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Background: Evidence for an association between dietary acid load (DAL) and non-alcoholic fatty liver disease (NAFLD) is scarce 
and controversial. We aimed to address whether an association exists between DAL and NAFLD/advanced liver fibrosis (AHF) among 
US adults in a nationally representative study.
Methods: This was a cross-sectional study. We included adult participants from the National Health and Nutrition Examination 
Survey 1999–2018. Potential renal acid load (PRAL) and estimated net endogenous acid production (NEAP) was calculated from the 
literature and NAFLD/AHF was diagnosed by noninvasive markers. We comprehensively explored these relationships using multi-
variate adjusted regression models, restricted cubic spline, stratification analysis, and sensitivity analysis.
Results: We enrolled a total of 18,855 participants. All DAL metrics were positively and nonlinearly associated with NAFLD (all 
p-values < 0.0001), whereas NEAPF and NEAPR may be associated with AHF. In the stratified analysis, we found that the correlation 
between DAL and NAFLD exists in all ages and genders, but the effect of DAL seems to be more obvious in middle-aged, elderly and 
women. Similarly, we found that the effect of DAL on AHF was more significant in 45–60-year-olds and women. Sensitivity analyses 
revealed stability of all results.
Conclusion: DAL including PRAL and NEAP were positively associated with NAFLD in a large nationally representative cross- 
sectional study. NEAPF and NEAPR may be associated with increased odds of AHF. Adjustment for diet-dependent DAL requires age- 
and sex-specific strategies. Future prospective studies are needed to validate our findings.
Keywords: nonalcoholic fatty liver disease, NHANES, liver fibrosis, dietary acid load, nutrient

Introduction
Nonalcoholic fatty liver disease (NAFLD) is defined as lipid buildup of more than 5% in hepatocytes in the absence of 
other contributing factors to liver injury, with a disease spectrum ranging from simple steatosis to nonalcoholic 
steatohepatitis characterized by associated inflammation and fibrosis, and a fraction of patients may progress to cirrhosis 
and hepatocellular carcinoma.1 NAFLD is now the most common chronic liver disease worldwide (~1 in 3 adults have 
NAFLD), and its prevalence and incidence have dramatically risen over the past few decades and have emerged as the 
leading cause of liver transplantation.2,3 In addition, NAFLD is a multisystem disease that is closely linked not only to 
metabolic diseases such as obesity and diabetes, but also to the development of other clinical entities such as 
cardiovascular disease (CVD), chronic kidney disease, and depression.4 Despite the substantial public health burden 
associated with NAFLD, there are still no FDA-approved drug therapies for the treatment of NAFLD.

Lifestyle interventions, including a well-balanced diet, remain the cornerstone of NAFLD management and prevention. 
Certain dietary components have been shown to have the ability to promote an acidic environment in the body (“acidic foods”, 
eg, meat and meat products, cheese, and soft drinks), while others may promote a non-acidic environment in the body 
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(“alkaline foods”, such as fruits, vegetables, and whole grains).5 Acid-base balance is essential for the body to maintain 
metabolic homeostasis, while a chronically acidic environment (low-grade metabolic acidosis) has been shown to be 
associated with the development of a variety of diseases such as CVD, diabetes, and cancer.6–8 The ability of this diet to 
induce an acidic environment in the body is called dietary acid load (DAL) and can be assessed by a variety of formulas based 
on nutrient intake and / or body measurements, such as PRAL and NEAP.9,10

Therefore, DAL has been hypothesized to have a potential association with NAFLD. There are currently only four 
observational studies that have explored this relationship; however, the findings are inconsistent and have been 
conducted mainly in Asian and some European cohorts.11–14 We therefore addressed this disputed relationship in 
a nationally representative population-based cross-sectional study, the National Health and Nutrition Examination 
Survey (NHANES), and elucidated whether the association may exist among US adults. Our findings may provide 
new insights into the management of NAFLD among US adults by adjusting DAL according to dietary components 
and answer the question of whether there is variability in the effects of DAL on NAFLD across countries or 
ethnicities.

Materials and Methods
Study Design and Population
NHANES is the major project of the National Center for Health Statistics (NCHS), of which NCHS is part of the Centers for 
Disease Control and Prevention and is tasked with providing the country with vital and health statistics. The principal purpose 
of NHANES is to assess the health and nutritional status of children and adults across the US which includes interviews 
(includes demographic, socioeconomic, dietary, and health-related questions), physical examinations (consists of medical, 
dental, and physiological data), and laboratory test data. NHANES was designed as a serial (2-year cycle from 1999 onwards), 
multistage, complex, probability-sampling cross-sectional study representative of noninstitutional populations across the US. 
The NHANES was reviewed and approved by the NCHS Research Ethics Review Board, and informed consent was obtained 
from all participants. NHANES is publicly accessible, and more information is available online.15

We first included 101,316 participants and excluded those younger than 18 years (n=42,112), pregnant (n=1670), and 
with cancer (n=5140). Second, we excluded patients with missing FLI diagnostic indicators (n=7855), missing DAL 
indicators (n=6143), excessive alcohol consumption (n=6980), and patients with chronic hepatitis (n=615). Finally, we 
excluded the population with missing covariates (n=11,946). Thus, we ultimately included 18,855 eligible participants in 
the study. (Figure 1)

Definition of DAL
We use four well-established formulas as proxies for DAL based on a recent study.16 First, we used the PRAL formula 
proposed by Remer et al which is based on daily intake of total protein and multiple minerals: PRALR mEq=dayð Þ¼ 0:49ð

�total protein g=dayð ÞÞþ 0:037� phosphorus mg=dayð Þð Þ� 0:021� potassium mg=dayð Þð Þ� 0:026�magnesium mg=dayð Þð Þ

� 0:013� calcium mg=dayð Þð Þ9 Subsequently, Frassetto et al10 proposed a simplified formula for calculating DAL, ie, 
NEAPF mEq=dayð Þ¼ 54:4� protein g=dayð Þ=potassium mEq=dayð Þð Þ� 10:2. Another NEAP formula is NEAPR mEq=dayð Þ

¼ PRALR mEq=dayð ÞþOAest mEq=dayð Þ from Remer et al17 where OAest is the anthropometrically estimated organic acid 
secretion, which is obtained from the body surface area× 41/1.73 (the body surface area was calculated by the formula of 
Dubois et al18). Finally, NEAPL mEq=dayð Þ¼ PRALR mEq=dayð ÞþOAdiet mEq=dayð Þ, where OAdiet¼ 32:9þ ð0:15�
½ potassium mmol=dayð Þþ calcium mmol=dayð Þ�2ð Þþ magnesium mmol=dayð Þ�2ð Þ� phosphorusðð mmol=dayð Þ�1:8�Þ.19

Covariates
We selected several important potential covariates based on previous research, including age, gender (male or female), 
ethnicity (Mexican American, non-Hispanic black, non-Hispanic white, other Hispanic, or other races), education (<high 
school, high school, or >high school), marital status (single or not), family income to poverty (PIR), smoking (classified 
as no, former, or now, based on questionnaire responses), physical activity (metabolic equivalent [MET] for level of 
physical activity according to the questionnaire), total daily energy intake (kcal/day), diabetes (no or yes, the diagnosis is 
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based on one of the following: if the doctor says that a person has diabetes, has a HbA1c > 6.5%, a fasting blood glucose 
> 7.0 mmol/l, a random blood glucose ≥ 11.1 mmol/l, a 2-hour OGTT blood glucose ≥ 11.1 mmol/l, or is taking related 
medication), hypertension (no or yes, hypertension is present if a doctor says a person has high blood pressure, is taking 
anti-hypertensive medication, or has a blood pressure ≥ 130/85 mmHg), and CVD (self-reported).

Definition of NAFLD and AHF
We used a widely validated noninvasive score with good diagnostic accuracy, the Fatty Liver Index (FLI), as a surrogate 
for NAFLD. FLI was calculated based on serum triglycerides (TG), body mass index (BMI), waist circumference 
(WC), and serum gamma-glutamyl transpeptidase (GGT). The following formula is calculated for 
FLI: FLI ¼ e0:953�loge TGð Þþ0:139�BMIþ0:718�loge GGTð Þþ0:053�WC� 15:745� �

= 1þe0:953�loge TGð Þþ0:139�BMIþ0:718�loge GGTð Þþ0:053�WC� 15:745� �

�100.20 FLI ≥60 was considered to have presumptive NAFLD. This is the relationship between DAL and AHF in NAFLD. AHF 
was defined as NAFLD fibrosis score (NFS) > 0.676 or fibrosis 4 index (FIB-4) > 2.67 or aspartate aminotransferase (AST)/ 
platelet ratio index (APRI) > 1 in the presence of NAFLD.21 The formulas for these indicators are as follows: 
NFS ¼ � 1:675þ 0:037� ageþ 0:094� BMIþ 1:13� impaired fasting glycemia or diabetes yes ¼ 1; no ¼ 0ð Þþ0:99;�

Include

NHANES 1999:2018:
N= 101,316

52,394  individuals

44,539 individuals

Exclude

Missing of FLI, N=7855

38,396 individuals

Missing of DAL, N=6143

Excessive drinking, N=6980
Viral hepatitis (HBV or HCV), N=615

30,801 individuals

Age < 18, N=42,112
Pregnant now, N=1670

Cancer, N=5140

Other covariates, including marital status, PIR, Education 
level, smoke, hypertension, CVD, energy intake, and 

exercise status, N=11,946

Final data, N=18,855

Figure 1 Flow chart of study population selection. 
Abbreviations: PIR, family income to poverty; FLI, Fatty Liver Index; DAL, dietary acid load; CVD, cardiovascular disease; NHANES, the National Health and Nutrition 
Examination Survey.
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AST=alanine aminotransferase ALTð Þ� 0:013� platelet � 0:66� albumin; 22 FIB � 4 ¼ age� ASTð Þ= Platelet counts�ð

SQRT ALTð Þð ÞÞ; 23 APRI ¼ AST=upper limit of normal ULNð Þ½ �=Platelet countsð Þ�100.24 For the 1999–2000 NHANES 
cycle, AST = 40 U/L was adopted as ULN, and in subsequent years, 33 U/L was used as ULN.25

Statistical Analysis
All analyses were performed using EmpowerStats software and R version 4.1.3. Due to the complex design of NHANES, 
we properly weighted our data analysis according mediatto NHANES reporting guidelines for the survey. Continuous 
variables (expressed as mean and standard error [SE]) and percentages of categorical variables were used to characterize 
the study population. In baseline analysis, the Student’s t-test for continuous variables or chi-square test for categorical 
variables was applied. In the multivariate adjusted regression analysis, we constructed three models. Model 1 was a crude 
model that did not adjust for any covariates; model 2 was a partially adjusted model that adjusted for age, sex, race, 
marital status, PIR, and education; and model 3 was a fully adjusted model that further adjusted for smoking, total energy 
intake, physical activity, diabetes, hypertension, and CVD in addition to model 2. We then performed multiple restricted 
cubic spline (RCS) analysis to explore potential nonlinear relationships. The curve fitting term is defined by the RCS 
function from the rms package, and the degrees of freedom (or knots) are determined according to the magnitude of the 
P for nonlinear value.

In addition, we performed stratification and sensitivity analyses to verify the consistency and stability of the findings 
across subgroups. We first performed tertile and quintile divisions when DAL was used as a categorical variable to 
validate the stability of the results. Second, we used another widely validated alternative noninvasive diagnostic index for 
NAFLD, the USFLI,26 to perform sensitivity analyses to demonstrate the consistency and reliability of the results.

Results
Baseline Characteristics
We included 18,855 participants (49.56% male, overall mean age 46.1 years). We found that all values of DAL (denoted as 
median and interquartile range, with error bars denoting maximum and minimum values) tended to increase slowly or 
remain relatively stable in the included general population as the NHANES survey cycle advanced. (Figure 2) There were 
8362 putative individuals with NAFLD, with a prevalence of 44.3%, and 801 participants in the AHF population, with 
a prevalence of 9.6% among NAFLD subjects. We first grouped the overall population based on the presence or absence of 
NAFLD. Compared to the population without NAFLD, individuals with NAFLD were older, had lower PIR and education 
levels, higher MET, and total energy intake, were more likely to be males, non-single, non-Hispanic White, and smokers, 
and had higher prevalence of diabetes, hypertension, and CVD. In terms of dietary intake, people with NAFLD have higher 
protein, fat, phosphorus, and sodium intake and lower fiber and magnesium intake. Notably, all four DAL measures 
(continuous) were higher in patients with NAFLD (all p < 0.0001). (Table 1) The AHF population was significantly 
different from the non-AHF population in age, PIR, total energy intake, education, smoking, diabetes, hypertension, and 
CVD. As for dietary intake, interestingly, protein, fat, calcium, phosphorus, magnesium, and potassium intake were all 
lower. Among the 4 DAL metrics, only NEAPR (p=0.001) differed between groups. (Supplementary Table 1)

Multivariate Adjusted Regression Analysis
We then constructed three survey-weighted multivariate adjusted logistic regression models to explore thoroughly the indepen-
dent association of DAL with NAFLD/AHF. We constructed three models: model 1 is a crude model that did not adjust for any 
covariates; model 2 is a partially adjusted model; and model 3 is a fully adjusted model that adjusted for all covariates. In all 
models, all four DAL indicators were significantly associated with NAFLD (p-values for treated as continuous variables and 
p-trends were all <0.0001). In the fully adjusted model, all DAL indicators were independently and positively associated with 
NAFLD (both regarded as continuous and categorical variables). Specifically, PRALR, NEAPF, NEAPR, and NEAPL, in the 
highest quartile (Q4) increased the odds of NAFLD by 81%, 73%, 374%, and 61%, respectively, compared to the reference 
population (Q1) (all p < 0.0001), When used as a categorical variable, higher DAL had a lower prevalence of NAFLD than the 
reference population (all p for trend <0.0001). (Table 2)
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Further, we explored the independent association of all DALs with AHF. We found that only NEAPF and NEAPR 

were significantly associated with AHF in the fully adjusted model. When considered as continuous variables, both 
NEAPF and NEAPR were independently associated with AHF (NEAPF, odds ratio [OR] 1.01, 95% confidence interval 
[CI] (1.00, 1.02), p=0.0319; NEAPR, OR 1.02, 95% CI (1.01, 1.03), p<0.0001). In Q4 compared to Q1, NEAPF and 
NEAPR increased the odds of AHF by 51% and 231%. (Supplementary Table 2)

Nonlinear Relationship Exploration
We went on to understand whether there was a nonlinear relationship between these relationships by constructing RCS 
models. We observed significant nonlinear relationships (all p nonlinearity < 0.0001) in all the DAL and NAFLD 
relationships, with inflection points of 11.8373, 53.996, 56.4236, and 53.161 for PRALR, NEAPF, NEAPR, and NEAPL, 
respectively. (Figure 3A–D) Further piecewise logistic regression analysis on both sides of the inflection point showed 
that on both sides DAL was independently associated with NAFLD, but the effect was slightly higher on the left side of 
the inflection point compared to the right side. (Supplementary Table 3)

A B

C D

PRALR(mEq/day) NEAPF(mEq/day)

NEAPR(mEq/day) NEAPL(mEq/day)

Figure 2 Trends in the values of the DAL indicator over the time of the survey cycle. (A) Trends in the values of the DAL indicator over the time of the survey cycle for 
PRALR. (B) Trends in the values of the DAL indicator over the time of the survey cycle for NEAPF. (C) Trends in the values of the DAL indicator over the time of the survey 
cycle for NEAPR. (D) Trends in the values of the DAL indicator over the time of the survey cycle for NEAPL. 
Abbreviation: DAL, dietary acid load.
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Table 1 Baseline Characteristics According to Presence or Absence of NAFLD

Variable Total No Yes P value

Age 46.17±0.28 44.17±0.35 48.99±0.27 < 0.0001

PIR 3.29±0.04 3.36±0.04 3.19±0.04 < 0.0001

MET 2248.84±56.95 2176.75±63.29 2350.65±71.16 0.02

Energy (kcal) 2164.50±13.00 2128.53±15.06 2215.31±19.20 < 0.001

Protein (g/d) 83.41±0.47 81.20±0.64 86.52±0.75 < 0.0001

Fiber (g/d) 17.18±0.18 17.49±0.23 16.75±0.19 0.005

Fat (g/d) 83.52±0.58 80.44±0.69 87.88±1.00 < 0.0001

Calcium (mg/d) 935.66±8.14 932.78±11.83 939.73±10.04 0.65

Phosphorus (mg/d) 1376.03±8.77 1352.74±12.00 1408.91±11.85 < 0.001

Magnesium (mg/d) 300.99±2.61 304.74±3.53 295.70±2.65 0.02

Sodium (mg/d) 3510.52±22.12 3389.97±24.75 3680.78±38.73 < 0.0001

Potassium (mg/d) 2797.45±19.72 2798.85±26.55 2795.47±25.23 0.92

PRALR (mEq/day) 13.05±0.30 11.01±0.32 15.92±0.44 < 0.0001

NEAPF (mEq/day) 56.03±0.33 54.41±0.42 58.32±0.40 < 0.0001

NEAPR (mEq/day) 58.14±0.34 53.30±0.34 64.98±0.47 < 0.0001

NEAPL (mEq/day) 55.50±0.27 53.70±0.29 58.04±0.41 < 0.0001

Sex (%) < 0.0001

Male 9345 (49.56) 4697 (41.91) 4648 (58.68)

Female 9510 (50.44) 5796 (58.09) 3714 (41.32)

Race (%) < 0.001

Mexican American 2801 (14.86) 1332 (4.98) 1469 (6.79)

Non-Hispanic White 3832 (20.32) 2044 (9.09) 1788 (9.83)

Non-Hispanic Black 9042 (47.96) 5134 (74.74) 3908 (73.99)

Other Hispanic 1367 (7.25) 742 (5.01) 625 (4.62)

Other Race 1813 (9.62) 1241 (6.18) 572 (4.77)

Marital (%) < 0.001

Non-single 12,204 (64.73) 6636 (68.09) 5568 (72.37)

Single 6651 (35.27) 3857 (31.91) 2794 (27.63)

Education (%) < 0.0001

<high school 1520 (8.06) 741 (3.47) 779 (4.13)

High school 6257 (33.18) 3201 (28.38) 3056 (36.14)

>high school 11,078 (58.75) 6551 (68.14) 4527 (59.73)

(Continued)
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Table 1 (Continued). 

Variable Total No Yes P value

Smoking (%) < 0.0001

Never 11,329 (60.08) 6658 (62.40) 4671 (55.14)

Former 4657 (24.7) 2221 (21.84) 2436 (29.75)

Now 2869 (15.22) 1614 (15.75) 1255 (15.11)

Diabetes (%) < 0.0001

No 16,114 (85.46) 9716 (95.91) 6398 (83.37)

Yes 2741 (14.54) 777 (4.09) 1964 (16.63)

Hypertension (%) < 0.0001

No 11,592 (61.48) 7553 (78.15) 4039 (52.35)

Yes 7263 (38.52) 2940 (21.85) 4323 (47.65)

CVD (%) < 0.0001

No 17,240 (91.43) 9834 (95.68) 7406 (89.93)

Yes 1615 (8.57) 659 (4.32) 956 (10.07)

Abbreviations: NAFLD, nonalcoholic fatty liver disease; PIR, family income to poverty; MET, metabolic equivalent; PRAL, 
potential renal acid load; NEAP, estimated net endogenous acid production; CVD, cardiovascular disease.

Table 2 Multivariate Adjusted Regression Models for All DAL and NAFLD

Variable Model 1 Model 2 Model 3
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

PRALR 1.01 (1.01, 1.01) <0.0001 1.01 (1.01, 1.01) <0.0001 1.01 (1.01, 1.01) <0.0001

PRALR quartile

Q1 Ref. Ref. Ref.

Q2 1.22 (1.09, 1.36) 0.0006 1.29 (1.16, 1.44) <0.0001 1.27 (1.14, 1.43) 0.0001

Q3 1.27 (1.13, 1.44) 0.0001 1.41 (1.24, 1.61) <0.0001 1.34 (1.17, 1.54) <0.0001

Q4 1.80 (1.59, 2.02) <0.0001 1.96 (1.72, 2.23) <0.0001 1.81 (1.57, 2.09) <0.0001

p for trend <0.0001 <0.0001 <0.0001

NEAPF 1.01 (1.01, 1.01) <0.0001 1.01 (1.01, 1.01) <0.0001 1.01 (1.01, 1.01) <0.0001

NEAPF quartile

Q1 Ref. Ref. Ref.

Q2 1.17 (1.05, 1.31) 0.0053 1.20 (1.07, 1.36) 0.0028 1.16 (1.02, 1.32) 0.0214

Q3 1.40 (1.24, 1.58) <0.0001 1.52 (1.34, 1.73) <0.0001 1.41 (1.23, 1.62) <0.0001

Q4 1.65 (1.43, 1.90) <0.0001 1.91 (1.65, 2.20) <0.0001 1.73 (1.50, 2.00) <0.0001

p for trend <0.0001 <0.0001 <0.0001

(Continued)
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We also explored the potential nonlinear relationship between DAL and AHF. Similarly, only NEAPF and NEAPR 

had significant nonlinear relationships with AHF (p-nonlinearity and inflection points of 0.0034, 53.9965 and 0.0456, 
56.4236 for NEAPF and NEAPR, respectively). (Figure 3E–H) Piecewise logistic regressions on both sides of the 
inflection point suggest that NEAPF loses its link to the AHF on the right side of the inflection point, while NEAPR 

similarly has a slightly more significant effect on the left side of the inflection point. (Supplementary Table 4)

Stratified Analysis
To verify whether the relationship between DAL and NAFLD/AHF remained stable across age and gender subgroups, we 
performed stratified analyses. Regarding the associations between DAL and NAFLD, we found that these effects were 
significant across all age groups, with a slightly larger effect in females than in males. (Figure 4A) As for the associations 
between DAL and AHF, we identified that all these relationships were significant in the 45~60 years population. 
Intriguingly, we observed all the effects of DAL with AHF to be present in women. (Figure 4B)

Sensitivity Analysis
To confirm the robustness and consistency of our results, we performed sensitivity analyses. First, we obtained similar 
results (in the association of DAL with NAFLD) when we categorized DAL as a categorical variable in tertiles or 
quintiles. Similarly, overall consistent results were found for the relationship with AHF when DAL was used as a tertile 
and quintile variable. (Supplementary Tables 5–8)

We proceeded to perform a sensitivity analysis using another commonly used marker for diagnosing NAFLD, USFLI. 
Consistently, all DAL indices were significantly associated with USFLI-diagnosed NAFLD, indicating the stability of our 
findings. (Supplementary Table 9)

Table 2 (Continued). 

Variable Model 1 Model 2 Model 3
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

NEAPR 1.02 (1.02, 1.03) <0.0001 1.03 (1.02, 1.03) <0.0001 1.03 (1.02, 1.03) <0.0001

NEAPR quartile

Q1 Ref. Ref. Ref.

Q2 1.72 (1.51, 1.96) <0.0001 1.88 (1.65, 2.14) <0.0001 1.87 (1.61, 2.17) <0.0001

Q3 2.48 (2.16, 2.85) <0.0001 2.95 (2.56, 3.39) <0.0001 2.84 (2.47, 3.27) <0.0001

Q4 3.97 (3.55, 4.45) <0.0001 4.95 (4.38, 5.59) <0.0001 4.74 (4.09, 5.49) <0.0001

p for trend <0.0001 <0.0001 <0.0001

NEAPL 1.01 (1.01, 1.01) <0.0001 1.01 (1.01, 1.01) <0.0001 1.01 (1.01, 1.01) <0.0001

NEAPL quartile

Q1 Ref. Ref. Ref.

Q2 1.14 (1.03, 1.27) 0.0125 1.21 (1.08, 1.34) 0.0010 1.19 (1.06, 1.33) 0.0042

Q3 1.27 (1.15, 1.40) <0.0001 1.37 (1.23, 1.52) <0.0001 1.32 (1.17, 1.48) <0.0001

Q4 1.63 (1.47, 1.81) <0.0001 1.73 (1.52, 1.97) <0.0001 1.61 (1.39, 1.86) <0.0001

p for trend <0.0001 <0.0001 <0.0001

Abbreviations: NAFLD, nonalcoholic fatty liver disease; OR, odds ratio; 95% CI, 95% confidence interval; PRAL, potential renal 
acid load; NEAP, estimated net endogenous acid production.
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Discussion
In a nationally representative population-based cross-sectional study, we found that all DALs, which are dietary 
indicators of the ability to promote an acidic environment in the body, were independently and positively associated 
with NAFLD; however, only NEAPF and NEAPR were potentially associated with the development of AHF in patients 
with NAFLD. To our knowledge, this is the first time that the association of DAL with NAFLD/AHF has been illustrated 
using 20 years of data from a large epidemiologic study. Furthermore, we found that DAL was nonlinearly correlated 

Figure 3 Restricted cubic spline models of DAL with NAFLD/AHF. (A) Restricted cubic spline models of DAL with NAFLD for PRALR. (B) Restricted cubic spline models of 
DAL with NAFLD for NEAPF. (C) Restricted cubic spline models of DAL with NAFLD for NEAPR. (D) Restricted cubic spline models of DAL with NAFLD for NEAPL. (E) 
Restricted cubic spline models of DAL with AHF for PRALR. (F) Restricted cubic spline models of DAL with AHF for NEAPF. (G) Restricted cubic spline models of DAL with 
AHF for NEAPR. (H) Restricted cubic spline models of DAL with AHF for NEAPL. 
Abbreviations: DAL, dietary acid load; NAFLD, nonalcoholic fatty liver disease; AHF, advanced liver fibrosis.
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Figure 4 Forest plot for stratified analysis. (A) Forest plot for stratified analysis of the relationship between DAL and NAFLD. (B) Forest plot for stratified analysis of the 
relationship between DAL and AHF. 
Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval; PRAL, potential renal acid load; NEAP, estimated net endogenous acid production.
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with NAFLD/AHF. Finally, we found that these effects were age-specific (especially for AHF) and were all present in 
women (even though not significant in the overall population).

DAL is an assessment of the ability of dietary components to promote an acidic environment in the body, and increased 
DAL can lead to chronic metabolic acidosis (as reflected by urine pH) by disrupting the body’s acid-base balance.9 

Mechanistically, increased DAL may lead to disturbances in acid-base balance by increasing non-carbonic acids (eg, sulfuric 
acid from meats and fish) and lacking supplementation with base salts from organic acids (eg, citrate and bicarbonate from 
vegetables and fruits).10 Chronic metabolic acidosis reflected by DAL has been documented to be closely involved in the 
development of a range of diseases, including CVD, hypertension, diabetes, chronic kidney disease, bone-related disorders, 
and cancers.6,8,27–29 The prevalence of NAFLD parallels the growth in the prevalence of obesity and type 2 diabetes and has 
reached epidemic proportions. Therefore, as a common metabolic disorder, it is not inconceivable to speculate that chronic 
metabolic acidosis and DAL may also be associated with the onset and progression of NAFLD. Indeed, four previous 
observational studies have initially explored this relationship, including a prospective study in European adolescents,11 

a cross-sectional study in Chinese adults,12 a cross-sectional study in European adults,13 and a case-control study in an 
Iranian population.14 A more direct indicator of metabolic acidosis, low urinary pH, has also been shown to be associated with 
the development of NAFLD in previous observational studies.29,30 However, inconsistent findings in the relationship between 
DAL and NAFLD among previous studies and the lack of other geographic/national studies hindered the derivation of 
associations. To fully elucidate this relationship, we therefore explored the association of the 4 DALs with NAFLD/AHF 
among US adults using the largest known population-based study across 20 years.

We first included 18,855 eligible participants and found that all DALs increased slowly or remained stable over time, 
possibly suggesting that the proportion consumed on an acidic diet increased or remained roughly constant over time. We 
found the prevalence of suspected NAFLD to be 44.3%, which is higher than other studies. This may be due to differences in 
the included populations and differences in diagnostic markers. Unlike previous studies, we found that all DALs were 
significantly associated with NAFLD at baseline. Krupp et al found in a European prospective cohort that PRAL in 
adolescence was independently and positively associated with surrogate markers of NAFLD in adulthood, including FLI.11 

Similarly, this effect was only present in adult females, consistent with our observation that the effect in NAFLD was more 
pronounced in females (and all DALs in AHF had an effect in females, but not all males). These gender-related effects are still 
unclear but may be due to differences in hormone levels in women (eg, it is proposed that higher growth hormone (GH) 
resistance in females may lead to greater susceptibility to nutritional stress).11 However, the other three studies did not find 
a significant PRAL-NAFLD association after adjusting for all confounders, and this discrepancy may be due to differences in 
the inclusion populations, sample sizes, study periods, NAFLD diagnostic indicators, and food intake assessments. In 
particular, among the three studies, a case-control study only found that Q3 compared to Q1 in quintiles of PRAL had 
a reduced risk of NAFLD (OR 0.46), while there was no significance in other subsections.14 This opposite association can be 
explained by the radically different PRAL ranges of the populations. The mean PRAL value of 13.05 (mEq/day) in our study is 
significantly higher compared to −1.90 (mEq/day) in the study of Emamat et al.14 The distinct PRAL values may reflect the 
vastly different daily dietary components in Iran and the US. Consistently, however, the Q1 range for PRAL in our study was 
(−97.1, −0.9), which is similarly close to the neutral range as the Q3 for the lowest NAFLD risk (−3.04, 0.53) of Emamat 
et al.14 This agreement seemed to suggest that near-neutral PRAL values may have the greatest protective effect, however, 
whether this assertion is valid still needs to be further justified in prospective studies. The large sample size, long study period, 
multiethnicity, national representativeness, and standardized food intake assessment questionnaire of our study minimized 
potential bias and therefore may have better reliability and representativeness. As for NEAP, only one study similarly showed 
a possible association of NEAPF with NAFLD,12 whereas our study also showed that other NEAP metrics including NEAPR 

and NEAPL were also associated with NAFLD. In addition, NEAPR was more significantly associated with increased risk of 
NAFLD compared to other DALs, which may be attributed to that the calculation of NEAPR requires the inclusion of body 
surface area (derived from height and weight), which is more strongly associated with NAFLD diagnosed by FLI (which is 
significantly associated with BMI).

It remains unclear as to the mechanism through which DAL affects the development of NAFLD, but metabolic 
acidosis and DAL has been shown to elicit insulin resistance (IR).31,32 IR is an important component in the pathogenesis 
of NAFLD, which underlies disorders of glucolipid metabolism.33 Low-grade metabolic acidosis has also been shown to 
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result in resistance to the GH-insulin growth factor-1 axis.34 Mechanistically, GH resistance has also been shown to be 
closely associated with the development of NAFLD and liver fibrosis, which may be related to influencing systemic 
metabolism, immune status and modulating hepatic stellate cell activation and hepatocyte damage.35

We also suggested that NEAPF and NEAPR are more likely to be associated with AHF in patients with NAFLD 
compared to other DALs. Only one previous study has shown that neither PRAL nor NEAPF is associated with AHF.12 

NEAPF also showed only a relatively marginal correlation with AHF in our study (p continuous = 0.0319, p for trend = 
0.0425), and differences in the included populations and AHF diagnosis may have contributed to the discrepancy in 
results. Future prospective studies are needed to clarify this relationship.

We demonstrated through RCS modeling that all DAL metrics were nonlinearly associated with NAFLD, specifically 
having a slightly higher effect to the left of the inflection point. This may suggest that the promotion of NAFLD is relatively 
more pronounced when DAL is lower. Similarly, a previous cross-sectional study in a European cohort demonstrated that 
PRAL and NEAPF had significant nonlinear correlations with NAFLD.13 For AHF, both NEAPF and NEAPR also have 
nonlinear relationships, while NEAPF only has a significant association with AHF on the left side of the inflection point. This 
observation still defies a literature-based explanation and needs to be further explored in the future.

We found that all DAL associations with NAFLD were significant across age and gender, demonstrating the stability of our 
findings. However, although we found no association of PRALR and NEAPL with AHF, the association of these two DALs 
with AHF was noted in the 45~60 years age group and only in female subgroups. This again demonstrated age- and sex- 
specific susceptibility to nutritional/metabolic stress. This distinctive association also highlights the need for special con-
sideration of age- and gender-specific effects and development of personalized management guidelines in clinical practice, 
including in the association of DAL with AHF. Finally, through multiple sensitivity analyses, we found that overall consistent 
associations were maintained both for performing tertile/quintile divisions for DAL and for NAFLD diagnosed by USFLI, 
demonstrating the stability of our findings.

Our study has notable strengths. First, this is the first time that the association of four DALs with NAFLD/AHF has 
been examined in a large cross-sectional study representing adults across the US, and stable associations were 
demonstrated by multiple rigorous statistical analyses. Second, our study has the largest sample size and includes 
a multiethnic cohort for increased representativeness compared with previous studies. Our study may enlighten 
clinicians/dietitians on the prevention and mitigation of NAFLD/AHF by intervening in DAL (ie, by increasing 
alkaline foods such as fruits, vegetables, and whole grains, and decreasing acidic foods such as meat products, cheese, 
and soft drinks). Our study has limitations. First, this was a cross-sectional study, and residual confounders may still be 
present and do not allow for true causality. Second, we used noninvasive markers to diagnose NAFLD/AHF, which 
may lack complete accuracy. However, we increased reliability by combining multiple markers/sensitivity analyses for 
mutual reinforcement. Future prospective studies using more accurate diagnostic tools are needed to further validate 
our findings.

Conclusions
DAL was positively and nonlinearly associated with NAFLD, and NEAPF and NEAPR may be associated with the 
development of AHF. These correlations were age- and sex-specific and were particularly significant in women. These 
results may shed light on the prevention of NAFLD/AHF by modifying diet-dependent DAL, and further validation by 
prospective studies is needed in the future.
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