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STUDY HIGHLIGHTS 

1) WHAT IS KNOWN 

- Ketone bodies are produced by the liver in response to prolonged fasting, carbohydrate-

restricted diet, or intense exercise.  

- Spontaneous hyperketonemia has been associated with improved metabolic and 

inflammatory markers. 

- The effects of hyperketonemia on the risk of non-alcoholic fatty liver disease (NAFLD) are 

not known. 

 

2) WHAT IS NEW HERE 

- Fasting ketonuria is associated with a reduced risk of incident NAFLD.  

- A decreased risk of worsening fibrosis score was also observed in individuals with fasting 

ketonuria. 

- The effects of ketonuria were stronger in non-obese individuals than in obese individuals. 

- The role of increased ketosis in the prevention of NAFLD requires further exploration. 

 



ABSTRACT 1 

Objectives 2 

Dietary carbohydrate restriction or ketogenic diets are known to be beneficial in 3 

preventing liver fat accumulation. However, the effect of ketonemia on the risk of non-4 

alcoholic fatty liver disease (NAFLD) in non-diabetic population is largely unknown. We 5 

investigated the association between fasting ketonuria and risk of incident NAFLD in healthy 6 

adults.  7 

Methods 8 

A cohort of 153,076 nondiabetic Koreans with no hepatic steatosis and low 9 

probability of fibrosis at baseline was followed-up for a median of 4.1 years. The outcome 10 

was incident hepatic steatosis with or without liver fibrosis, and it was assessed by liver 11 

ultrasound and noninvasive fibrosis indices, including fibrosis-4 (FIB-4) and the NAFLD 12 

fibrosis score (NFS). Parametric proportional hazard models were used to estimate hazard 13 

ratios (HRs) for outcome according to ketonuria status.  14 

Results 15 

Within 677,702.1 person-years of follow-up, 31,079 subjects developed hepatic 16 

steatosis. Compared to no ketonuria (reference), fasting ketonuria was significantly associated 17 

with a decreased risk of incident hepatic steatosis, with multivariable-adjusted HRs (95% CI) 18 

of 0.81 (0.78-0.84). The corresponding HRs for incident hepatic steatosis with intermediate-19 

to-high NFS were 0.79 (0.69-0.90). Similar associations were observed replacing NFS with 20 

FIB-4. Additionally, the presence of persistent ketonuria at both baseline and subsequent visit 21 

was associated with greatest decrease in the aHR for incident NAFLD. 22 

Conclusions 23 

Ketonuria was associated with a reduced risk of developing incident hepatic steatosis 24 

with and without intermediate-to-high probability of advanced fibrosis in a large cohort of 25 

nondiabetic healthy individuals. The role of hyperketonemia in the prevention of NAFLD 26 



requires further exploration. 27 

 28 

Keywords: Non-alcoholic fatty liver disease; Hyperketonemia; Ketonuria; Liver fibrosis; 29 
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 31 

  32 



INTRODUCTION 33 

Non-alcoholic fatty liver disease (NAFLD) is one of the commonest liver diseases 34 

and represents a spectrum extending from simple steatosis to non-alcoholic steatohepatitis 35 

(NASH) with or without fibrosis (1, 2). Besides its potential of liver-related complications (1), 36 

NAFLD is considered a multisystem disease that is positively associated with cardiovascular 37 

disease (CVD) risk factors, CVD mortality and all-cause mortality (3, 4). The first-line 38 

management of NAFLD management therefore consists of diet and lifestyle modifications, 39 

which are effective in ameliorating the early stages of liver disease and improving the 40 

associated cardio-metabolic risk factors (5). 41 

Ketone bodies such as acetoacetate, beta-hydroxybutyrate, and acetone, are derived 42 

from hepatic beta-oxidation of fatty acids and are used as an alternative energy source under 43 

low glucose availability. Mild and controlled production of ketone bodies induced by 44 

prolonged fasting or very low carbohydrate intake, known as nutritional ketosis, is 45 

distinguishable from pathological ketosis observed in patients with uncontrolled diabetes with 46 

hyperglycemia and insulin deficiency (6). In nondiabetic individuals, ketone body levels may 47 

increase to >1 mM during periods of extreme fasting, or when on a ketogenic diet (7-9). Non-48 

pathologic or diet-induced hyperketonemia has been associated with improved metabolic and 49 

inflammatory markers, including lipids, glycated hemoglobin (HbA1c), high-sensitivity C-50 

reactive protein (hsCRP), and fasting glucose (8, 10-12). 51 

Several clinical studies have suggested a benefit of nutritional ketosis in NAFLD. In 52 

a small pilot study of five obese patients with biopsy-proven fatty liver, significant weight 53 

loss and histologic improvement were achieved after six months of a low-carbohydrate (<20 54 

g/d) ketogenic diet (10). Another non-randomized trial reported that one year of intervention 55 

through inducing nutritional ketosis improved the surrogates of both NAFLD and advanced 56 

fibrosis in T2DM patients (13). However, alongside the limited sample size and follow-up 57 

duration, most studies to date have only examined the effects of diet-induced ketosis on 58 



NAFLD in patients already presenting with NAFLD at baseline. Until now, the influence of 59 

ketonemia on NAFLD development has not been elucidated.   60 

The present study aimed to examine the association between fasting ketonuria and 61 

hepatic steatosis with or without an intermediate-to-high probability of advanced liver fibrosis, 62 

in a large cohort of Korean nondiabetic men and women. 63 

 64 

METHODS 65 

Study participants 66 

The present cohort study included participants who underwent a comprehensive 67 

health examination between January 2011 and December 2017 and had at least one follow-up 68 

visit before December 31, 2019 (n = 336,594). After applying exclusion criteria, the final 69 

sample included 153,076 participants. (Figure 1 and further details in Supplementary 70 

materials).  71 

 72 

Measurement 73 

Standardized, self-administered questionnaires including a validated food frequency 74 

questionnaire (FFQ) (14), physical measurements, abdominal ultrasonography, and serum 75 

biochemical measurements were collected at each visit as part of the basic health check-up 76 

program (further details in Supplementary materials). Obesity was defined as body mass 77 

index (BMI) ≥25 kg/m2, the proposed cutoff for diagnosis of obesity in Asians (15). Urinary 78 

ketones levels were measured semi-quantitatively by urine dipsticks (URiSCAN urine test 79 

strips; YD Diagnostics, Yongin‐si, Republic of Korea), and were categorized as absent, trace 80 

(50 mg/L), 1+ (100 mg/L), 2+ (500 mg/L), and 3+ (1000 mg/L). Ketonuria status was 81 

cagetorized as 0 (absent or trace), or 1 (presence, ≥1+) (8). 82 

 83 

Diagnosis of hepatic steatosis and its severity 84 



Ultrasonographic diagnosis of fatty liver was made based on an abdominal ultrasound 85 

performed by an experienced radiologist using standard criteria, including a diffuse increase 86 

in fine echoes in the liver parenchyma in comparison with the kidney or spleen, deep beam 87 

attenuation, and bright vessel walls (16). NAFLD was defined as the presence of fatty liver in 88 

the absence of excessive alcohol use (<20 and <30 g/day for women and men, respectively) 89 

or any other identifiable cause (17). To assess the NAFLD severity, two noninvasive fibrosis 90 

indices, NFS and FIB-4, were used (18, 19) (further details in Supplementary Materials). 91 

 92 

Statistical analysis 93 

Descriptive statistics were used to summarize participant characteristics according to 94 

ketonuria status (0, ≥1). The primary outcomes were the development of incident hepatic 95 

steatosis and hepatic steatosis with an intermediate-to-high probability of advanced fibrosis, 96 

which were treated as separate endpoints in each model. Person-years of follow-up accrued 97 

from baseline until either the occurrence of primary endpoint, or the final examination 98 

conducted prior to December 31, 2019, whichever came first. Incidence rates were calculated 99 

as the number of incident cases divided by person-years of follow-up.  100 

Parametric proportional hazard models were used to estimate the adjusted hazard ratios 101 

(HRs) and the 95% CIs. Model 1 was adjusted for age, center (Seoul or Suwon), year of 102 

screening, smoking status (never, past, current, or unknown), alcohol intake (0, <10, ≥10 103 

g/day, or unknown), physical activity (inactive, minimally active, health enhancing physical 104 

activity, or unknown), total energy intake, education level (< community college graduate, ≥ 105 

community college graduate, or unknown), history of diabetes (only for FIB4 as diabetes is a 106 

component of the NFS), history of hypertension, and history of CVD. Previous studies 107 

suggest that BMI changes related to ketogenic intervention can be responsible for the health 108 

benefits of ketosis, while obesity can be associated with increased insulin levels, which 109 

inhibits ketosis (20-22). Thus, we presented a separate model for further adjustment for BMI, 110 



in addition to potential confounders (Model 2). For analysis of NAFLD severity, the BMI 111 

adjustment was only applied to hepatic steatosis with intermediate-to-high FIB-4 scores since 112 

BMI is a component of the NFS. The proportional hazards assumption was assessed via 113 

estimated log (-log) survival curves, and no violation of the assumption was found.  114 

Predefined subgroup analyses were performed (further details in Supplementary 115 

materials); Statistical interactions between ketonuria status and subgroup characteristics were 116 

assessed using the likelihood ratio test comparing models with and without the multiplicative 117 

interaction terms. All statistical analyses were performed using STATA version 16.0 118 

(StataCorp LP, College Station, TX, USA), and p-values < 0.05 were considered statistically 119 

significant. 120 

RESULTS 121 

 At baseline (Table 1), ketonuria status was positively associated with physical 122 

activity, education level, HDL-C, and was inversely associated with male sex, alcohol intake, 123 

current smoking, hypertension, history of CVD, obesity, BP, glucose, LDL-C, triglycerides, 124 

GGT, and HOMA-IR. Ketonuria status was also associated with a lower level of total energy 125 

intake and carbohydrate proportion and a slightly higher proportion of fat intake compared 126 

with non-ketonuria status. 127 

Table 2 shows the risk of incident hepatic steatosis and hepatic steatosis with 128 

intermediate-to-high probability of advanced fibrosis according to ketonuria status. During 129 

follow-up, 31,079 subjects developed hepatic steatosis (incidence rate, 45.9 per 1000 person-130 

years). Median follow-up period was 4.4 years (interquartile range, 2.2-6.3 years, maximum 131 

8.9 years) and the median number of visits per participant was 4 (interquartile range, 3-5). 132 

Overall, ketonuria was significantly associated with decreased risk of incident hepatic 133 

steatosis and hepatic steatosis plus intermediate/high fibrosis score. After adjusting for age, 134 

sex, center, year of screening, alcohol consumption, smoking, physical activity, total energy 135 

intake, education level, history of diabetes, history of hypertension, and history of CVD 136 



(Model 1), the HR (95% CI) for incident hepatic steatosis comparing ketonuria group to the 137 

reference was 0.81 (0.78-0.84). The associations remained significant after further adjustment 138 

for BMI (Model 2; HR, 0.89; 95% CI, 0.86-0.92), as well as when ketonuria and potential 139 

confounders were treated as time-varying covariates. The association between ketonuria and 140 

incident hepatic steatosis was stronger in non-obese individuals than those with obesity 141 

defined by BMI ≥25 kg/m2 (P for interaction=0.001) (Supplementary Table 1). 142 

The multivariable-adjusted HR (95% CI) for hepatic steatosis with intermediate-to-143 

high NFS scores comparing ketornuria to no ketonuria group was 0.79 (0.69-0.90) (Model 1, 144 

Table 2). Similarly, in the analysis based on FIB-4 scores, the HR was 0.69 (0.58-0.83). 145 

These associations were slightly attenuated after further adjustment for BMI, but remained 146 

significant (Model 2; HR, 0.76; 95% CI, 0.64-0.90; P=0.002). In the time-dependent model, 147 

similar associations were observed (HR, 0.75; 95% CI, 0.63-0.90).  148 

When we compared ketonuria status between first and second visits, 91.7 % of 149 

participants with no ketonuria at baseline consistently showed no ketonuria at the subsequent 150 

visit. Conversely, only 14.5% of those with ketonuria at baseline had ketonuria at the 151 

subsequent visit. Table 3 presents the association between ketonuria change status from 152 

baseline to 2nd visit and the development of hepatic steatosis (further baseline characteristics 153 

in Supplementary Table 2 and anthropometric details in Supplementary table 3). The 154 

multivariable-adjusted HRs (95% CI) for incident hepatic steatosis comparing ‘ketonuria 155 

regressed’, ‘ketonuria developed’, and ‘persistent ketonuria’ groups to the reference group 156 

were 0.83 (0.79-0.88), 0.79 (0.74-0.84) and 0.64 (0.55-0.74), respectively (Model 1). The 157 

association remained significant after BMI adjustment (Model 2) and in the time-dependent 158 

model (Table 3). Ketonuria change status was also associated with the risk of hepatic steatosis 159 

+ intermediate/high fibrosis scores. In the analysis using FIB-4 (Table 3), the same trend was 160 

observed, but the association was attenuated and no longer significant after adjustment for 161 

BMI as well as after adjustment for the time-varying covariates in the time-dependent model. 162 



DISCUSSION 163 

Our study showed for the first time that ketonuria was associated with a reduced risk 164 

of incident hepatic steatosis, both with/without increased probability of advanced fibrosis, in 165 

a large cohort of nondiabetic healthy Korean men and women. None of the 153,076 166 

participants had T2DM or NAFLD at baseline, and the significant associations persisted after 167 

adjusting for potential confounders including BMI and time-dependent covariates.  168 

Mildly or moderately elevated ketone bodies in the serum and urine in response to 169 

fasting, ketogenic diets, and prolonged exercise constitute the non-pathological form of 170 

ketosis (9). Although blood tests provide better diagnostic accuracy for estimating circulating 171 

keto-acid levels compared to urine tests (9), urinary keto-acid levels correlate well with serum 172 

concentrations measured quantitatively and therefore are considered useful surrogate 173 

biomarkers for hepatic ketone body production (23). While the clinical significance of mild 174 

ketonuria has not been established, a cross-sectional study demonstrated that fasting ketonuria 175 

was associated with a decreased prevalence of obesity, central obesity, and metabolic 176 

syndrome (compared to no ketonuria) (24). Another cohort study also showed that fasting 177 

ketonuria was associated with reduced risk of incident diabetes independent of other 178 

metabolic factors (8). However, no studies have to date investigated the role of ketonuria in 179 

NAFLD development in non-diabetic populations. To the best of our knowledge, our study is 180 

the first study on the potential benefit of ketonuria in reducing NAFLD risk and its severity in 181 

non-diabetic individuals.  182 

While the benefits of ketogenic or severe carbohydrate-restricting diets on hepatic fat 183 

content have been well-characterized in several clinical trials with fairly consistent results (20, 184 

21, 25, 26), limited evidence exists regarding its effects on the severity of NAFLD with 185 

conflicting results. In a meta-analysis of 10 clinical trials regarding the effects of low-186 

carbohydrate diets (LCD) on liver function, LCDs reduced intrahepatic fat content but did not 187 

improve liver enzymes (27), whereas a small interventional study on T2DM patients 188 



demonstrated that liver fibrosis, as assessed by NFS, and liver enzyme levels significantly 189 

improved after 1 year of ketosis-inducing dietary interventions (13). In our study, 190 

carbohydrate intake was slightly lower, with fat intake being slightly higher in the ketonuria 191 

group than in the non-ketonuria group. However, information on habitual diet was collected 192 

via a 103-item self-administered FFQ reflective of usual food intake over the past year which 193 

was designed for use in South Korea (14). Thus, the FFQ may not reflect the most recent diet 194 

characteristics. The South Korean diet is also typically consumed as pre-seasoned dishes that 195 

includes various kinds of seasonings including oils. However, seasonings and oils are not 196 

included in this FFQ, and nutrient intake estimated by the FFQ, especially for fat and 197 

cholesterol, was noted to be lower than that of the dietary records, which is the reference 198 

standard (14), possibly limiting the ability to accurately evaluate the composition of 199 

macronutrients in the participants’ diets (14). Although the benefits of ketonuria observed in 200 

our study cannot be directly linked to certain dietary regimens, our findings clearly indicate 201 

that mild ketosis, as reflected in urine test, is associated with a reduced risk of NAFLD and its 202 

severity in non-diabetic individuals.  203 

In our subgroup analysis, the protective effects of ketonuria against incident NAFLD 204 

were significant only in the non-obese group (BMI <25 kg/m2). Such finding may reflect the 205 

close association of obesity with hyperinsulinemia, which promotes the activation of acetyl 206 

Co-A carboxylase and consequently increases fatty acid synthesis, directing acetyl Co-A 207 

away from ketone body production (22, 28, 29). In light of this, our study provides the first 208 

evidence that mild fasting ketonuria, a semi-quantitative indicator of increased ketosis, is 209 

associated with reduced risk of incident NAFLD and advanced fibrosis, especially non-obese 210 

individuals.  211 

In many previous studies, weight reduction was reported as an intended outcome or a 212 

significant consequence of the ketogenic diet (20, 21, 25, 27). Moreover, the magnitude of 213 

weight reduction was shown to be positively associated with a decrease in fibrosis severity 214 



(13). It is therefore plausible that the metabolic benefits of induced ketosis on fatty liver 215 

shown in these studies may have been mediated by the effects of weight reduction. Although 216 

weight-independent benefits of ketogenic diet in NAFLD has been reported in few studies (30, 217 

31), these studies were conducted only for a short-term and have focused on the effects of 218 

specific dietary regimen, not on physiological ketosis per se. Our findings, using urinary 219 

ketones as surrogate marker for physiological ketosis, showed a significant inverse 220 

association between ketonuria and the risk of incident NAFLD both with and without 221 

advanced fibrosis, even after adjusting for BMI and BMI change as a time-dependent variable. 222 

Thus, and importantly, changes in BMI did not seem to fully explain the association between 223 

ketonuria and NAFLD in our study.  224 

Furthermore, our findings suggest that the greatest benefit may be obtained from the 225 

presence of ketonuria at both baseline and follow-up. The presence of ketonuria at both 226 

baseline and follow up was associated with greatest decrease in the aHR for incident NAFLD. 227 

Therefore, we can speculate that persistent ketosis produces a ‘cumulative’ benefit in 228 

decreasing NAFLD risk. There is little data on the long-term effects of persistent ketosis with 229 

most of the existing studies being conducted in studies of <1 year. However, the long-term 230 

continuation of ketogenic diets is not generally recommended due to potential health risks of 231 

prolonged ketosis (32). These concerns, however, are mostly applicable to the cases of strict 232 

ketogenic diets with extreme carbohydrate restriction which might not be applicable to 233 

subjects in our study (in which there was no specific dietary intervention). Further studies are 234 

needed in order to confirm our findings and investigate the long-term health effects of mild 235 

ketosis in non-diabetic individuals.  236 

The mechanisms by which mild ketonuria reduces the risks of liver steatosis and 237 

fibrosis are unclear. Ketogenesis has been associated with protecting against liver injury in 238 

mice by up-regulation of the levels of the antioxidant enzymes such as SOD2, Gpx1 (33-35), 239 

as well as producing favorable changes in liver metabolism and hepatocyte regeneration, via 240 



stimulating liver autophagy which is normally deregulated in NAFLD (36). Ketone 241 

production was also linked to a rapid increase in mitochondrial beta-oxidation leads to 242 

decreased hepatic de novo lipogenesis and decreased hepatic fat accumulation (30). Also, 243 

peroxisome proliferator-activated receptor (PPAR)-alpha (29) is strongly induced in 244 

ketogenesis (37), stimulating FGF21 expression, which is known to suppress hepatic 245 

lipogenesis and redirects fatty acids to beta-oxidation (29, 38). Other potential mechanisms 246 

may involve ketosis-induced reduction of TGF-beta 1, which plays a critical role in the 247 

pathogenesis of liver fibrosis and hepatocellular carcinoma, and anti-inflammatory role of 248 

ketone bodies (37, 39, 40). In our study, the risk of incident NAFLD was also decreased in the 249 

groups where ketonuria was detected (at either baseline, or 2nd visit). These results are 250 

potentially clinically relevant because they suggest that any ketonuria in the fasted state (in 251 

subjects who do not have diabetes), is associated with decreased risk of developing NAFLD. 252 

Hepatic ketogenesis has been associated with total fat oxidation (41), and ketonuria might be 253 

an indication of high fat oxidation ability. Whether this finding reflects increased levels of fat 254 

oxidation and subsequent increased ketogenesis in subjects at reduced risk of NAFLD cannot 255 

be addressed by our study. Further mechanistic research is needed, specifically to address the 256 

relationships between fat oxidation, ketogenesis and development of NAFLD. 257 

Several limitations of our study should be considered. First, ultrasonography and 258 

liver fibrosis index (NFS and FIB-4) in our analyses was used in lieu of liver biopsy, which is 259 

the reference standard for the diagnosis of NAFLD but was considered unfeasible in this 260 

large-scale cohort study involving repeat measurements over time. Although liver ultrasound, 261 

NFS and FIB-4 have been widely used and well validated by liver biopsy (42, 43), there are 262 

other reliable, non-invasive methods to assess liver fibrosis such as transient elastography 263 

(44-46). In our study, data on transient elastography were not available because our study was 264 

based on de-identified, retrospective cohort data of individuals who participated in a routine 265 

health check-up program in which transient elastography was not included. Second, although 266 



semi-quantitative ketosis was assessed by ketonuria measures, urine ketone body levels 267 

correlate well with serum ketone body concentration. Furthermore, the urine test is widely 268 

used as a less expensive alternative to blood testing, rendering it better suited to large 269 

epidemiological studies (23, 47). Third, information on fasting duration, recent dietary 270 

characteristics and intermittent fasting, which can affect ketosis, was not available in our 271 

study. Additionally, we cannot exclude the possibility of potentially unmeasured or other 272 

residual confounding in our study. Lastly, our findings from relatively young and middle-aged 273 

Koreans used may limit the generalizability to other age groups, populations with a higher 274 

prevalence of comorbidities, or other ethnic groups. In addition, the mean BMI of our cohort 275 

(21.9 kg/m2) is considerably lower than that in some Western countries (e.g., the United 276 

States), which further limits the applicability of the findings to the general population in other 277 

countries, especially given our findings that the effects of ketonemia may differ by 278 

overweight status. 279 

In conclusion, the present study showed that fasting ketonuria was associated with 280 

reduced risk of both developing NAFLD and advanced fibrosis in nondiabetic individuals. 281 

Our findings suggest potential benefits of hyperketonemia in the prevention of NAFLD and 282 

its progression, which warrants further investigation. 283 
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Table 1. Baseline characteristics according ketonuria status among 153,076 participants without 
nonalcoholic fatty liver disease (NAFLD) 

Characteristics Overall 
Ketonuria status 

P value No Yes 
Number of participants 153,076 133,623 19,453  
Age (years) 36.0 (6.6) 36.1 (6.7) 35.2 (6.0) <0.001 
Men (%) 41.8  42.5  36.8  <0.001 
Seoul center (%) 56.6  55.9  61.2  <0.001 
Alcohol intakea (%) 26.1  26.4  23.7  <0.001 
Current smoker (%) 14.6  15.1  10.6  <0.001 
HEPA (%) 14.7  14.6  15.7  <0.001 
Education levelb (%) 86.2  86.1  86.9  0.006 
Hypertension (%) 4.3  4.5  3.3  <0.001 
History of CVD (%) 0.5  0.5  0.4  0.046 
Medication for hyperlipidemia 
(%) 0.7  0.8  0.5  <0.001 

Obesity (%) 12.2  12.6  9.2  <0.001 
Body mass index (kg/m2) 21.9 (2.7) 22.0 (2.7) 21.4 (2.6) <0.001 
SBP (mmHg) 105.4 (11.7) 105.5 (11.8) 104.4 (11.5) <0.001 
DBP (mmHg) 67.1 (8.8) 67.3 (8.8) 66.1 (8.5) <0.001 
Glucose (mg/dl) 91.1 (7.5) 91.8 (7.1) 85.7 (8.4) <0.001 
Total cholesterol (mg/dl) 187.3 (31.4) 187.4 (31.3) 187.0 (31.9) 0.084 
LDL-C (mg/dl) 113.5 (29.3) 113.6 (29.2) 112.3 (30.3) <0.001 
HDL-C (mg/dl) 62.9 (14.8) 62.4 (14.8) 66.3 (15.0) <0.001 
Triglycerides (mg/dl) 75 (57-103) 78 (59-107) 58 (48-73) <0.001 
ALT (U/L) 15 (11-20) 15 (11-20) 15 (11-20) 0.003 
AST (U/L) 18 (15-21) 18 (15-21) 19 (16-22) <0.001 
GGT (U/L) 15 (11-23) 16 (11-23) 14 (11-20) <0.001 
hsCRP (mg/L) 0.3 (0.2-0.6) 0.3 (0.2-0.6) 0.3 (0.2-0.7) <0.001 
HOMA-IR 1.04 (0.70-1.48) 1.09 (0.76-1.53) 0.64 (0.41-0.95) <0.001 
Total energy intake (kcal/d)c 1465.2 (1102.5-

1860.0) 
1469.8 (1106.2-

1863.0) 
1438.0 (1078.0-

1838.4) <0.001 

Carbohyrate proportion (%) 67.9 (61.9-73.1) 67.9 (62.0-73.2) 67.4 (61.2-72.6) <0.001 
Fat proportion (%) 18.4 (14.4-23.1) 18.4 (14.3-23.0) 18.9 (14.8-23.7) <0.001 
Protein proportion (%) 13.5 (12.1-15.3) 13.5 (12.1-15.3) 13.6 (12.1-15.4) <0.001 
Carbohydrate <50 g/day (%) 4.0 3.9 4.4 0.016 
Data are expressed as mean (standard deviation), median (interquartile range), or percentage. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, gamma-glutamyl 
transferase; HEPA, health-enhancing physical activity; HDL-C, high-density lipoprotein-cholesterol; 
hsCRP, high sensitivity C-reactive protein; HOMA-IR, homeostasis model assessment of insulin 
resistance; LDL-C, low-density lipoprotein-cholesterol 
a ≥ 10 g of ethanol per day. 
b ≥ College graduate. 
c Among 110,150 participants with plausible estimated energy intake (within three standard deviations 

of the log-transformed mean energy intake).



Tables 2. Development of nonalcoholic fatty liver disease (NAFLD) and NAFLD with intermediate-to-high probability of advanced fibrosis by ketonuria 
category in nondiabetic individuals among 153,076 subjects. 

aEstimated from parametric proportional hazard models. Multivariable Model 1 was adjusted for sex, center, year of screening, alcohol intake, smoking, 
physical activity, total energy intake, education level, history of diabetes (only for FIB-4), history of hypertension, and history of cardiovascular disease; Model 
2: Model 1 plus adjustment for BMI. 
bEstimated from parametric proportional hazard models with ketonuria status, smoking, alcohol consumption, physical activity, BMI (only for FIB-4) and total 
energy intake as time-dependent categorical variables and baseline sex, center, year of screening, education level, history of diabetes (only for FIB-4), history of 
hypertension, and history of cardiovascular disease as time-fixed variables. 
Abbreviations: BMI, body mass index; CI, confidence interval; HR, hazard ratio. 
 
 
 
 
 
 
 
 
 
 
 

Category of ketonuria 
status  

Person-years 
(PY) 

Incident 
cases 

Incidence 
density (/ 
103 PY) 

Crude HR (95% 
CI) 

Multivariable-adjusted HRa 
(95% CI) 

HR (95% CI)b 
in a model with 
time-dependent 
variables 

Model 1 Model 2 

NAFLD        
No ketonuria 587,143.4 27,836 47.4 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
Ketonuria 90,558.7 3,243 36.8 0.75 (0.72-0.77) 0.81 (0.78-0.84) 0.89 (0.86-0.92) 0.90 (0.86-0.94) 

NAFLD + Intermediate/high NFS     
No ketonuria 648,207.5 2,189 3.4 1.00 (reference) 1.00 (reference)  1.00 (reference) 
Ketonuria 97,781.8 236 2.4 0.71 (0.62-0.81) 0.79 (0.69-0.90)  0.75 (0.63-0.90) 

NAFLD + Intermediate/high FIB-4     
No ketonuria 650,165.4 1,439 2.2 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
Ketonuria 98,042.4 138 1.4 0.63 (0.53-0.75) 0.69 (0.58-0.83) 0.76 (0.64-0.90) 0.54 (0.41-0.71) 



Table 3. Development of nonalcoholic fatty liver disease (NAFLD) and NAFLD with intermediate-to-high probability of advanced fibrosis by ketonuria change 
category at baseline among NAFLD-free non-diabetic participants with low probability of advanced fibrosis at baseline among 99,869 subjects. 

aEstimated from parametric proportional hazard models. Multivariable Model 1 was adjusted for sex, center, year of screening, alcohol intake, smoking, physical activity, total 
energy intake, education level, history of diabetes (only for FIB-4), history of hypertension, and history of cardiovascular disease; Model 2: Model 1 plus adjustment for BMI. 
bEstimated from parametric proportional hazard models with ketonuria change category, smoking, alcohol consumption, physical activity, BMI (only for FIB-4) and total 
energy intake as time-dependent categorical variables and baseline sex, center, year of screening, education level, history of diabetes (only for FIB-4), history of hypertension, 
and history of cardiovascular disease as time-fixed variables. 
Abbreviations: BMI, body mass index; CI, confidence interval; G1, no ketonuria at baseline and no ketouria at 2nd visit (reference group); G2, ketonuria at baseline and no 
ketonuria at 2nd visit (ketonuria regressed);G3, no ketonuria at baseline and ketouria at 2nd visit (ketonuria developed); G4, ketonuria at baseline and ketouria at 2nd visit 
(persistent ketonuria); HR, hazard ratio. 
 
 

 
  

Ketonuria 
change category 

Ketonuria status  
at 1st and 2nd visits Person-years 

(PY) 
Incident 

cases 

Incidence 
density (/ 
103 PY) 

Crude HR (95% 
CI) 

Multivariable-adjusted HRa 
(95% CI) 

HR (95% CI)b 
in a model with 
time-dependent 

variables 1st test 2nd test Model 1 Model 2 

NAFLD        
None  (G1) None None 288,182.9  13,794 47.2  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
Regressed (G2) Ketonuria None 42,503.5  1,596 37.0  0.78 (0.74-0.82) 0.83 (0.79-0.88) 0.91 (0.87-0.96) 0.86 (0.82-0.91) 
Developed (G3) None Ketonuria 29,544.3  966 32.3  0.67 (0.63-0.72) 0.79 (0.74-0.84) 0.81 (0.76-0.87) 0.82 (0.77-0.88) 
Persistent (G4) Ketonuria Ketonuria 7,808.1  192 24.1  0.50 (0.44-0.58) 0.64 (0.55-0.74) 0.68 (0.59-0.79) 0.66 (0.57-0.76) 

NAFLD + intermediate/high NFS scores        
None  (G1) None None 311,854.0  1,096 3.5  1.00 (reference) 1.00 (reference)  1.00 (reference) 
Regressed (G2) Ketonuria None 45,294.8  110 2.4  0.69 (0.57-0.84) 0.75 (0.61-0.91) 

 
0.82 (0.66-1.02) 

Developed (G3) None Ketonuria 31,230.9  72 2.3  0.65 (0.51-0.83) 0.79 (0.62-1.01)  0.87 (0.67-1.13) 
Persistent (G4) Ketonuria Ketonuria 8,089.1  8 1.0  0.28 (0.14-0.57) 0.39 (0.19-0.78)  0.30 (0.13-0.73) 

NAFLD + intermediate/high  FIB-4 scores        
None  (G1) None None 312,601.9  735 2.3  1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
Regressed (G2) Ketonuria None 45,376.7  73 1.6  0.69 (0.54-0.88) 0.74 (0.58-0.94) 0.81 (0.64-1.03) 0.78 (0.58-1.03) 
Developed (G3) None Ketonuria 31,284.7  45 1.4  0.60 (0.45-0.82) 0.73 (0.54-0.98) 0.75 (0.55-1.01) 0.74 (0.51-1.05) 
Persistent (G4) Ketonuria Ketonuria 8,090.7  7 0.9  0.37 (0.18-0.78) 0.49 (0.23-1.03) 0.53 (0.25-1.11) 0.49 (0.20-1.19) 



Figure 1. Flow chart of study participants  
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