustment for sex, age, and baseline values of liver-phantom ratio, dietary score (MDS or 

AHEI), aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio, smoking 
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status, physical activity level, energy intake, BMI, as well as change in smoking status, 

physical activity, and energy intake.
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