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Abstract  

Background and Aims: Increased levels of ketone bodies, an alternative fuel when glucose 

availability is low, may exert beneficial effects on cardiovascular disease (CVD) risk factors. 

Whether increased ketone bodies are associated with coronary artery calcium (CAC), a 

recognized and strong cardiovascular risk factor, remains unknown. We investigated the 

association of fasting ketonuria with CAC and its progression. 

Methods: Cross-sectional and longitudinal studies were conducted in adults without diabetes 

or CVD. Subjects underwent routine health examinations including cardiac computed 

tomography estimations of CAC scores. Logistic regression models were performed to 

compute the odds ratios (ORs), 95% confidence intervals (CIs), for prevalent CAC scores >0 

according to fasting ketonuria categories (0, 1, and ≥2). Linear mixed models with random 

intercepts and random slopes were used to estimate CAC progression. 

Results: Of 144,346 subjects, 12.3% had CAC scores >0 at baseline. Overall, higher fasting 

ketonuria was associated with decreased prevalence of coronary calcification than no 

ketonuria. Multivariable-adjusted ORs (95% CIs) for prevalent CAC by comparing ketonuria 

categories 1 and ≥ 2 with no ketonuria, were 0.94 (0.84–1.06) and 0.82 (0.71–0.95), 

respectively. The associations did not differ according to clinically relevant subgroups. 

Ketonuria was associated with lower CAC progression over time; the multivariable adjusted 

ratio of progression rates comparing ketonuria ≥ 2 versus no ketonuria was 0.976 (0.965–

0.995). 

Conclusions: We found an inverse association between fasting ketonuria and subclinical 

coronary atherosclerosis, in both prevalence and progression. The potentially protective role 

of increased ketone body formation in CVD requires further investigation.   

 



2 

Keywords: ketosis, ketone bodies, coronary artery calcium, coronary artery disease, 

atherosclerosis 

 

  



3 

1. Introduction 

Cardiovascular disease (CVD) remains the leading cause of death with an estimated 18.6 

million deaths in 2019, and a predicted global increase of 18% by 2030.1, 2 Though 

medications such as statins have markedly improved cardiovascular outcomes, patients who 

achieve the recommended low-density lipoprotein cholesterol (LDL-C) levels through intense 

statin therapy still have a significant residual CVD risk,3, 4 with coronary artery calcium 

(CAC) as an important predictor of residual risk.5 Furthermore, 20% of individuals with CVD 

have no established conventional risk factors.6 Thus, it is important to assess new and novel 

risk factors for CVD, as it may be possible to treat these new risk factors and further lower 

the CVD risk. 

Recently, both experimental and clinical studies have suggested the protective role of 

ketone bodies in CVD.7 Ketone bodies are synthesized in the liver mainly through fatty acid 

oxidation and undergo oxidation for energy metabolism in the extrahepatic tissues during 

physiological states such as limited carbohydrate intake, strenuous exercise, and prolonged 

fasting.8 Circulating ketone body concentrations can increase from < 0.3 mM during normal 

state to 1–3 mM after fasting, prolonged exercise,9 or nutritional ketosis10 in healthy adults. 

This is very different from the pathologic states such as diabetic ketoacidosis, in which 

ketone concentrations can increase to over 20 mM.9 The metabolism and signaling roles and 

the epigenetic effects of ketone bodies at low to medium concentrations11 have a beneficial 

effect on the vascular endothelium,12 in protecting against inflammation and injury,9 and in 

improving metabolic and inflammatory markers such as lipid profiles, insulin levels, 

hemoglobin A1c, fasting glucose, and high-sensitivity C-reactive protein (hsCRP).13  

Ketonuria is an easily measured and relatively cost-effective indicator of ketosis that is 

often used as a common measure of adherence to the ketogenic diet.14 Urinary ketone levels 

correlate well with quantitative serum ketone levels,15 and urinary ketone testing is an 



4 

essential tool for monitoring patients, especially type 1 diabetic patients on insulin.16 

Recently, fasting ketonuria has been associated with decreased prevalence of obesity and 

metabolic syndrome17 and with a lower risk of incident diabetes,18 all of which may have a 

preventive effect against CVD. However, the clinical significance of fasting ketonuria in 

assessing coronary atherosclerosis remains unknown. CAC scores (CACS) obtained through 

computed tomography (CT) are useful for identifying subclinical coronary atherosclerosis19 

and for refining the estimated risk of prospective cardiovascular events.20, 21 Therefore, our 

aim was to analyse the association between fasting ketonuria and subclinical coronary 

atherosclerosis assessed through CACS in a large sample of nondiabetic healthy adults who 

underwent routine health screening examinations. In this study, we investigated the 

association between fasting ketonuria and CAC using a cross sectional analysis, and the 

association between fasting ketonuria and CAC progression in a longitudinal analysis. 

 

2. Patients and Methods 

2.1. Study subjects 

Study subjects belonged to the Kangbuk Samsung Health Study, which comprises a cohort of 

Koreans aged ≥ 18 years who receive comprehensive health examinations at one of the 

Kangbuk Samsung Hospital Total Healthcare Centres in either Seoul or Suwon, South Korea, 

on an annual or biennial basis.22, 23 We included a subsample of the subjects who underwent a 

cardiac CT, allowing for CACS calculations, during their health examinations between 2011 

and 2019. If a participant visited more than once with CACS measures, the first visit was 

chosen for the cross-sectional study (N = 164,048).  

A total of 19,702 subjects were excluded due to (Figure 1): missing data on urinary ketone 

or body mass index (BMI) (n = 4,183), diabetes (defined as having a fasting serum glucose ≥ 

126 mg/dL [7.0 mmol/L], glycated hemoglobin ≥ 6.5% [48 mmol/mol], or self-reported 
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insulin or medication for diabetes) (n = 9,884), malignancy history (n = 4,653), and self-

report of previous CVD history (n = 2,179). Since some subjects had more than one exclusion 

criterion, 144,346 non-diabetic participants without clinically evident CVD were included for 

the analysis. For the longitudinal analysis, we analysed a subset of study subjects who had a 

baseline and at least one follow-up cardiac CT (n = 40,695). This study complied with the 

Declaration of Helsinki, and was granted approval by the Institutional Review Board of the 

Kangbuk Samsung Hospital (IRB no. KBSMC 2021-01-039), which waived the need for 

informed consent because we analysed de-identified retrospective data obtained from routine 

health screenings.  

 

2.2. Measurements 

Data on physical measurements, and serum biochemical measurements were retrieved from 

the routine health screening programs. Information on the subjects’ demographics, lifestyle 

behaviours, and medical history was obtained using standardized, self-report 

questionnaires.22, 23 Current alcohol use was determined based on the frequency of alcohol 

consumption per week and the amount consumed per occasion. Physical activity levels were 

estimated using the Korean International Physical Activity Questionnaire-Short Form, which 

was previously validated.24 Health-enhancing physical activity (HEPA) was assessed as 

physical activity that met the following criteria: (1) vigorous activity ≥ 3 days/week, for a 

total of ≥ 1,500 metabolic equivalent -min/week or (2) walking or performing 

moderate/vigorous intensity activities for 7 days, for a total of ≥ 3,000 metabolic equivalent -

min/week.24 Information on dietary patterns was collected through a 103-item food frequency 

questionnaire (FFQ). Participants were first asked whether their diet had changed markedly 

during the past year compared with a previously maintained diet; if they answered “No”, they 

proceeded with the FFQ and if they answered “Yes,” they were instructed to answer 
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according to their usual diet. 

Nurses were trained to measure the blood pressure (BP), height, weight, and waist 

circumference of the study subjects. Hypertension was determined based on systolic BP ≥ 

140 mmHg, diastolic BP ≥ 90 mmHg, or current use of any antihypertensive medication.  

Blood and urine samples were obtained after a minimum of 10 hours of fasting. The blood 

sample measurements included those of total cholesterol, LDL-C, high-density lipoprotein 

cholesterol (HDL-C), triglycerides, glucose, and hsCRP. Insulin resistance was based on the 

homeostatic model assessment of insulin resistance (HOMA-IR): fasting serum insulin 

(mU/mL) × fasting serum glucose (mmol/L) / 22.5. For semi-quantitative measurement of 

urine ketone levels, urine dipstick was used (URiSCAN urine test strips; YD Diagnostics, 

Yongin‐si, Republic of Korea). This urine dipstick-based ketonuria and serum β-

hydroxybutyrate (βHB) levels had been compared previously, and serum βHB levels 

gradually increased with increasing ketonuria levels (p for trend <0.001).18 The levels of 

urine ketone bodies were reported as absent, trace (50 mg/L [0.49 mmol/L]), 1+ (100 mg/L 

[0.98 mmol/L]), 2+ (500 mg/L [4.9 mmol/L]), and 3+ (1,000 mg/L [9.8 mmol/L]). For 

analysis of fasting ketonuria as the key exposure, results were categorized as 1) absent or 

trace, 2) 1+, and 3) ≥ 2+. 

The abdominal ultrasound findings of fatty liver were interpreted by an experienced 

radiologist using standard criteria, which included diffuse increase in fine echoes of the liver 

relative to that observed in the spleen or kidney, deep beam attenuation, and brightening of 

the vasculature.25 

 

2.3. CAC measurement  

CAC was detected using a LightSpeed VCT XTe-64 slice multidetector computed 

tomography scanner (GE Healthcare, Tokyo, Japan) with the same standard scanning 
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protocol22 of 400-ms rotation time, 2.5-mm thickness, 120-kV voltage, and 124-mAS (310 

mA x 0.4 s) tube current under electrocardiogram-gated dose modulation in both the Seoul 

and Suwon centres. The calcium score was analysed using semi-automatic methodology with 

GE Smartscore software (GE Healthcare), and confirmed by experienced technicians and 

radiologists. CACS were calculated using the method proposed by Agatston et al.26 The inter-

observer and intra-observer reliabilities for CACS were excellent (intraclass correlation 

coefficient = 0.99), as previously reported.22  

 

2.4. Statistical analysis 

The study subjects’ characteristics were examined through descriptive statistics, according to 

the key exposure ketonuria categories (0, 1, and ≥2). For the association between CACS and 

ketonuria categories, we performed logistic regression analyses to compute the odds ratios 

(ORs) with 95% confidence intervals (CIs) for prevalent CACS > 0. We also performed a 

sensitivity analysis with CACS ≥ 10 as the outcome. Additionally, we presumed that CACS 

were distributed log-normally, with left-censored data at 0 Agatston units (i.e., non-detectable 

scores). Hence, as secondary analyses evaluating the association between ketonuria 

categories and CACS as a continuous variable with left censoring, Tobit regression analysis 

was performed with natural log (CACS + 1) as the outcome, using Huber–White estimation 

of standard errors.27, 28 We used Tobit models to compute the ratios and 95% CIs of CACS + 

1, and compared ketonuria categories with the no ketonuria category.  

We used two models for adjustment of covariates: Model 1 was adjusted for the subjects’ 

age and sex; Model 2 was additionally adjusted for the centre (Seoul or Suwon), year of the 

health screening exam, smoking (never, past, current, or unknown), average alcohol 

consumption (0, <20, ≥20 g/day, or unknown), highest level of education achieved (≤high 

school graduate, college or university graduate, ≥graduate school, or unknown), total energy 
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intake (quintiles, or unknown), medication for hyperlipidaemia, history of hypertension, SBP, 

and LDL-C. Confounding variables were selected according to the following criteria: 1) 

causally associated with the outcome (CACS) and 2) non-causally or causally associated with 

the exposure (ketonuria) and 3) is not an intermediate variable in the pathway between the 

exposure (ketonuria) and outcome (CACS).29  

Predefined subgroup analyses were conducted for age in years (<50 vs. ≥50), sex (male vs. 

female), current smoking (non-current smokers vs. current smokers), average alcohol 

consumption (<20 vs. ≥20 g/day), performance of HEPA (no vs. yes), BMI (<18 kg/m2, 

18.5–22.9 kg/m2, 23–24.9 kg/m2, 25–29.9 kg/m2, and ≥30 kg/m2, in accordance with Asian-

specific BMI criteria30), glucose (<100 mg/dL vs. ≥100 mg/dL), HOMA-IR (<2.5 vs. ≥2.5), 

hsCRP (<1.0 vs. ≥1.0 mg/L), and fatty liver (no vs. yes). We examined the interactions 

between fasting ketonuria categories and each subgroup by performing likelihood ratio tests 

and comparing models with and without multiplicative interaction terms.  

We also analysed the prospective association between fasting ketonuria and CAC 

progression. We performed linear mixed models with random intercept and random slopes31 

for estimating progression of CACS over time, with adjustment for potential confounders. 

We transformed CACS as natural log(CACS+1) for the outcome, because CACS were right-

skewed. The annual CAC progression rates with 95% CI were calculated, with 2 models for 

adjustment of covariates: Model 1 was adjusted for age and sex, and Model 2 was further 

adjusted for centre, year of screening exam, smoking, alcohol intake, educational level, total 

energy intake, medication for hyperlipidaemia, history of hypertension, SBP, and LDL-C. We 

also performed a sensitivity analysis by setting a higher threshold for CAC and calculated the 

hazard ratios for incident CACS ≥10 among participants with CACS = 0 at baseline.  

Statistical analyses were performed using STATA version 16.0 (StataCorp LP, College 

Station, TX, USA). Two-sided p-values < 0.05 were determined as significant. 
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3. Results 

3.1. Characteristics of study participants 

Table 1 shows the characteristics of the 144,346 participants without known CVD according 

to the fasting ketonuria category. The presence of fasting ketonuria was positively associated 

with HEPA and HDL-C, and was inversely associated with male sex, alcohol intake, current 

smoking, hypertension, obesity, BP, glucose, LDL-C, triglycerides, HOMA-IR, and total 

energy intake. Participants in the ketonuria category ≥2 showed lower total energy intake, 

and slightly lower carbohydrate and slightly higher fat intake than participants in the no 

ketonuria category. Although lipid-lowering agent use appeared to be higher in the no 

ketonuria category than categories 1 and ≥2, there was no difference after adjustment for age, 

sex, and BMI (p for trend = 0.333, Supplementary Table 1).  

 

3.2. Association between fasting ketonuria and CAC 

Table 2 shows the prevalence of CAC based on the fasting ketonuria category. Of the 

144,346 participants, 17,762 (12.3%) had detectable CACS > 0. Overall, a higher fasting 

ketonuria level was associated with lower prevalence of coronary calcification than no 

ketonuria. The age- and sex-adjusted ORs (95% CIs) for prevalent CACS comparing fasting 

ketonuria categories 1 and ≥ 2 with no ketonuria (reference) were 0.91 (0.82–1.02) and 0.77 

(0.67–0.88), respectively. After adjustment for age, sex, year and centre of screening 

examination, smoking, alcohol consumption, education, total energy intake, medication for 

hyperlipidaemia, history of hypertension, SBP, and LDL-C, the multivariable-adjusted ORs 

(95% CIs) for prevalent CACS comparing fasting ketonuria categories 1 and ≥ 2 to no 

ketonuria were 0.94 (0.84–1.06) and 0.82 (0.71–0.95), respectively. The observed association 

between ketonuria categories and CACS was similar when analyses were performed with 
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CACS ≥ 10 as the outcome, with a multivariable-adjusted OR (95% CI) of 0.74 (0.62–0.88) 

for ketonuria ≥ 2 vs. no ketonuria (Supplementary Table 2).  

Similarly, in the Tobit regression analysis (Table 3), the multivariable-adjusted CACS 

ratios which compared fasting ketonuria categories 1 and ≥ 2 with the no ketonuria category 

were 0.91 (0.72–1.15) and 0.66 (0.49–0.88), respectively.  

The associations observed above did not differ among clinically relevant subgroups in 

terms of age, sex, smoking, average alcohol consumption, performance of HEPA, BMI, 

glucose, HOMA-IR, hsCRP, and presence of fatty liver (Supplementary Table 3).  

Finally, we evaluated prospective association between fasting ketonuria and progression of 

CACS over time among those with a follow-up CAC CT (n = 40,695). 

The median duration of follow-up was 4.0 years (interquartile range 2.6-5.7, maximum 8.7). 

The annual rates of CAC progression for no ketonuria, ketonuria category 1, and category ≥ 2 

were 8.7%, 7.9%, and 6.2%, respectively (Table 4). The multivariable adjusted ratios (95% 

CI) of annual progression rates comparing fasting ketonuria categories 1 and ≥ 2 vs. no 

ketonuria were 0.994 (0.980–1.009) and 0.976 (0.965–0.995), respectively. For incident 

CACS ≥10 as the outcome, among participants with CACS = 0 at baseline, the multivariable-

adjusted hazard ratios (95% CI) in ketonuria categories 1 and ≥2 vs. no ketonuria were 1.11 

(0.83–1.49) and 0.80 (0.53–1.18), respectively (Supplementary Table 4).  

 

4. Discussion 

Our study is the first to show an inverse association between fasting ketonuria and CAC 

using a large sample of non-diabetic Korean adults. Adults with higher fasting ketonuria 

levels showed a lower prevalence of CAC compared to those without ketonuria. This 

association remained even after adjusting for predictors of coronary atherosclerosis (age, 

current smoking, alcohol consumption, hypertension, medication for hyperlipidaemia, SBP, 
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and LDL-C) and did not differ in the subgroup analyses, including in the presence or absence 

of fatty liver. Among participants with a follow-up CAC test, ketonuria of ≥ 2 was also 

associated with lower CAC progression over time. 

In our study, subjects with fasting ketonuria showed a lower prevalence of hypertension 

and more favourable lipid profiles than those without ketonuria, which are possibly related to 

the healthier lifestyle behaviours observed in this group such as higher physical activity, 

lower alcohol consumption, and less smoking. Likewise, low-carbohydrate ketogenic diets 

are associated with weight loss, improved lipid profiles and glucose levels,12, 32 as well as the 

improvement of non-alcoholic fatty liver disease.33 Though this association is thought to be 

attributable to ketosis, it may also be related to reduced energy intake in participants 

consuming low-carbohydrate ketogenic diets.34 In our study, participants with fasting 

ketonuria also had lower total energy intake than those without ketonuria. However, adjusting 

for lifestyle behaviours, total energy intake, hypertension, medication for hyperlipidaemia, 

SBP, and LDL-C did not completely attenuate the association between fasting ketonuria and 

CACS.  

Nonetheless, clearly favourable metabolic profiles in individuals with fasting ketonuria 

may be accountable for the reduction in the prevalence of CAC and its progression. Previous 

studies have shown that sporadic or fasting ketonuria is associated with favourable metabolic 

profiles17 and a lower risk of incident diabetes.18 A previous study that confirmed the 

presence of nutritional ketosis through blood measurements found that inflammatory 

responses measured through hsCRP and white blood cell count, triglycerides, small dense 

LDL particles, and the 10-year risk of atherosclerotic CVD decreased with ketogenic diets.35 

However, studies analysing the effect of ketogenic diets on carotid atherosclerosis in diabetic 

patients showed that there were no differences between those with induced nutritional ketosis 

and those under usual care.35, 36 Indeed, individuals with manifest diabetes or features of the 
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metabolic syndrome may be resistant to ketonuria or less likely to benefit from ketosis.37 In 

previous studies of individuals either practicing Ramadan fasting38 or following a ketogenic 

diet,39 obese subjects did not show ketosis, while non-obese subjects showed elevated urine 

ketone levels. However, in our study the association between fasting ketonuria and CAC did 

not differ in subgroup analysis according to BMI, glucose, HOMA-IR, and presence of fatty 

liver. Interestingly, the inverse association between ketonuria and CAC was not observed in 

the underweight group (<18.5 kg/m2); however, the inconclusive result for the underweight 

group can be explained by the small number included in this category, which may have been 

insufficient to establish a relationship and may have led to imprecise estimates.  

Fasting ketonuria was present in 5.7% of our study population, showing that this condition 

is not an uncommon phenomenon in non-diabetic individuals. In previous studies including 

relatively healthy populations, fasting ketonuria was present in 2.2%18 and 8.8%17 of the 

study population. Non-diabetic individuals with fasting ketonuria may have a greater capacity 

for ketogenesis and oxidation of fat than those without fasting ketonuria under certain 

conditions such as fasting or low-carbohydrate ketogenic diets. The beneficial effects of 

ketogenic diets are attributed to the metabolic shift to ketones over glucose as an energy 

source,13 and low-carbohydrate ketogenic diets have been explored for their associations with 

favourable metabolic profiles, weight loss, and reduced cardiovascular risk, but have not 

always shown consistent results.34 The ability to regulate ketogenesis and an individual’s 

metabolic or genetic background as well as the difference in the composition of ketogenic 

diets may underlie the discrepancies in previous studies.40 The rate of hepatic ketogenesis is 

proportional to total fat oxidation,9 possibly indicating that ketonuria might be reflective of 

high fat oxidation ability. The circulating ketone body levels vary across healthy adult 

populations even after controlling for age and fasting hours;16 hence, future studies including 

markers of ketosis and genetic variability may help clarify the metabolic and cardiovascular 
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effects of ketosis. In addition, the 10 hours of fasting in our study participants may have been 

a relatively short time window for inducing ketosis, since most intermittent fasting regimens 

recommend longer periods of fasting, such as 16 hours of fasting between 8 hours of 

eating.41, 42 Studies with longer periods of fasting may provide more insight into the 

association between fasting ketonuria and CAC. 

The mechanism responsible for the association between fasting ketonuria and CAC in 

relatively healthy adults without diabetes is unclear. Ketone bodies have a pleiotropic effect 

as signaling molecules and epigenetic modifiers, as well as metabolic intermediates.12 The 

ketone body β-hydroxybutyrate inhibits histone deacetylase activity, which is known to 

extend lifespan in model organisms.11 While high ketone body levels in patients with diabetic 

ketoacidosis are detrimental to the vascular system, recent studies have shown that ketone 

bodies at low levels may have beneficial effects on the endothelium through modulation of 

the inflammatory status,9 senescence, and metabolism of the endothelial cells.12 Inflammation 

is a well-known atherogenic factor, and the anti-inflammatory effect of low ketone body 

concentrations9, 12 may be beneficial for coronary atherosclerosis.10 Nutritional ketosis 

through restriction of carbohydrate intake reduces insulin levels,13 and insulin at low levels is 

beneficial for the vasculature through its association with nitric oxide production, 

vasodilation, decreased monocyte adhesion, and reduced inflammation and oxidative stress.43 

Nevertheless, further studies controlling for the method of inducing ketosis are warranted to 

explain the associations found in our study.  

 

4.1. Clinical implications 

Several methods such as low-carbohydrate ketogenic diets and intermittent fasting are 

available for inducing ketosis. Exercise may be recommended as an adjunct for improving 

coronary vascular health, as it facilitates β-oxidation and ketogenesis through depletion of 
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glycogen stores and by increasing the energy demand, and may enhance the signaling 

induced by ketosis.10 Ketosis can also be induced by ingestion of exogenous ketones in the 

form of ketone salts or ketone esters, or by ingesting precursors such as medium-chain 

triglycerides or 1,3-butanediol.7 Nevertheless, low-carbohydrate diets that are high in fat may 

exacerbate or induce the occurrence of hypercholesterolemia in patients with genetic 

predisposition to hypercholesterolemia, and precautionary measures such as monitoring of 

lipid levels and ketosis may be required when recommending ketogenic diets.44 Although 

LDL-C appeared to decrease with increasing ketonuria category in our study participants, 

after adjustment for age, sex, and BMI, LDL-C was lowest in the no ketonuria category. 

Furthermore, it is unclear whether any predisposing factors for ketonuria played a role in our 

study population, as information on the reason for ketonuria, such as genetic predisposition, 

longer fasting duration, recent dietary characteristics, or adherence to intermittent fasting, 

was not available. Nonetheless, our results indicate that ketosis may have an underestimated 

impact on the primary prevention of coronary heart disease and progression of coronary 

atherosclerosis. Further studies are needed to confirm whether these methods for inducing 

ketosis are beneficial for coronary atherosclerosis.  

 

4.2. Limitations 

Despite the strengths of our study, including the large population of relatively healthy 

individuals without diabetes, laboratory measurements, and lifestyle factors, some limitations 

should be noted. First, semi-quantitative urine tests were used to assess fasting ketonuria as a 

surrogate marker of ketosis. That said, urinary ketone levels correlate well with serum ketone 

levels15 and remain an essential tool for monitoring patients.16 Second, because this was an 

observational study, the reasons underlying the differences in fasting ketonuria between the 

study subjects remain unclear. Future studies controlling for methods that induce ketosis may 
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help clarify the association between ketosis and coronary atherosclerosis. Third, information 

on fasting time, recent dietary habits and intermittent fasting, which may affect ketonuria 

levels, was not available. Dietary information was collected through self-administered FFQs, 

which reflect usual food intake throughout the previous year, and may not reflect recent diet 

compositions.45 The FFQ is also limited in assessing macronutrient composition and may 

underestimate fat and cholesterol intake compared with dietary records, because it does not 

include seasonings and oils, which are used in pre-seasoned dishes typical in South Korean 

diets.45 Fourth, information on ketonuria was collected once at baseline; thus, the changing 

status of ketonuria was not incorporated into the analysis. Finally, our study included 

relatively healthy, young, middle-aged Koreans, thus limiting the generalizability of our 

results to populations of other ethnicities or with other comorbidities.  

 

4.3. Conclusions 

Our study showed that fasting ketonuria, especially at higher levels, was associated with a 

decreased CAC prevalence and lower CAC progression in non-diabetic individuals. Ketosis 

may have a beneficial effect on coronary atherosclerosis, but further studies are warranted to 

confirm this association. 
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Figure legends 

Figure 1 Study participants selection process. 
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Table 1 Baseline characteristics by fasting ketonuria category 

Characteristics Overall Fasting ketonuria category p for trend 

0 1 ≥2 

Number of participants 144,346 136,159 4,486 3,701  

Age (years) 41.3 (8.4) 41.3 (8.4) 40.5 (8.9) 39.4 (8.4) <0.001 

Men (%) 75.8 76.6 65.1 61.2 <0.001 

Seoul centre (%) 48.8 48.6 56.3 49.0 <0.001 

Alcohol intakea (%) 44.4 44.8 39.3 36.5 <0.001 

Current smoker (%) 22.1 22.5 16.8 13.0 <0.001 

HEPA (%) 19.0 16.4 16.2 18.5 <0.001 

High education levelb (%) 83.4 83.4 83.9 83.9 0.231 

Hypertension (%) 14.7 14.9 12.3 10.5 <0.001 

Family history of CVD (%) 12.0 12.0 12.9 12.0 0.357 

Lipid lowering agent (%) 3.5 3.6 2.6 2.8 <0.001 

Fatty liver (%) 38.9 39.7 27.4 24.8 <0.001 

BMI category      
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 <18.5 kg/m2 2.3 2.2 3.7 5.1 <0.001 

 18.5-22.9 kg/m2 32.8 32.2 42.8 45.6 <0.001 

 23-24.9 kg/m2 26.1 26.2 24.3 22.8 <0.001 

 25-29.9 kg/m2 33.7 34.2 25.2 22.7 <0.001 

 ≥30 kg/m2 5.1 5.2 3.9 3.9 <0.001 

BMI (kg/m2) 24.3 (3.3) 24.4 (3.3) 23.5 (3.3) 23.3 (3.4) <0.001 

SBP (mmHg) 112.4 (12.4) 112.5 (12.4) 111 (12.6) 110 (12.7) <0.001 

DBP (mmHg) 72.7 (9.8) 72.8 (9.8) 71 (9.6) 69.8 (9.5) <0.001 

Glucose (mg/dL) 95.6 (8.4) 95.9 (8.2) 90.9 (8.5) 87.1 (10.2) <0.001 

Total cholesterol (mg/dL) 199 (34.1) 199.1 (34) 198.8 (35.3) 197 (36) 0.001 

LDL-C (mg/dL) 130.1 (32.1) 130.2 (31.9) 129.2 (34.2) 127.7 (34.6) <0.001 

HDL-C (mg/dL) 64 (29.4) 63.8 (29.6) 67.9 (27.2) 68.4 (25.9) <0.001 

Triglycerides (mg/dL) 109.0 (76.0–158.0) 112.0 (79.0–162.0) 74.0 (56.0–104.0) 66.0 (52.0–89.0) <0.001 

hsCRP (mg/L) 0.5 (0.3–1.0) 0.5 (0.3–1.0) 0.5 (0.3–1.1) 0.5 (0.3–1.2) 0.003 

HOMA-IR 1.45 (0.97–2.15) 1.49 (1.00–2.19) 0.93 (0.60–1.44) 0.78 (0.46–1.24) <0.001 
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Total energy intake (kcal/d)c 1430 (1070–1826) 1432 (1074–1826) 1405 (1028–1825) 1363 (981–1808) <0.001 

Carbohydrate proportion (%) 68.1 (61.3–73.9) 68.2 (61.4–74.0) 67.2 (60.2–73.0) 67.1 (59.4–72.9) <0.001 

Fat proportion (%) 18.2 (13.8–23.3) 18.1 (13.7–23.3) 18.8 (14.3–24.1) 19.0 (14.7–24.9) <0.001 

Protein proportion (%) 13.6 (12.0–15.6) 13.6 (12.0–15.6) 13.8 (12.0–15.9) 13.8 (12.1–15.9) <0.001 

Carbohydrate <50 g/day (%) 5.5 5.4 6.5 7.2 0.016 

CACS category       

  0 AU 87.7 87.5 89.9 92.8 <0.001 

  1-100 AU 10.2 10.4 8.1 6.1 <0.001 

  >100 AU 2.1 2.1 2.0 1.2 <0.001 

Data are presented as mean (standard deviation), median (interquartile range), or percentages. 

Abbreviations: HEPA, health-enhancing physical activity; CVD, cardiovascular disease; BMI, body mass index; SBP, systolic blood pressure; DBP, 

diastolic blood pressure; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein cholesterol; ALT, alanine aminotransferase; 

GGT, gamma-glutamyl transferase; hsCRP, high-sensitivity C-reactive protein; HOMA-IR, homeostasis model assessment of insulin resistance; 

CACS, coronary artery calcium score; AU, Agatston unit. 

a ≥20 g of ethanol per day. 

b ≥College graduate. 
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c Among 87,482 participants with plausible estimated energy intake (within three standard deviations of the log-transformed mean energy intake). 
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Table 2 Odds ratiosa (95% CIs) for coronary artery calcification by fasting ketonuria category in 144,346 health checkup examinees at Kangbuk 

Samsung Hospital between 2011 and 2019 

 Fasting ketonuria category p for trend 

0 1 ≥2 

Number 136,159 4,486 3,701  

Cases (N) of CACS >0  17,041 453 268  

Age- and sex-adjusted prevalenceb (95% CIs) 12.4 (12.2–12.5) 11.6 (10.7–12.5) 10.2 (9.1–11.2)  

Adjusted odds ratios a (95% CIs)     

Age- and sex-adjusted 1.00 (reference) 0.91 (0.82–1.02) 0.77 (0.67–0.88) <0.001 

Multivariable-adjusted  1.00 (reference) 0.94 (0.84–1.06) 0.82 (0.71–0.95) 0.004 

Abbreviations: CACS, coronary artery calcium scores; CI, confidence interval. 

a Estimated from binomial logistic regression models used with prevalent CACS >0 as the outcome  

The multivariable model was adjusted for age, sex, centre, year of screening exam, smoking status, alcohol intake, educational level, total energy 

intake, medication for hyperlipidaemia, history of hypertension, SBP, and LDL-C.  

b per 100 persons. 
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Table 3 Coronary artery calcium score (CACS) ratiosa (95% CI) by fasting ketonuria category of 144,346 health checkup examinees at Kangbuk 

Samsung Hospital between 2011 and 2019 

 Fasting ketonuria category p for trend 

0 1 ≥2 

Number 22,052 22,385 21,595  

Adjusted CACS ratiosa (95% CIs)     

Age- and sex-adjusted 1.00 (reference) 0.85 (0.66–1.08) 0.56 (0.42–0.76) <0.001 

Multivariable-adjusted 1.00 (reference) 0.91 (0.72–1.15) 0.66 (0.49–0.88) 0.005 

Abbreviations: CI, confidence interval. 

a Estimated from robust Tobit regression models performed with natural log(CACS+1) as the outcome.  

The multivariable model was adjusted for age, sex, centre, year of screening exam, smoking status, alcohol intake, educational level, total energy 

intake, medication for hyperlipidaemia, history of hypertension, SBP, and LDL-C.  
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Table 4 Ratio (95% CI) of annual progression rates of coronary artery calcium score by fasting ketonuria category at baseline (n = 40,695) 

Ratio of annual progression ratesa Fasting ketonuria category 

0 1 ≥2 

Number 38,558 1,201 936 

Annual rate of CAC progression 1.087 (1.085–1.090) 1.079 (1.066–1.092) 1.062 (1.049–1.076) 

Ratio of annual progression ratesa    

Model 1 1.0 (reference) 0.992 (0.980–1.004) 0.976 (0.964–0.988) 

Model 2 1.0 (reference) 0.994 (0.980–1.009) 0.976 (0.965–0.995) 

Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, centre, year of screening exam, smoking status, alcohol intake, educational 

level, total energy intake, medication for hyperlipidaemia, history of hypertension, SBP, and LDL-C.  

Abbreviations: CAC, coronary artery calcification; CI, confidence interval. 

a Estimated from linear mixed models with random intercept and random slopes used with natural log(CAC+1) as the outcome and inverse probability 

weighting.  
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Highlights 

 The association between ketone bodies and coronary artery calcium remains 

unknown. 

 Fasting ketonuria was inversely associated with prevalent coronary calcification. 

 Fasting ketonuria was associated with lower progression of coronary calcification. 
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publication elsewhere. There are no conflicts of interest to declare, and all authors have 

participated in this work and have read and approved this manuscript. My colleagues and I 

greatly appreciate your consideration of our manuscript for publication in Atherosclerosis. 

Please contact us if you have any questions related to this study. 
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Reviewers' comments: 

 

Reviewer #1: Summary: 

Cho et al. study the association of ketonuria with CAC in non-diabetic South-Korean 

individuals. This is a very large study including >140.000 persons aged about 40 years, 

three quarters being men. Ketonuria categories were 0, 1 and 2. CAC prevalence, i.e. 

any CAC > 0, and CAC progression were target variables. A large set of CVD risk 

factors were assessed. Multivariable-adjusted ORs for prevalent CAC in ketonuria 

categories 1 and ≥ 2 vs no ketonuria were 0.94 and 0.82, respectively (both significant). 

Also, the authors observed an association with CAC progression. 

Unfortunately, I could not find supplement information! 

Response: Thank you for your appreciation of our study. Based on our understanding, the 

supplementary material was uploaded with the original submission; however, apparently there 

was a technical error. We apologize for any inconvenience this may have caused. We have 

uploaded the revised supplementary tables, along with the revised manuscript and main tables 

for your review.  

 

Specific comments: 

1) Methods: The authors describe 144.000 persons in 8 years. This is about 60-70 

persons each day. How many sites were involved? How many scanners were used? Did 

all sites use the same scanning protocol and the same methodology in quantifying CVD 

risk factors? 

Response: Thank you for your comment. The Kangbuk Samsung Hospital Total Healthcare 

Center (where study participants received health examinations) is composed of two centers, 

one in Seoul and another in Suwon, South Korea. Each center used the exact same machine 
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during the study period, a Lightspeed VCT XTe-64 slice multi-detected computed 

tomography scanner (GE Healthcare, Tokyo, Japan), and testing was performed using 

standard scanning protocols. Due to the huge demand, each center is open from 7 am to 5 pm 

on weekdays and from 7 am to noon on Saturdays. We have added further details regarding 

coronary artery calcium score (CACS) measurements as follows (page 6, last paragraph – 

page 7, 1st paragraph): 

 

“CAC was detected using a Lightspeed VCT XTe-64 slice multi-detected computed 

tomography scanner (GE Healthcare, Tokyo, Japan) with the same standard scanning 

protocol22 of 400-ms rotation time, 2.5-mm thickness, 120-kV tube voltage, and 124-

mAS (310 mA × 0.4 s) tube current under electrocardiogram-gated dose modulation 

in both the Seoul and Suwon centers. The calcium score was analysed using semi-

automatic methodology with GE Smartscore software (GE Healthcare), and confirmed 

by experienced technicians and radiologists. CACS were calculated using the method 

proposed by Agatston et al.26 The inter-observer and intra-observer reliabilities for 

CACS were excellent (intra-class correlation coefficient = 0.99), as previously 

reported.22” 

 

2) Methods: please describe specifically how CAC scores were determined. Were semi-

automated algorithms used? Was a technician or a physician involved? 

Response: Thank you for your comment. We have added detailed information to the Methods 

section (please see the response above). 

 

3) There is an issue with CAC categories: very low CAC scores, i.e. between 1 and 10, 

may be noise and not indicate subclinical atherosclerosis. This effect should be negligible 
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in very large cohorts as this one. Yet, it is conceivable that very slim persons have more 

ketonuria and less noise on a CT image resulting in a pseudo-association. Please 

comment. 

Response: Thank you for your comment. Previous studies have reported an increased risk of 

mortality, even in individuals with low CACS of 1–10; thus we did not treat the low-level 

category as “noise” or possible misclassification (Blaha, M, et al., 2009; Budoff, Mj, et al., 

2007). We performed additional analysis using a CACS ≥ 10 as the outcome, and the inverse 

association between ketonuria ≥ 2 and prevalent CAC (defined as a score ≥ 10) was 

consistently observed (Supplementary Table 2). Specifically, the multivariable adjusted odds 

ratio (95% CI) for CACS ≥ 10 comparing the ketonuria category of ≥ 2 with no ketonuria was 

0.74 (0.62–0.88). We have added this finding to the Results section narrative (page 7, 2nd 

paragraph; page 9, last paragraph – page 10, 1st paragraph) as well as Supplementary Table 2 

in the revised manuscript as follows:  

 

“We also performed a sensitivity analysis with CACS ≥ 10 as the outcome.” 

 

“The observed association between ketonuria categories and CACS was similar when 

analyses were performed with CACS ≥ 10 as the outcome, with a multivariable-

adjusted OR (95% CI) of 0.74 (0.62–0.88) for ketonuria ≥ 2 vs. no ketonuria 

(Supplementary Table 2).” 

 

References 

Blaha, M, Budoff, MJ, Shaw, LJ, et al., Absence of coronary artery calcification and all-cause 

mortality, JACC Cardiovasc Imaging, 2009;2:692-700. 

Budoff, MJ, Shaw, LJ, Liu, ST, et al., Long-term prognosis associated with coronary 
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calcification: observations from a registry of 25,253 patients, J Am Coll Cardiol, 

2007;49:1860-1870. 

 

4) It would be helpful to demonstrate a subgroup analysis for the association of CAC 

and ketonuria within narrow BMI-categories. 

Response: Thank you for your comment. According to your suggestion, we have added the 

subgroup analysis for the association between CACS and ketonuria within the following 

categories based on Asian-specific body mass index (BMI) criteria (World Health 

Organization, 2000): underweight, BMI < 18.5 kg/m2; normal weight, BMI of 18.5–22.9 

kg/m2; overweight, BMI of 23–24.9 kg/m2; obese I, BMI of 25–29.9 kg/m2; and obese II, 

BMI ≥ 30 kg/m2 (Supplementary Table 3). The inverse association between ketonuria ≥ 2 and 

CAC was similarly observed, except in the underweight group, although there was no 

significant interaction among BMI categories. The underweight group (< 18.5 kg/m2) might 

have been composed of unhealthy individuals with higher levels of ketone bodies, lower 

muscle mass and total calorie intake, and relatively higher CACS. However, the inconclusive 

results for the underweight group can be explained by the small number of patients in this 

category, which may have been insufficient to identify a relationship and possibly led to 

imprecise estimates. We described this analysis in the Methods (page 8, 2nd paragraph), 

Results (page 10, 3rd paragraph), and Discussion sections (page 12, 1st paragraph) of the 

revised manuscript as follows: 

 

“Predefined subgroup analyses were conducted for (…) BMI (<18 kg/m2, 18.5–22.9 

kg/m2, 23–24.9 kg/m2, 25–29.9 kg/m2, and ≥30 kg/m2, in accordance with Asian-

specific BMI criteria).” 

 



41 

 

“The associations observed above did not differ among clinically relevant subgroups in 

terms of age, sex, smoking, average alcohol consumption, performance of HEPA, BMI, 

glucose, HOMA-IR, hsCRP, and presence of fatty liver (Supplementary Table 3).”  

 

“Interestingly, the inverse association between ketonuria and CAC was not observed in 

the underweight group (<18.5 kg/m2); however, the inconclusive result for the 

underweight group can be explained by the small number included in this category, 

which may have been insufficient to establish a relationship and may have led to 

imprecise estimates.” 

 

Reference 

World Health Organization and Regional Office for the Western Pacific, The Asia-Pacific 

perspective: redefining obesity and its treatment, Sydney, Health Communications Australia, 

2000. 

 

5) Regarding progression: how did the authors handle the (frequent) scenario of CAC>0 

in the first exam, and CAC=0 in the second exam? Was this considered regression or 

"no progression"? Which CAC increase was considered progression? 

What happens to data if the threshold of "any CAC" is set to an Agatston score = 10? 

Obviously, the CAC prevalence decreases, but the data should be more robust against 

noise (see above). Please comment. 

Response: Thank you for your comment. Regarding progression, we performed linear mixed 

models with random intercept and random slopes with natural log(CACS + 1) as the outcome 

for estimating progression of CACS over time. The beta coefficients in the models can be 

negative or positive. We did not treat the case where the CACS decreased over time as no 
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progression. The scenario of CAC >0 in the first exam and CAC =0 in the subsequent exam 

may have been attributed to measurement errors which might have attenuated true association 

between exposure and outcomes. And as suggested, we performed additional analyses by 

calculating the hazard ratios (HRs) for incident CACS ≥ 10 among participants with CACS = 

0 at baseline (n = 33,774) (Supplementary Table 4). We found that the ketonuria category of 

≥ 2 vs. no ketonuria tended to show lower HRs for decreased risk of incident CACS ≥ 10; the 

multivariable adjusted HR (95% confidence interval [CI]) for incident CACS ≥ 10 for 

ketonuria categories 1 and ≥ 2 vs. no ketonuria were 1.11 (0.83–1.49) and 0.80 (0.53–1.18), 

respectively. Although there was a similar direction of the association between ketonuria and 

incident CAC, the analysis for incident CACS ≥ 10 may have lacked statistical power to show 

a significant association between ketonuria and CAC. We have added a description of these 

analyses to the Methods (page 8, 3rd paragraph) and Results sections (page 10, 4th paragraph) 

of the revised manuscript as follows  

 

“We also performed a sensitivity analysis by setting a higher threshold for CAC and 

calculated the hazard ratios for incident CACS ≥10 among participants with CACS = 

0 at baseline.” 

 

“For incident CACS ≥10 as the outcome, among participants with CACS = 0 at 

baseline, the multivariable-adjusted hazard ratios (95% CI) in ketonuria categories 1 

and ≥2 vs. no ketonuria were 1.11 (0.83–1.49) and 0.80 (0.53–1.18), respectively 

(Supplementary Table 4).” 
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Reviewer #2: In a large cohort of 144.346 young healthy Koreans (age, 41 yrs), the 

association of CACS 0, > 1 and > 100 AU at baseline and CACS progression with ketosis 

(category 0, 1, 2) was investigated. An inverse relationship was shown for both (higher 

ketosis => higher prev. of CACS 0 and less CACS progression). Diabetics were excluded. 

Data were collected from 2 centers. 

The study addresses a timely and novel topic, which has not been reported yet. Overall, 

the impact of ketosis on coronary atherosclerosis not well investigated. Ketosis may be a 

very effective and non-invasive tool for primary prevention of CHD. 

With regards to the potential impact on clinical management (prevention of CHD) my 

recommendation is: 

Accept with minor revisions (comments below). 

Response: We thank the reviewer for the supportive comments. We have addressed these 

comments and suggestions accordingly, and our responses are provided below. 

 

Major comments. 

1) *the cohort is rather young (41y) and the majority (94.3%) had no Ketonuria 

(Category 0.). The majority (87.7%) had CACS 0. Please explain which testing 

(statistical methods) were performed to ensure that analysis was not underpowered? 

Response: Thank you for your comment. Power analysis was performed using the “power 

twoproportions” command in Stata (StataCorp LP, College Station, TX, USA). The total 

number of subjects analysed was 144,346. Of the participants in the no ketonuria category, 

12% had detectable CACS > 0. The reference group (no ketonuria category) was compared to 

2 categories (ketonuria categories 1 and ≥ 2); therefore, the allocation ratio was set to 2. As 

shown in the table and figure below, our analysis was not likely to be underpowered (as the 

power was approximately 100%). 
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. power twoproportions 0.12, test(chi2)  oratio(0.6 (0.1) 0.9)  n(144000) nratio(2) 

continuity 

 

Estimated power for a two-sample proportions test 

Pearson's chi-squared test  

Ho: p2 = p1  versus  Ha: p2 != p1 

 

  +---------------------------------------------------------------------------------+ 

  |   alpha   power       N      N1      N2  nratio   delta      p1      p2  

oratio | 

  |---------------------------------------------------------------------------------| 

  |     .05       1 1.4e+05   48000   96000       

2      .6     .12  .07563      .6 | 

  |     .05       1 1.4e+05   48000   96000       

2      .7     .12  .08714      .7 | 

  |     .05       1 1.4e+05   48000   96000       

2      .8     .12  .09836      .8 | 

  |     .05       1 1.4e+05   48000   96000       

2      .9     .12   .1093      .9 | 

+---------------------------------------------------------------------------------+ 
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2) *Models were adjusted: 1) for age/gender and 2) multiple major CV risk factors, 

including lifestyle factors, and medication quite comprehensively (n=7). (alcohol 

consumption, … ). The details are not shown. Overfitting may impact results. Please 

explain how overfitting was tested and ruled out? Please consult a statistican if 

uncertain. 

Response: Thank you for your comment. We used multivariable adjusted models to adjust for 

potential confounders that might influence the association between ketonuria categories and 

CACS. In our study, we defined confounding variables using the following criteria: 1) 

causally associated with the outcome (CACS) or 2) non-causally or causally associated with 

the exposure (ketonuria) and 3) is not an intermediate variable in the causal pathway between 

the exposure (ketonuria) and outcome (CACS). We have described how we selected the 

covariates for adjustment in the Methods section (page 8, 1st paragraph) of the revised 

manuscript as follows: 

 

“Confounding variables were selected according to the following criteria: 1) causally 

associated with the outcome (CACS) or 2) non-causally or causally associated with 

the exposure (ketonuria) and 3) is not an intermediate variable in the pathway 

between the exposure (ketonuria) and outcome (CACS).”  

 

As suggested, overfitting was tested using the “overfit” command in Stata (StataCorp 

LP), which calculates shrinkage statistics to measure the amount of overfitting generated by 

an estimated model as defined by Bilger and Manning (2015). The results were as follows:  

 

Shrinkage statistics (expressed as percentages) 
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 Out-of-sample 

predictive bias 

In-sample 

predictive bias 

Overfitting 

Estimate 2.77 2.61 0.16 

Standard error 0.02 0.01 0.02 

 

As shown in the above results, the amount of overfitting generated by the final model was 

only 0.16%. 

 

References 

Bilger M, Manning WG, Measuring overfitting in nonlinear models: a new method and an 

application to health expenditures, Health Economics, 2015,24(1):75-85. 

Szklo M, Nieto J, Epidemiology: Beyond the Basics, Jones & Bartlett Learning, 2007. 

 

3) Medication of statins was higher in those without ketosis- which is an inverse 

relationship. Because statins reduce progression of atherosclerosis - this rather enhances 

the study results. 

Response: Thank you for your comment. As noted, the use of lipid-lowering agents, which 

we assumed consisted of mostly statins, appeared to be the highest in the no ketonuria 

category (3.6%) when compared with categories 1 and ≥ 2 (2.6% and 2.8%, respectively). 

However, these differences were marginal and partly attributed to age and sex differences. 

After adjustment for age, sex, and BMI, the lipid-lowering agent use did not differ among the 

ketonuria categories (p for trend = 0.333, Supplementary Table 1). We have added this point 

to the Results section (page 9, 1st paragraph) of the revised manuscript.  

 

“Although lipid-lowering agent use appeared to be higher in the no ketonuria category 
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than categories 1 and ≥2, there was no difference after adjustment for age, sex, and BMI 

(p for trend = 0.333, Supplementary Table 1)” 

 

Strengths 

4) *very large cohort 

*novel topic with potential impact on clinical management and primary prevention of 

CHD guidelines, that needs more research. 

*uniform ethic population- Koreans. 

Further comments: 

introduction: 

OK- well written 

methods: 

* CACS CT scanning: correct. 

Response: Thank you for your appreciation of our study. We appreciate the supportive 

comments.  

 

5) *FFQ questionäre:  

5-1) specific food products/plants have a higher potential of inducing ketosis than others 

due to their composition (eg. MCT). Does the FFQ questionnaire used allow to stratify 

the food into "pro-ketogenic" and "non-ketogenic?" or not? 

Please give a bit more details on typical "korean" dietary patterns with regards to their 

pro- ketogenic potential. Does the typical Korean diet include many MCT dense 

ingredients? (or 1,3 butanediol)? would be interesting. 

Response: Thank you for your comment. We agree that dietary information is a critical 

component in evaluating the role of ketosis. Unfortunately, specifics about the recent dietary 
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patterns or changes of the study participants were not available in our study. However, we did 

have information on the participants’ habitual diets collected via a 103-item self-administered 

food frequency questionnaire (FFQ) reflective of food intake over the past year, which was 

designed for use in South Korea. These data are presented in the revised Table 1.  

In our additional analysis of the baseline macronutrient composition of the 

participants’ diets, the overall proportions of carbohydrate, fat, and protein were 68.1%, 

18.2%, and 13.6%, respectively, indicating a relatively high proportion of carbohydrate 

intake. These findings are in line with those of other studies in South Korea and are within the 

recommended baseline range at the time of the study (Kwon, YJ, et al., 2020; Paik, HY, 

2008). In 2015, the Korean Nutrition Society lowered the maximum acceptable macronutrient 

distribution range (AMDR) for carbohydrates from 70% in 2010 to 65%, increased the 

maximum AMDR for fat from 25% to 30%, and maintained the AMDR for protein at 7–20% 

in adults aged > 19 years (Kwon, YJ, et al., 2020; Paik, HY, 2008). Asian countries are known 

for the cultural tendency toward carbohydrate-rich foods, such as rice and noodles, which 

constitute the basis of traditional diets making ketogenic diets difficult to maintain (Kossoff, 

EH and McGrogan, JR, 2005). In contrast, the dietary recommendations for Americans are 

carbohydrate, 45–65%; fat, 25–35%; and protein 10–30% of the total daily calories.  

We observed that carbohydrate intake was relatively lower and that fat intake was 

slightly higher in the ketonuria group than in the non-ketonuria group; however, these 

differences were marginal. Low carbohydrate intake, defined as < 50 g/day, was also 

marginally higher in the ketonuria group (≥ 2) than in the non-ketonuria group (7.2% and 

5.4%, respectively). The FFQ evaluates average dietary habits within the past year (Ahn, Y, et 

al., 2007); therefore, it may not reflect the most recent dietary characteristics as nutrition-

induced ketosis can temporarily occur on a ketogenic diet. The South Korean diet also 

typically includes pre-seasoned dishes with various kinds of seasonings, including oils; 
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however, seasonings and oils are not included in the FFQ. Therefore, nutrient intake estimates 

according to the FFQ, especially for fat and cholesterol, were reported as lower than those of 

the dietary records, which is the reference standard (Ahn, Y, et al., 2007). This may have 

influenced the accuracy of our dietary data. In addition, data on other eating patterns such as 

intermittent fasting that can affect ketosis were not available, which is a major limitation of 

our study. We have incorporated and further elaborated on this point in the Results (page 9, 1st 

paragraph) section, Table 1, and the Discussion section (page 14, last paragraph – page 15, 1st 

paragraph) of the revised manuscript as follows: 

 

“Participants in the ketonuria category ≥2 showed lower total energy intake, and 

slightly lower carbohydrate and slightly higher fat intake than participants in the no 

ketonuria category.” 

 

“Third, information on fasting time, recent dietary habits, and intermittent fasting, 

which may affect ketonuria levels, was not available. Dietary information was collected 

through self-administered FFQs, which reflect usual food intake throughout the 

previous year, and may not reflect recent diet compositions.45 The FFQ is also limited in 

assessing macronutrient composition and may underestimate fat and cholesterol intake 

compared with dietary records, because it does not include seasonings and oils, which 

are used in pre-seasoned dishes typical in South Korean diets.” 

 

References 

Kossoff EH, McGrogan JR. Worldwide use of the ketogenic diet. Epilepsia. 2005;46(2):280-

289. 

Kwon, YJ, Lee, HS, Park, JY, et al., Associating Intake Proportion of Carbohydrate, Fat, and 
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Protein with All-Cause Mortality in Korean Adults, Nutrients, 2020;12. 

Paik, HY, Dietary reference intakes for Koreans (KDRIs), Asia Pacific journal of clinical 

nutrition, 2008;17. 

Ahn, Y, Kwon, E, Shim, JE, et al., Validation and reproducibility of food frequency 

questionnaire for Korean genome epidemiologic study, Eur J Clin Nutr, 2007;61:1435-1441. 

 

5-2) The FFQ collected dietary patterns from "the previous year". Were the patients 

asked if they recently changed their diet markedly? 

Response: Thank you for your comment. Before proceeding with the FFQ, the participants 

were asked whether their diet had changed markedly during the past year compared with their 

previously maintained diet. If they answered “No,” they proceeded with the FFQ. If they 

answered “Yes,” they were instructed to answer according to their usual diet before 

proceeding with the FFQ. The reasons for any recent changes in diet characteristics were not 

further assessed, limiting our ability to evaluate them in our analysis. We have added this 

information to the Methods section (page 5, last paragraph – page 6, 1st paragraph) of the 

revised manuscript as follows:  

 

“Information on dietary patterns was collected through a 103-item food frequency 

questionnaire (FFQ). Participants were first asked whether their diet had changed 

markedly during the past year compared with a previously maintained diet; if they 

answered “No,” they proceeded with the FFQ and if they answered “Yes,” they were 

instructed to answer according to their usual diet.” 

 

6) *p6, line 2/3: Blood and urine samples for ketone bodies were collected after 10h of 

fasting.: 
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1) this was done only once (1x) baseline, and not serial during the entire F/U period of 

4years, annually? Please add as study limitation. 

Response: Thank you for your comment. As suggested, we have mentioned this point in the 

limitations section of the Discussion (page 15, 1st paragraph) section in the revised 

manuscript as follows:  

 

“Fourth, information on ketonuria was collected once at baseline; thus, the changing 

status of ketonuria was not incorporated into the analysis.” 

 

 

7) *10h of fasting is appropriate for inducing ketosis, but a rather short time window. 

Most regimen recommend a 16h fasting /8h eating pattern (16:8) - or even longer 

periods of fasting- which may be more beneficial. Please discuss briefly - in the 

discussion. 

Response: Thank you for your comment. As suggested, we added that 10 h of fasting is a 

rather short time window for inducing ketosis to the Discussion (page 12, last paragraph – 

page 13 , 1st paragraph) section of the revised manuscript as follows:  

 

“In addition, the 10 hours of fasting in our study participants may have been a relatively 

short time window for inducing ketosis, since most intermittent fasting regimens 

recommend longer periods of fasting, such as 16 hours of fasting between 8 hours of 

eating.41, 42 Studies with longer periods of fasting may provide more insight into the 

association between fasting ketonuria and CAC.” 

 

8) Discussion: 
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*well discussed. 

*Please add to section 4.1. clinical impact a statement (prior to the last sentence) like: 

"Our results indicate that ketosis may have an underestimated impact on primary 

prevention of coronary heart disease and the progression of coronary atherosclerosis". 

Further studies are required… 

Response: Thank you for your comment. As suggested, we added that ketosis may have an 

underestimated impact on the primary prevention of coronary heart disease and coronary 

atherosclerosis progression to the Discussion section (page 14, 1st paragraph) of the revised 

manuscript as follows:  

 

“our results indicate that ketosis may have an underestimated impact on the primary 

prevention of coronary heart disease and progression of coronary atherosclerosis.” 

 

9) I agree, further data are needed. However in my opinion ketosis - and intermittent 

fasting as intervention- could have positive and currently underestimated impact on 

primary CHD prevention. This topic certainly needs further investigations. 

*Data whether or not the subjects were actively practicing "intermittent fasting" or 

during the 4 years period, or prior to the baseline scan, were not collected. This would 

be interesting. However this is acknowledged appropriately. 

Response: Thank you for your comment. As noted, we acknowledged that the lack of data on 

whether participants were practicing intermittent fasting was a limitation of our study in the 

Discussion section.  

 

10) *lipid-lowering medication intake was higher in the 0= non-ketosis group, which 

should slow down progression of CHD- however it did not. Please discuss the inverse 
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relationship- which further points at how powerful ketosis might be. 

Response: Thank you for your comment. As noted, the use of lipid-lowering agents appeared 

to be the highest in the no ketonuria category (3.6%) when compared with categories 1 and ≥ 

2 (2.6% and 2.8%, respectively). However, we performed additional analysis by adjusting for 

age, sex, and BMI, and found that lipid-lowering agent use did not differ among the ketonuria 

categories (p for trend = 0.333, Supplementary Table 1). We have added this point to the 

Results section (page 9, 1st paragraph) of the revised manuscript.  

 

“Although lipid-lowering agent use appeared to be higher in the no ketonuria category 

than categories 1 and ≥2, there was no difference after adjustment for age, sex, and BMI 

(p for trend = 0.333, Supplementary Table 1)." 

 

11) *p.12 last para/p13, 1st sentence. I agree high fat diet pose a risk for higher total 

cholesterol- but also LDL. 

There is data suggesting that ketosis (especially, if induced by high-fat diet) may 

increase LDL. However, LDL was lower in those with higher levels of ketosis. Why? 

Low-fat diet? Lower TG levels in ket 2 group indeed appear suggestive. Please 

discuss…. Composition of the diet may play a role, or a genetic predisposition. 

Response: Thank you for your comment. Indeed, in our study, ketonuria category ≥ 2 

appeared to show slightly lower low-density lipoprotein cholesterol (LDL-C) and triglyceride 

levels than ketonuria categories 0 and 1. Lower triglyceride levels may be due to lower 

carbohydrate intake, and although this may decrease small dense LDL concentrations, it is 

unlikely to affect total LDL-C concentrations. Previous studies have shown that ketogenic 

diets are associated with lower triglyceride and small dense LDL particles; however, LDL-C 

levels generally increase with ketogenic diets (Bhanpuri, NH, et al., 2018; Yancy, WS, et al., 
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2004). Aging is associated with increased LDL-C concentrations, and it is possible that the 

slightly lower LDL-C concentrations in the ketonuria group in our study were due to a 

slightly lower mean age in this group, rather than because of any dietary intake component. 

We performed additional analysis for lipid levels according to ketonuria categories with 

adjustment for age, sex, and BMI. We found that triglyceride levels continued to decrease 

with increasing ketonuria category, but LDL-C levels appeared to be lowest in the no 

ketonuria category compared to the ketonuria categories 1 and ≥2. (Supplementary Table 1) 

We have added these comments to the Discussion section (page 14, 1st paragraph in the 

revised version) as follows:  

 

“Although LDL-C appeared to decrease with increasing ketonuria category in our 

study participants, after adjustment for age, sex, and BMI, LDL-C was lowest in the 

no ketonuria category. Furthermore, it is unclear whether any predisposing factors 

for ketonuria played a role in our study population, as information on the reason for 

ketonuria, such as genetic predisposition, longer fasting duration, recent dietary 

characteristics, or adherence to intermittent fasting, was not available.”  

 

References 

Bhanpuri, NH, Hallberg, SJ, Williams, PT, et al., Cardiovascular disease risk factor responses 

to a type 2 diabetes care model including nutritional ketosis induced by sustained 

carbohydrate restriction at 1 year: an open label, non-randomized, controlled study, 

Cardiovasc Diabetol, 2018;17:56. 

Yancy, WS, Jr., Olsen, MK, Guyton, JR, et al., A low-carbohydrate, ketogenic diet versus a 

low-fat diet to treat obesity and hyperlipidemia: a randomized, controlled trial, Ann Intern 

Med, 2004;140:769-777. 
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Atherosclerosis style guide checklist 

 

Atherosclerosis applies format guidelines to all accepted papers, with the aim of improving their 

readability. 

 

Manuscripts that do not conform to the format guidelines of the Atherosclerosis Journal will 

be returned to the authors for reformatting. 

 

Please find below a questionnaire to guide authors to comply with the formatting requirements for 

revised submissions. For more detailed information, visit our website.  

 

Please note that when you answer “No” to a question, editing of your manuscript is required 

before submission to Atherosclerosis. 

 

Manuscript structure and style 

Does your manuscript contain all the below essential elements, in this order?    

 Yes  

(please stick to the headers as indicated below) 

 

- Title – Yes 

- Authors, Affiliations, Contact Information – Yes 

- Abstract in the Atherosclerosis format (Background and aims, Methods, Results, 

Conclusions) –Yes Introduction – Yes 

- Materials and methods (or Patients and methods) – Yes 

- Results – Yes 

- Discussion – Yes 

- Conflict of interest (mandatory) – Yes 

- Financial support (if applicable) – Yes 

- Author contributions (mandatory) – Yes 

http://www.atherosclerosis-journal.com/content/authorinfo
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- Acknowledgements (if applicable) – N/A 

- References – Yes 

- Figures and Tables (with legends in the suitable style) – Yes 

 

 

Abstract style 

Is the Abstract structured in the below sections?       

 Yes  

  

- Background and aims – Yes 

- Methods – Yes 

- Results – Yes 

- Conclusions – Yes 

 

 

Figure and table legends 

Are figure and table legends formatted as described below?    

 Yes    

Each figure and table legend should have a brief overarching title that describes the entire figure 

without citing specific panels, followed by a description of each panel, and all symbols used. – Yes 

 

If a figure or table contains multiple panels, the letter describing each panel should be capitalized 

and surrounded by parenthesis: i.e. (A)(B)(C)(D). – N/A 

 

Please make sure to apply the formatting requirements to figures and tables where necessary (e.g. 

style of p values, gene and protein nomenclature). – Yes 

 

 

Footnotes to tables         

   



58 

 

Are footnotes to tables formatted as described below?     

 Yes   

 

Footnotes to tables should be listed with superscript lowercase letters, beginning with “a.” – Yes 

Footnotes must not be listed with numbers or symbols. – Yes 

 

 

Abbreviations 

Are abbreviations defined when first used in the text?     

 Yes  

 

Use of abbreviations should be kept at a minimum. – Yes 

 

 

 

Units 

Are units expressed following the international system of units (SI)?    

 Yes  

 

If other units are mentioned, please provide conversion factors into SI units. – Yes 

 

 

DNA and protein sequences 

Are gene names italicized?        

   N/A  

 

Gene names should be italicized; protein products of the loci are not italicized. – N/A  
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For murine models, the gene and protein names are lowercase except for the first letter. – N/A 

(e.g., gene: Abcb4; protein: Abcb4) 

 

For humans, the whole gene name is capitalized. – N/A 

(e.g., gene: ABCB4; protein ABCB4) 

 

 

Mouse strains and cell lines 

Are knock-out or transgenic mouse strains and cell lines italicized and the symbol superscripted?  

N/A 

 

(e.g. ob/ob , p53+/+, p53-/-) 

 

 

p values 

Are p values consistently formatted according to the below style throughout the manuscript 

(including figures and tables)?        

 Yes   

 

p <X 

p >X 

p=X 

 

 

Language 
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Is your manuscript written in good English?      

  Yes   

 

Please make sure that you consistently use either American or British English, but not a mixture of 

them. – Yes 

 

Please make sure that words are written consistently in the same way throughout the manuscript. – 

Yes 

e.g. non-significant or nonsignificant  

e.g. down-regulation or downregulation 

 

 

Artwork 

Have you submitted high-resolution versions of your original artwork?   

 Yes   

 

Please make sure to use uniform lettering and sizing in your original artwork, including letters to 

indicate panels, consistently throughout all figures. – Yes 

 

 

Atherosclerosis policy on the use of proper terminology when referring to intima-media 

thickness (IMT) N/A 

 

Atherosclerosis has recently embraced a new editorial policy to clarify the use of proper terminology 

when referring to intima-media thickness (IMT):  

IMT should be referred to as “arterial injury” or “arteriopathy”, not atherosclerosis.  

For more details, please see the following letter to the editor and reply published in Atherosclerosis  
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 “IMT is not atherosclerosis”, Spence 2020 (https://doi.org/10.1016/j.atherosclerosis.2020.09.016) 

 

“Carotid intima-media thickness should not be referred to as subclinical atherosclerosis: A 

recommended update to the editorial policy at Atherosclerosis”, Raggi and Stein 2020 

(https://doi.org/10.1016/j.atherosclerosis.2020.09.015) 

  

https://doi.org/10.1016/j.atherosclerosis.2020.09.016
https://doi.org/10.1016/j.atherosclerosis.2020.09.015
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Supplementary Material 

 

Fasting ketonuria is inversely associated with coronary artery calcification in non-

diabetic individuals 

 

In Young Cho, Yoosoo Chang, Eunju Sung, Yejin Kim, Jae-Heon Kang, Hocheol Shin, Sarah 

H. Wild, Christopher D. Byrne, Seungho Ryu 
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Supplementary Table 1. Estimateda mean values (95% CI) and adjusteda proportion (95% CI) of 

baseline characteristics by fasting ketonuria category 

Characteristics Fasting ketonuria category p for 

trend 0 1 ≥2 

Total cholesterol 

(mg/dL) 

198.9 (198.8-

199.1) 

200.8 (199.7-

201.8) 

199.9 (198.8-

201.1) 

0.003 

LDL-C (mg/dL) 130.0 (129.8-

130.1) 

131.8 (130.9-

132.7) 

131.6 (130.6-

132.6) 

<0.001 

HDL-C (mg/dL) 63.9 (63.8-64.1) 66.2 (65.3–67.0) 66.1 (65.1–67.0) <0.001 

Triglycerides 

(mg/dL) 

132.6 (132.2-

133.1) 

97.7 (95.3–

100.1) 

91.0 (88.4–93.7) <0.001 

Lipid lowering 

agent (%) 

3.6 (3.5-3.7) 2.9 (2.4-3.4) 3.6 (2.9-4.4) 0.333 

CI, confidence interval; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density 

lipoprotein cholesterol 

aAdjusted for age, sex and BMI 
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Supplementary Table 2. Odds ratiosa (95% CIs) for CACS ≥10 by fasting ketonuria category 

in 144,346 health checkup examinees at Kangbuk Samsung Hospital between 2011 and 2019 

 Fasting ketonuria category p for 

trend 0 1 ≥2 

Number 136,159 4,486 3,701  

Cases (N) of CACS ≥10  11,078 293 155  

Age- and sex-adjusted prevalence b 

(95% CIs) 

8.0 (7.9–8.2) 7.3 (6.6-8.1) 6.0 (5.1–6.8)  

Adjusted odds ratios a (95% CIs)     

Age- and sex-adjusted 

1.00 

(reference) 

0.89 (0.78–

1.02) 

0.68 (0.57–

0.81) 

<0.001 

Multivariable-adjusted  

1.00 

(reference) 

0.93 (0.81-

1.06) 

0.74 (0.62-

0.88) 

0.001 

Abbreviations: CACS, coronary artery calcium score; CI, confidence interval. 

a Estimated from binomial logistic regression models used with prevalent CACS ≥10 as the 

outcome  

The multivariable model was adjusted for age, sex, center, year of screening exam, smoking 

status, alcohol intake, educational level, total energy intake, medication for hyperlipidaemia, 

history of hypertension, SBP, and LDL-C.  

b per 100 persons. 

 

Supplementary Table 3. Coronary artery calcium score (CACS) ratiosa (95% CI) by fasting 

ketonuria category in clinically relevant subgroups 

Subgroup Fasting ketonuria category p for p for 
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0 1 ≥2 trend interaction 

Age     0.106 

<50 years 

(N=125,028) 

Reference 

0.67 (0.49-

0.90) 

0.45 (0.31-

0.63) 

<0.001  

≥50 years 

(N=19,318) 

Reference 

1.01 (0.65-

1.56) 

0.76 (0.41-

1.39) 

0.481   

Sex        0.532 

Women (N=34,896) Reference 

0.89 (0.51-

1.55) 

0.89 (0.48-

1.65) 

0.621   

Men (N=109,450) Reference 

0.91 (0.70-

1.19) 

0.60 (0.43-

0.83) 

0.003   

Current smoking        0.967 

No (N=107,642) Reference 

0.92 (0.69-

1.22) 

0.63 (0.45-

0.88) 

0.008   

Yes (N=30,471) Reference 

0.93 (0.56-

1.54) 

0.69 (0.36-

1.35) 

0.294   

Alcohol intake        0.516 

<20 g/day 

(N=102,123) 

Reference 

0.81 (0.60-

1.09) 

0.68 (0.48-

0.96) 

0.010   

≥20 g/day 

(N=34,727) 

Reference 

1.11 (0.70-

1.76) 

0.70 (0.39-

1.27) 

0.450   

HEPA        0.838 

No (N=118,928) Reference 

0.87 (0.66-

1.15) 

0.66 (0.47-

0.93) 

0.011   
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Yes (N=23,297) Reference 

1.03 (0.63-

1.68) 

0.65 (0.35-

1.20) 

0.255   

BMI        0.521 

 <18.5 kg/m2 

(N=3,337) 

Reference 

2.16 (0.44-

10.74) 

1.21 (0.21-

6.94) 

0.555   

 18.5-22.9 kg/m2 

(N=47,399) 

Reference 

0.86 (0.57-

1.30) 

0.84 (0.52-

1.35) 

0.336   

 23-24.9 kg/m2 

(N=37,656) 

Reference 

0.85 (0.54-

1.32) 

0.38 (0.20-

0.69) 

0.002   

 25-29.9 kg/m2 

(N=48,581) 

Reference 

0.91 (0.60-

1.39) 

0.75 (0.45-

1.24) 

0.707   

 ≥30 kg/m2 

(N=7,373) 

Reference 

1.12 (0.39-

3.18) 

0.35 (0.09-

1.37) 

0.409   

Glucose        0.226 

<100 mg/dL 

(N=103,735) 

Reference 

1.00 (0.77-

1.30) 

0.71 (0.52-

0.98) 

0.068   

≥100 mg/dL 

(N=40,610) 

Reference 

0.65 (0.38-

1.11) 

0.47 (0.23-

0.97) 

0.011   

HOMA-IR        0.554 

<2.5 (N=118,849) Reference 

0.94 (0.73-

1.21) 

0.70 (0.51-

0.94) 

0.024   

≥2.5 (N=25,283) Reference 

0.79 (0.33-

1.90) 

0.39 (0.13-

1.14) 

0.095   

hsCRP        0.632 
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<1.0 mg/L 

(N=92,491) 

Reference 

1.05 (0.77-

1.44) 

0.78 (0.53-

1.15) 

0.370   

≥1.0 mg/L 

(N=34,364) 

Reference 

0.83 (0.53-

1.30) 

0.67 (0.39-

1.14) 

0.090   

Fatty liver        0.180 

No (N=88,020) Reference 

0.88 (0.65-

1.19) 

0.78 (0.55-

1.11) 

0.115   

Yes (N=56,033) Reference 

0.99 (0.67-

1.44) 

0.44 (0.26-

0.74) 

0.007  

 

a Estimated from robust Tobit regression models performed with natural log(CACS + 1) as the 

outcome. The multivariable model was adjusted for age, sex, center, year of screening exam, 

smoking status, alcohol intake, educational level, total energy intake, medication for 

hyperlipidaemia, history of hypertension, SBP, and LDL-C.  

Abbreviations: CI, confidence interval; HEPA, health-enhancing physical activity; BMI, body 

mass index; HOMA-IR, homeostasis model assessment of insulin resistance; hsCRP, high-

sensitivity C-reactive protein 
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Supplementary Table 4. Hazard ratiosa (95% CIs) for coronary artery calcium score (CACS) 

≥10 by fasting ketonuria category among participants with CACS = 0 (n=33,774) 

 Fasting ketonuria category p for 

trend 0 1 ≥2 

Person-year 130004.7 4441.0 3644.7  

Incident CACS ≥10 1411 46 25  

Incident density (/103) 10.9 10.4 6.9  

Multivariable adjusted 

hazard ratios a (95% CIs) 

1.00 (reference) 1.11 (0.83-

1.49) 

0.80 (0.53-

1.18) 

0.259 

Abbreviations: CI, confidence interval. 

a Estimated from Cox proportional hazard models  

The multivariable model was adjusted for age, sex, center, year of screening exam, smoking 

status, alcohol intake, educational level, total energy intake, medication for hyperlipidaemia, 

history of hypertension, SBP, and LDL-C.  

 

 

 


