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Abstract
Background
Remnant cholesterol (RC) mediates the progression of coronary artery disease, diabetic complications, hypertension, and chronic kidney disease. Limited information is available on the association of RC with nonalcoholic fatty liver disease (NAFLD). This study aimed to explore whether RC can be used to independently evaluate the risk of NAFLD in the general population and to analyze the predictive value of RC for NAFLD.

Methods
The study included 14,251 subjects enrolled in a health screening program. NAFLD was diagnosed by ultrasound, and the association of RC with NAFLD was assessed using the receiver operating characteristic (ROC) curve and logistic regression equation.

Results
Subjects with elevated RC had a significantly higher risk of developing NAFLD after fully adjusting for potential confounding factors (OR 1.77 per SD increase, 95% CI 1.64–1.91, P trend< 0.001). There were significant differences in this association among sex, BMI and age stratification. Compared with men, women were facing a higher risk of RC-related NAFLD. Compared with people with normal BMI, overweight and obesity, the risk of RC-related NAFLD was higher in thin people. In different age stratifications, when RC increased, young people had a higher risk of developing NAFLD than other age groups. Additionally, ROC analysis results showed that among all lipid parameters, the AUC of RC was the largest (women: 0.81; men: 0.74), and the best threshold for predicting NAFLD was 0.54 in women and 0.63 in men.

Conclusions
The results obtained from this study indicate that (1) in the general population, RC is independently associated with NAFLD but not with other risk factors. (2) Compared with traditional lipid parameters, RC has a better predictive ability for NAFLD in men.
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The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12944-021-01573-y.
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Background
In recent decades, the incidence of nonalcoholic fatty liver disease (NAFLD) has increased significantly globally with the prevalence of obesity and increased consumption of refined carbohydrates and saturated fats [1, 2]. A recent meta-analysis by Dr. Younossi pointed out that approximately 1/4 of adults worldwide suffer from NAFLD, among which Asia, North America and the Middle East are the most affected by NAFLD [3]. NAFLD not only brings a serious burden of liver-related diseases but also affects multiple organ systems in the whole body outside the liver, including the cardio-cerebrovascular system, musculoskeletal system, endocrine system, respiratory system and kidney organs [4–6]. Considering the prevalence of NAFLD and its many adverse health consequences, it would be helpful to reduce the disease burden of NAFLD if individuals vulnerable to NAFLD could be identified early on by simple noninvasive indicators.
Dyslipidemia is a recognized pathogenic factor of NAFLD and has been confirmed in several epidemiological and genetic studies [7, 8]. Dyslipidemia in NAFLD is similar to obesity and metabolic syndrome and is characterized by increased levels of triglyceride (TG) and decreased concentrations of high-density lipoprotein cholesterol (HDL-C) [7, 9, 10, 11]. Changes in lipid profiles can be used to predict the occurrence and progression of NAFLD. Some recent evidence suggests that remnant cholesterol (RC) rich in TG lipoprotein mediates the progression of coronary artery disease, diabetic complications, hypertension and chronic kidney disease [12–16]. However, current information on the association of RC with NAFLD is limited. The purpose of this study was to explore whether RC can be used to independently assess the risk of NAFLD in the general population and to analyze its predictive value for NAFLD.
Methods
Study design and data sources
NAGALA (NAfld in Gifu Area, Longitudinal Analysis) is a longitudinal survey launched in 1994 to assess risk factors for common chronic diseases in the general population. The NAGALA project continuously includes the general population who take part in a comprehensive health examination at Murakami Memorial Hospital. The details of the study design have been described elsewhere [17], in which the available public research data have been uploaded to the DRYAD database by Okamura et al. [18]. According to the DRYAD database terms of service, researchers can use the database’s exposed data to perform secondary analyses under new study assumptions. As the authorization of the ethics committee of Murakami Memorial Hospital was obtained in a previous study [17], this study does not need to be submitted for ethical approval again.
This study was a post hoc analysis of the NAGALA to investigate the association of RC with NAFLD. According to the current research purpose, the researchers extracted the available data from 2004 to 2015 in the NAGALA project (n = 20,944) and finally included 14,251 subjects who met the requirements according to the following exclusion criteria: (i) Missing baseline information of subjects (n = 863); (ii) Subjects who drank heavily (men ≥210 g/w or women ≥140 g/w; n = 739) [19]; (iii) Subjects were taking medication orally when baseline information was collected (n = 2321); (iv) Subjects with alcoholic hepatitis or viral hepatitis or diabetes or impaired fasting glucose (n = 1547); and (v) Subjects not enrolled in the study for unknown reasons (n = 10).
Data collection and measurement
As described in a previous survey report [17], the subjects’ demographic data (age and sex), physical exercise behavior (habit of exercise), anthropometric parameters [height, weight, body mass index (BMI), waist circumference (WC) and arterial blood pressure], history of chronic diseases, medication history, and smoking and drinking status were collected and recorded by trained medical staff through standardized questionnaires. Regarding smoking status, subjects were divided into three categories according to their smoking history: non-smokers, past smokers and current smokers. Drinking status was divided into three categories: no or small drinking (< 40 g/w), light drinking (40–139 g/w), and moderate drinking (140–209 g/w), based on weekly consumption in the past month. In addition, subjects were classified as thin (< 18.5), normal BMI (≥18.5, < 25), overweight (≥25, < 30), or obese (≥30) based on a BMI cut-off point recommended by the World Health Organization for Asian populations [20]. Venous blood was collected after overnight fasting, and the levels of fasting plasma glucose (FPG), alanine aminotransferase (ALT), total cholesterol (TC), gamma-glutamyl transferase (GGT), TG, hemoglobin A1c (HbA1c), HDL-C and aspartate aminotransferase (AST) were measured using an automatic biochemistry analyzer. The low-density lipoprotein cholesterol (LDL-C) concentration was calculated using the modified Friedewald equation: LDL-C (mg/dl) = non-high-density lipoprotein cholesterol (Non-HDL-C) × 90% - TG × 10% [21]; non-HDL-C was calculated as TC minus HDL-C [21]; RC was calculated as non-HDL-C minus LDL-C [22].
Definition of NAFLD
Abdominal ultrasound was used to diagnose NAFLD. The abdominal ultrasound procedure was performed by trained technicians, and then the gastroenterologist examined the ultrasound image without referring to the subject’s other personal data. The diagnosis of NAFLD was based on the four criteria of vascular blurring, deep attenuation, hepatorenal echo contrast and liver brightness [23].
Statistical analysis
In this study, the statistical software Empower Stats (version 2.0) and R language (version 3.4.3) were used for data analysis, and a P value less than 0.05 (bilateral) was the significance criterion.
First, the quintile of RC was calculated by a quantile function, the subjects were equally divided into five groups, and the differences among each group were compared by chi-square test, nonparametric test or one-way ANOVA. The distribution pattern of continuous variables was evaluated by a QQ plot and reported as the mean (standard deviation: SD) or median (interquartile range). Categorical variables were reported as percentages.
Univariate analyses were used to initially assess the association between baseline variables and NAFLD. Then, the independent association of RC with NAFLD was evaluated by a multivariable logistic regression model, the odds ratio (OR) and 95% confidence interval (CI) of NAFLD were calculated, and the unadjusted and multivariable adjusted model analysis results were listed according to the recommendations of Strengthening the Reporting of Observational Studies in Epidemiology statement [24]. Model 1 makes preliminary adjustments to age, sex and BMI, and this model was regarded as a fine-tuning model, which can be used as a reference for further model adjustments. Model 2 regards the covariates that change at least 10% of the initial regression coefficient of the matching risk of RC-related NAFLD as confounding factors and adjusts them [25]. Model 3 was considered to be a fully adjusted model in which all non-collinear variables were adjusted (Supplementary Table 1) [26]. Additionally, the researchers used hierarchical logistic regression models to examine the association of RC with NAFLD for different ages, BMI, habit of exercise, and sex and used likelihood ratio tests to examine differences among different subgroups to determine whether there was an interaction.
Finally, to test the predictive value of lipid parameters for NAFLD, receiver operating characteristic (ROC) curves were plotted, the area under the curve (AUC) corresponding to each lipid parameter and its best threshold were calculated, and the DeLong test was used to check whether RC was significantly different from other lipid parameters.
Results
Baseline characteristics of subjects
Overall, 14,251 subjects met the inclusion and exclusion criteria for this study. Among these subjects, the prevalence of NAFLD was 17.59%. The baseline characteristics of the RC quintile groups by sex are shown in Table 1, and there were significant differences between groups of almost all baseline covariates (P < 0.05). Subjects in the highest RC group (Q5) had higher ages, LDL-C, AST, ALT, weight, height, GGT, WC, TC, BMI, TG, FPG, HbA1c, non-HDL-C and systolic/diastolic blood pressure (S/DBP) and more drinkers than other groups (Q1-Q4). Subjects with the highest RC (Q5) had lower HDL-C values than subjects with lower RC (Q1-Q4). In addition, the prevalence of NAFLD increased rapidly among the RC quintiles, and there was a significant difference, among which the prevalence rate of males was higher than that of females in all groups.
Table 1Baseline characteristics of five groups


	 	RC quintile
	P-value

	Q1(0.17–0.41)
	Q2(0.41–0.49)
	Q3(0.49–0.58)
	Q4(0.58–0.71)
	Q5(0.71–2.72)

	Women

	 No. of subjects
	2104
	1699
	1386
	1019
	632
	 
	 Age, years
	38.00 (35.00–43.00)
	41.00 (36.00–48.00)
	45.00 (39.00–51.00)
	48.00 (41.00–54.00)
	51.00 (44.00–56.00)
	< 0.001

	 BMI, kg/m2
	19.87 (2.14)
	20.57 (2.58)
	21.28 (2.81)
	22.16 (3.30)
	23.54 (3.41)
	< 0.001

	 WC, cm
	68.98 (6.29)
	70.42 (7.41)
	72.28 (7.91)
	74.39 (8.79)
	78.28 (8.93)
	< 0.001

	 Weight, kg
	50.54 (6.34)
	51.72 (7.22)
	53.19 (7.80)
	54.79 (8.77)
	57.53 (9.31)
	< 0.001

	 Height, cm
	159.40 (5.26)
	158.50 (5.39)
	158.03 (5.36)
	157.18 (5.06)
	156.25 (5.37)
	< 0.001

	 ALT, U/L
	13.00 (10.00–16.00)
	13.00 (10.00–16.00)
	14.00 (11.00–17.00)
	15.00 (12.00–19.00)
	16.00 (13.00–22.00)
	< 0.001

	 AST, U/L
	15.00 (13.00–18.00)
	16.00 (13.00–19.00)
	16.00 (13.00–19.00)
	17.00 (14.00–20.00)
	18.00 (15.00–21.00)
	< 0.001

	 GGT, U/L
	11.00 (9.00–13.00)
	11.00 (9.00–14.00)
	12.00 (9.00–15.00)
	12.00 (10.00–16.00)
	14.00 (11.00–19.00)
	< 0.001

	 HDL-C, mmol/L
	1.74 (0.38)
	1.70 (0.37)
	1.64 (0.36)
	1.54 (0.35)
	1.34 (0.32)
	< 0.001

	 TC, mmol/L
	4.33 (0.53)
	4.94 (0.54)
	5.37 (0.60)
	5.76 (0.66)
	6.29 (0.89)
	< 0.001

	 Non-HDL-C, mmol/L
	2.59 (0.39)
	3.24 (0.36)
	3.73 (0.42)
	4.22 (0.50)
	4.95 (0.79)
	< 0.001

	 LDL-C, mmol/L
	2.24 (0.36)
	2.80 (0.35)
	3.20 (0.41)
	3.58 (0.49)
	4.11 (0.75)
	< 0.001

	 TG, mmol/L
	0.36 (0.28–0.45)
	0.52 (0.43–0.62)
	0.68 (0.56–0.81)
	0.91 (0.76–1.08)
	1.38 (1.14–1.74)
	< 0.001

	 RC, mmol/L
	0.34 (0.04)
	0.45 (0.02)
	0.53 (0.03)
	0.63 (0.04)
	0.84 (0.15)
	< 0.001

	 FPG, mmol/L
	4.88 (0.35)
	4.93 (0.38)
	5.03 (0.39)
	5.09 (0.40)
	5.21 (0.39)
	< 0.001

	 HbA1c, %
	5.11 (0.29)
	5.15 (0.31)
	5.21 (0.31)
	5.28 (0.33)
	5.36 (0.34)
	< 0.001

	 SBP, mmHg
	105.26 (11.92)
	107.36 (13.10)
	109.90 (14.03)
	114.00 (15.06)
	118.84 (16.91)
	< 0.001

	 DBP, mmHg
	64.66 (8.41)
	66.44 (8.99)
	68.19 (9.48)
	70.68 (10.11)
	73.87 (11.30)
	< 0.001

	 Habit of exercise
	297 (14.12%)
	271 (15.95%)
	231 (16.67%)
	163 (16.00%)
	117 (18.51%)
	0.065

	Drinking status
	 	 	 	 	 	0.023

	 Non or small
	1975 (93.87%)
	1586 (93.35%)
	1309 (94.44%)
	971 (95.29%)
	610 (96.52%)
	 
	 Light
	129 (6.13%)
	113 (6.65%)
	77 (5.56%)
	48 (4.71%)
	22 (3.48%)
	 
	Smoking status
	 	 	 	 	 	< 0.001

	 Non
	1848 (87.83%)
	1512 (88.99%)
	1246 (89.90%)
	892 (87.54%)
	538 (85.13%)
	 
	 Past
	150 (7.13%)
	102 (6.00%)
	64 (4.62%)
	59 (5.79%)
	31 (4.91%)
	 
	 Current
	106 (5.04%)
	85 (5.00%)
	76 (5.48%)
	68 (6.67%)
	63 (9.97%)
	 
	NAFLD
	22 (1.05%)
	49 (2.88%)
	94 (6.78%)
	133 (13.05%)
	180 (28.48%)
	< 0.001

	Men

	 No. of subjects
	746
	1151
	1464
	1831
	2219
	 
	 Age, years
	38.00 (35.00–45.00)
	40.00 (35.00–48.00)
	42.00 (36.00–50.00)
	44.00 (37.00–51.00)
	44.00 (39.00–51.00)
	< 0.001

	 BMI, kg/m2
	21.17 (2.50)
	21.74 (2.55)
	22.45 (2.64)
	23.29 (2.77)
	24.52 (3.03)
	< 0.001

	 WC, cm
	74.82 (6.73)
	76.58 (6.88)
	78.85 (7.07)
	81.33 (7.39)
	84.35 (7.53)
	< 0.001

	 Weight, kg
	62.71 (8.75)
	63.85 (8.70)
	65.71 (9.02)
	67.75 (9.53)
	71.28 (10.40)
	< 0.001

	 Height, cm
	172.00 (6.04)
	171.29 (6.02)
	170.98 (6.03)
	170.44 (5.94)
	170.37 (5.98)
	< 0.001

	 ALT, U/L
	16.00 (13.00–20.75)
	17.00 (14.00–22.00)
	19.00 (15.00–25.00)
	21.00 (16.00–28.00)
	25.00 (19.00–35.00)
	< 0.001

	 AST, U/L
	17.00 (14.00–20.00)
	18.00 (14.00–21.00)
	18.00 (14.00–21.00)
	18.00 (15.00–22.00)
	20.00 (16.00–25.00)
	< 0.001

	 GGT,U/L
	15.00 (12.00–20.00)
	16.00 (13.00–20.00)
	17.00 (14.00–24.00)
	19.00 (15.00–27.00)
	24.00 (18.00–36.00)
	< 0.001

	 HDL-C, mmol/L
	1.52 (0.38)
	1.46 (0.35)
	1.36 (0.33)
	1.26 (0.28)
	1.11 (0.25)
	< 0.001

	 TC, mmol/L
	4.10 (0.54)
	4.59 (0.52)
	4.95 (0.58)
	5.30 (0.62)
	5.83 (0.80)
	< 0.001

	 Non-HDL-C, mmol/L
	2.58 (0.37)
	3.13 (0.36)
	3.59 (0.42
	4.05 (0.51)
	4.72 (0.74)
	< 0.001

	 LDL-C, mmol/L
	2.23 (0.35)
	2.68 (0.35)
	3.06 (0.41)
	3.41 (0.50
	3.82 (0.71)
	< 0.001

	 TG, mmol/L
	0.42 (0.33–0.50)
	0.58 (0.47–0.69)
	0.75 (0.63–0.87)
	1.02 (0.86–1.16)
	1.68 (1.39–2.16)
	< 0.001

	 RC, mmol/L
	0.35 (0.04)
	0.45 (0.02)
	0.53 (0.03)
	0.64 (0.04)
	0.90 (0.20)
	< 0.001

	 FPG, mmol/L
	5.16 (0.38)
	5.22 (0.35)
	5.27 (0.36)
	5.32 (0.36)
	5.39 (0.36)
	< 0.001

	 HbA1c, %
	5.10 (0.29)
	5.13 (0.31)
	5.14 (0.30
	5.17 (0.32)
	5.24 (0.33)
	< 0.001

	 SBP, mmHg
	113.98 (12.50)
	115.24 (13.07)
	116.56 (13.31)
	118.75 (13.94)
	121.90 (14.47)
	< 0.001

	 DBP, mmHg
	70.52 (9.33)
	71.94 (9.28)
	73.26 (9.18)
	74.99 (9.71)
	77.26 (9.98)
	< 0.001

	 Habit of exercise
	202 (27.08%)
	243 (21.11%)
	306 (20.90%)
	310 (16.93%)
	330 (14.87%)
	< 0.001

	Drinking status
	 	 	 	 	 	0.175

	 Non or small
	532 (71.31%)
	821 (71.33%)
	1029 (70.29%)
	1345 (73.46%)
	1627 (73.32%)
	 
	 Light
	149 (19.97%)
	218 (18.94%)
	304 (20.77%)
	320 (17.48%)
	378 (17.03%)
	 
	 Moderate
	65 (8.71%)
	112 (9.73%)
	131 (8.95%)
	166 (9.07%)
	214 (9.64%)
	 
	Smoking status
	 	 	 	 	 	< 0.001

	 Non
	344 (46.11%)
	468 (40.66%)
	546 (37.30%)
	616 (33.64%)
	736 (33.17%)
	 
	 Past
	186 (24.93%)
	340 (29.54%)
	419 (28.62%)
	581 (31.73%)
	627 (28.26%)
	 
	 Current
	216 (28.95%)
	343 (29.80%)
	499 (34.08%)
	634 (34.63%)
	856 (38.58%)
	 
	NAFLD
	55 (7.37%)
	108 (9.38%)
	251 (17.14%)
	524 (28.62%)
	1091 (49.17%)
	< 0.001


Values were expressed as mean (standard deviation) or medians (quartile interval) or n (%). Abbreviations: BMI body mass index, WC Waist circumference, ALT alanine aminotransferase, AST aspartate aminotransferase, GGT gamma-glutamyl transferase, HDL-C high-density lipoprotein cholesterol, TC total cholesterol, Non-HDL-C Non-high-density lipoprotein-cholesterol, LDL-C Low density lipoprotein cholesterol, TG triglyceride, RC remnant cholesterol, HbA1c hemoglobin A1c, FPG fasting plasma glucose, SBP systolic blood pressure, DBP Diastolic blood pressure, NAFLD Nonalcoholic fatty liver disease



Association of RC with NAFLD
First, the association between baseline variables and NAFLD was assessed by univariate analysis. It is evident from Table 2 that RC was most strongly associated with NAFLD risk. For the sake of description, the researchers performed a multivariate analysis after converting the RC to Z score. Table 3 shows the relationship between RC and the risk of NAFLD. In the unadjusted model, there was a significant positive correlation between RC and the risk of NAFLD, and the risk of NAFLD corresponding to the quintile of RC gradually increased (OR 2.83 per SD increase, 95% CI 2.70–2.98, P trend< 0.001). In the age-, sex- and BMI-adjusted model (Model 1), the positive correlation between RC and NAFLD was slightly weaker than that in the unadjusted model, and the trend of the positive correlation remained unchanged. After further adjustment for sex, BMI, TC, FPG and SBP (Model 2), the degree of positive correlation between them changed slightly, and the risk of NAFLD increased by 88% for each increase in 1 SD by RC (OR 1.88 per SD increase, 95% CI 1.75–2.01). Finally, after adjusting all non-collinear covariables, RC and NAFLD maintained a positive correlation, the degree of correlation between them decreased slightly, and the linear trend of RC from the lowest to the highest quintile was significant (OR 1.77 per SD increase, 95% CI 1.64–1.91, P trend< 0.001).
Table 2The results of univariate analysis


	 	Statistics
	OR (95% CI)
	P-value

	Sex
	 	 	< 0.0001

	 Women
	6840 (48.00%)
	Ref
	 
	 Men
	7411 (52.00%)
	5.02 (4.51, 5.58)
	 
	Age, years
	43.53 ± 8.89
	1.02 (1.01, 1.02)
	< 0.0001

	BMI, kg/m2
	22.06 ± 3.14
	1.65 (1.61, 1.68)
	< 0.0001

	WC, cm
	76.19 ± 9.10
	1.20 (1.19, 1.21)
	< 0.0001

	Weight, kg
	60.26 ± 11.61
	1.13 (1.12, 1.14)
	< 0.0001

	Height, cm
	164.80 ± 8.48
	1.06 (1.05, 1.06)
	< 0.0001

	Habit of exercise
	2470 (17.33%)
	0.82 (0.72, 0.92)
	0.0008

	ALT, U/L
	19.76 ± 14.47
	1.10 (1.10, 1.11)
	< 0.0001

	AST, U/L
	18.23 ± 8.67
	1.09 (1.08, 1.10)
	< 0.0001

	GGT, U/L
	19.13 ± 16.13
	1.04 (1.04, 1.04)
	< 0.0001

	HDL-C, mmol/L
	1.46 ± 0.40
	0.05 (0.05, 0.06)
	< 0.0001

	TC, mmol/L
	5.12 ± 0.87
	1.65 (1.57, 1.73)
	< 0.0001

	Non-HDL-C, mmol/L
	3.66 ± 0.91
	2.42 (2.30, 2.55)
	< 0.0001

	LDL-C, mmol/L
	3.09 ± 0.75
	2.40 (2.26, 2.54)
	< 0.0001

	TG, mmol/L
	0.89 ± 0.63
	4.65 (4.30, 5.03)
	< 0.0001

	RC, mmol/L
	0.57 ± 0.21
	153.60 (120.88, 195.19)
	< 0.0001

	FPG, mmol/L
	5.15 ± 0.41
	6.91 (6.13, 7.78)
	< 0.0001

	HbA1c, %
	5.18 ± 0.32
	4.42 (3.84, 5.08)
	< 0.0001

	SBP, mmHg
	113.93 ± 14.82
	1.05 (1.05, 1.06)
	< 0.0001

	DBP, mmHg
	71.12 ± 10.38
	1.08 (1.07, 1.08)
	< 0.0001

	Drinking status

	 Non or small
	11,805 (82.84%)
	Ref
	 
	 Light
	1758 (12.34%)
	0.90 (0.79, 1.04)
	0.1442

	 Moderate
	688 (4.83%)
	1.12 (0.92, 1.36)
	0.2731

	Smoking status

	 Non
	8746 (61.37%)
	Ref
	 
	 Past
	2559 (17.96%)
	2.12 (1.91, 2.37)
	< 0.0001

	 Current
	2946 (20.67%)
	1.93 (1.73, 2.14)
	< 0.0001


Values were expressed as mean (standard deviation) or medians (quartile interval) or n (%)
Note: “Statistics” refers to the statistical description of the baseline variable
Abbreviations: OR Odds ratios, CI confidence interval; other abbreviations as in Table 1


Table 3Logistic regression analyses for the association between RC and NAFLD in different models


	 	OR (95% CI)
	P-trend

	Multivariable Analysis (OR per SD increase)
	Q1
	Q2
	Q3
	Q4
	Q5

	Unadjusted Model
	2.83 (2.70, 2.98)
	Ref
	2.10 (1.59, 2.77)
	4.96 (3.85, 6.39)
	10.79 (8.46, 13.75)
	28.97 (22.83, 36.76)
	< 0.001

	Model 1
	1.79 (1.69, 1.89)
	Ref
	1.27 (0.95, 1.71)
	2.14 (1.63, 2.81)
	3.28 (2.52, 4.27)
	6.01 (4.63, 7.81)
	< 0.001

	Model 2
	1.88 (1.75, 2.01)
	Ref
	1.36 (1.01, 1.84)
	2.32 (1.75, 3.08)
	3.77 (2.84, 5.01)
	7.30 (5.42, 9.85)
	< 0.001

	Model 3
	1.77 (1.64, 1.91)
	Ref
	1.41 (1.03, 1.93)
	2.29 (1.70, 3.09)
	3.55 (2.63, 4.80)
	6.43 (4.68, 8.85)
	< 0.001


Abbreviations: RC remnant cholesterol, OR Odds ratios, CI confidence interval
Model 1 adjusted for sex, age and BMI
Model 2 adjusted for sex, BMI, TC, FPG and SBP
Model 3 adjusted for sex, age, BMI, ALT, AST, height, habit of exercise, GGT, TC, FPG, HbA1c, SBP, drinking status and smoking status



Subgroup analysis
The researchers also analyzed the association of RC with NAFLD after stratification by sex, BMI, age and habit of exercise and examined the differences among different subgroups by the likelihood ratio test (Table 4). These results suggest that there were significant differences in NAFLD risk among RC patients stratified by age, sex and BMI. Compared with men, women were facing a higher risk of RC-related NAFLD (OR = 2.35 per SD increase for women, OR = 1.79 per SD increase for men; P-interaction = 0.0001). Compared with people with normal BMI, overweight and obesity, the risk of RC-related NAFLD was higher in thin people (OR = 3.49 per SD increase for thin people, OR = 2.19 per SD increase for people with normal BMI, OR = 1.80 per SD increase for overweight people, OR = 1.78 per SD increase for obese people; P-interaction = 0.0097). In different age stratifications, when RC increased, young people had a higher risk of developing NAFLD than other age groups.
Table 4Stratified associations between RC and NAFLD by age, sex, BMI and habit of exercise


	Subgroup
	No. of participants
	unadjusted OR (95%CI)
	adjusted 0R (95%CI)
	P-interaction

	Age (years)
	 	 	 	0.0004

	 18–29
	401
	7.22 (3.71, 14.04)
	3.79 (1.83, 7.82)
	 
	 30–44
	7901
	3.40 (3.16, 3.66)
	2.07 (1.89, 2.27)
	 
	 44–59
	5314
	2.35 (2.18, 2.53)
	1.68 (1.53, 1.84)
	 
	  ≥ 60
	635
	1.81 (1.47, 2.24)
	1.66 (1.34, 2.05)
	 
	Sex
	 	 	 	0.0001

	 Women
	6840
	3.47 (3.10, 3.88)
	2.35 (2.05, 2.70)
	 
	 Men
	7402
	2.24 (2.12, 2.37)
	1.79 (1.67, 1.93)
	 
	BMI (kg/m2)
	 	 	 	0.0097

	  < 18.5
	1545
	3.92 (1.48, 10.39)
	3.49 (1.31, 9.27)
	 
	  ≥ 18.5, < 25
	10,442
	2.43 (2.28, 2.58)
	2.19 (2.02, 2.36)
	 
	  ≥ 25, < 30
	2012
	1.86 (1.69, 2.05)
	1.80 (1.62, 2.01)
	 
	  ≥ 30
	252
	1.78 (1.25, 2.75)
	1.78 (1.19, 2.65)
	 
	Habit of exercise
	 	 	 	0.3073

	 Yes
	2470
	2.48 (2.20, 2.79)
	1.76 (1.54, 2.01)
	 
	 No
	11,781
	2.48 (2.20, 2.79)
	1.90 (1.76, 2.05)
	 

Abbreviations: OR Odds ratios, CI confidence interval; other abbreviations as in Table 1, adjusted for sex, age, BMI, ALT, AST, height, habit of exercise, GGT, TC, FPG, HbA1c, SBP, drinking status and smoking status



ROC analysis
To evaluate the predictive value of non-HDL-C, LDL-C, TG, HDL-C, TC and RC in NAFLD, ROC analysis was performed to calculate the AUC of each lipid parameter in different sexes. As shown in Table 5 (Fig. 1), the AUC of RC was the highest among all lipid parameters, which was 0.74 in men and 0.81 in women. It is worth mentioning that in men, the predictive value of RC for NAFLD was significantly better than that of other lipid parameters. Among women, the predictive value of RC for NAFLD was better than that of LDL-C, non-HDL-C, TC and HDL-C, but there was no significant difference between AUC and TG.
Table 5Areas under the receiver operating characteristic curves for each lipid parameters in identifying nonalcoholic fatty liver disease


	 	AUC
	DeLong test P-value
	95%CI low
	95%CI upp
	Best threshold
	Specificity
	Sensitivity

	Women

	 HDL-C, mmol/L
	0.72
	< 0.0001
	0.70
	0.75
	1.46
	0.6888
	0.6674

	 TC, mmol/L
	0.66
	< 0.0001
	0.64
	0.69
	5.24
	0.6136
	0.6527

	 Non-HDL-C, mmol/L
	0.75
	< 0.0001
	0.72
	0.77
	3.55
	0.6152
	0.7741

	 LDL-C, mmol/L
	0.72
	< 0.0001
	0.70
	0.74
	3.05
	0.6180
	0.7322

	 RC, mmol/L
	0.81
	 	0.79
	0.83
	0.54
	0.7163
	0.7699

	 TG, mmol/L
	0.80
	0.7978
	0.79
	0.82
	0.72
	0.7047
	0.7741

	Men

	 HDL-C, mmol/L
	0.69
	< 0.0001
	0.67
	0.70
	1.27
	0.5367
	0.7467

	 TC, mmol/L
	0.62
	< 0.0001
	0.61
	0.63
	5.21
	0.5927
	0.5934

	 Non-HDL-C, mmol/L
	0.69
	< 0.0001
	0.67
	0.70
	3.85
	0.5909
	0.6964

	 LDL-C, mmol/L
	0.65
	< 0.0001
	0.64
	0.67
	3.39
	0.6702
	0.5623

	 RC, mmol/L
	0.74
	 	0.73
	0.75
	0.63
	0.6722
	0.6979

	 TG, mmol/L
	0.73
	0.0418
	0.72
	0.75
	1.07
	0.6997
	0.6530


Abbreviations: AUC area under the curve, CI confidence interval; other abbreviations as in Table 1
The DeLong test was used to compare the AUC of RC with other lipid parameters in men and women
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Fig. 1ROC curve analysis of NAFLD-related lipid parameters in men and women. ROC: receiver operating characteristic; NAFLD: nonalcoholic fatty liver disease; HDL-C: high-density lipoprotein cholesterol; TC: total cholesterol; TG: triglyceride; Non-HDL-C: non-high-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; RC: remnant cholesterol


Discussion
In this cross-sectional study based on the general population, it was observed that there was an independent positive correlation between RC and NAFLD. After fully adjusting for other covariates, the risk of NAFLD increased by 88% for every 1 SD increase in RC. This association also existed in different subgroups, and there were significant differences. In addition, the predictive value of RC for NAFLD was better than that of other lipid parameters in men.
Dyslipidemia is a recognized pathogenic factor of NAFLD and has been confirmed in several epidemiological and genetic studies [7, 8]. Among them, the increase in intrahepatic TG accompanied by insulin resistance is an important characteristic [27, 28]. However, in recent years, some studies have proposed other explanations. In an experimental study conducted by the Yamaguchi team, they pointed out that TG does not seem to be lipotoxic and is more like an inert lipid [29]. The pathogenesis of NAFLD may be closely related to the accumulation of free cholesterol in the liver and the imbalance of cholesterol homeostasis in the liver [30–32]. According to the description of Nuño-Lámbarri et al., an imbalance in liver cholesterol will further aggravate the accumulation of free cholesterol in the liver [33]. In addition to these findings, Ducheix et al. pointed out that excessive accumulation of cholesterol in cells will activate the liver X receptor, which further induces or aggravates steatosis of the liver [34]. Therefore, atherogenic dyslipidemia in peripheral blood may indicate cholesterol accumulation in hepatocytes and a higher risk of NAFLD.
Comparisons with other studies and what does the current work add to the existing knowledge
RC is cholesterol-rich in TG lipoprotein, which consists of chylomicron remnants, intermediate-density lipoprotein and very-low-density lipoprotein [35]. It can integrate a variety of atherosclerotic effects, including monocyte activation, upregulation of proinflammatory cytokines and increased production of thrombogenic factors [35, 36]. Adverse cardiovascular events related to RC have also been observed in many clinical studies. High levels of RC are reported to be associated with an increased risk of coronary artery disease, diabetic complications, hypertension and chronic kidney disease [12–16]. Recently, there have been several reports on the relationship between RC and NAFLD. In 2018, Pastori et al. found for the first time that higher levels of RC were independently positively correlated with NAFLD in patients with cardiac metabolic diseases [37], and Chin et al. also found a similar association in adolescents [38]. This conclusion was validated in this study, and the findings of this study support the role of RC as an independent risk factor for NAFLD in the general population. On this basis, further analysis also found that the predictive value of RC for NAFLD was significantly better than that of other lipid parameters in men. Additionally, in a recent study by Campanella et al., they investigated 237 patients with metabolic syndrome who participated in a randomized controlled trial and found that there was a correlation between RC and the severity of NAFLD [39]. This finding suggests that RC has potential application value in monitoring the occurrence and progression of NAFLD.
Another important finding of the current study is that there are significant differences in the corresponding NAFLD risk of RC in different age, sex and BMI stratifications. Compared with men, women have a higher risk of developing NAFLD with higher RC levels. However, the prevalence of NAFLD in men was still higher than that in women in the group with higher levels of RC in this study. Therefore, there may be some special reasons for the higher risk of NAFLD associated with RC in women. To explain this phenomenon, the researchers summarized the baseline characteristics according to sex in the group with the highest RC value (Supplementary Table 2). The results showed that in the group with the highest RC levels, female NAFLD patients had more significant dyslipidemia than male NAFLD patients in this study. This finding suggests that the disorder of blood lipid metabolism may be an important reason for the sex dependence of RC-related NAFLD risk, and the higher adiponectin concentration in women may be an important factor [40]. In addition, female NAFLD patients in the group with the highest level of RC in this study were significantly older than male NAFLD patients. Therefore, the increased risk of RC-related NAFLD in women may also be related to the lack of adequate estrogen in women of higher age [41]. Among people with different BMI phenotypes, it is particularly noteworthy that thin people face a higher risk of RC-related NAFLD. Some recent studies have shown that non-obese people seem to be more likely to have metabolic disorders [42–44]. More surprisingly, in a recent global survey of non-obese or lean NAFLD, it was revealed that approximately 40% of the global NAFLD population is currently classified as non-obese and nearly one-fifth as lean [45]. In different age stratifications, when RC increased, young people had a higher risk of developing NAFLD than other age groups. With the obesity epidemic, young people may already be overweight or obese in childhood [1, 46]. With the accelerated development of a wide range of new media and unhealthy living habits, young people experience all kinds of metabolic problems prematurely [47, 48]. Additionally, although the interaction between the habit of exercise and RC is not significant, it can be observed from the stratified analysis that people who maintain exercise habits have a lower risk of developing NAFLD. At present, the treatment of NAFLD mainly focuses on improving lifestyle and increasing exercise [2]. Perhaps with further research on the association of RC with NAFLD, the treatment plan for the regulation of RC may become a new research direction.
Study strength and limitation
The advantages of this study are as follows: (i) The sample size of this study is large, it has been strictly statistically adjusted, and the final conclusion can be considered to be relatively objective. (ii) This study found that RC is more valuable in predicting NAFLD than traditional lipid parameters in men. (iii) RC is simple to calculate and easy to obtain. It is especially suitable for chronic disease risk assessment and epidemiological investigation in the general population.
A few limitations should also be highlighted: (i) Due to the cross-sectional design of this study, the causal association between RC and NAFLD needs to be explored in further longitudinal studies. (ii) In this study, NAFLD was evaluated and diagnosed according to ultrasound. Compared with liver biopsy, abdominal ultrasound may not be very sensitive to some mild hepatic steatosis [49]. (iii) Although the covariables have been statistically adjusted by various methods in this study, it is undeniable that there are still some unmeasured or undiscovered influencing factors that are not included, which may lead to some residual confounding [50].
Conclusion
In conclusion, this study demonstrates that RC is an independent risk factor for NAFLD in the general population and is a better predictor of NAFLD risk than conventional lipid parameters in men. RC is a novel and clinically effective marker that is simple to calculate and easy to obtain and can be used to identify people at high risk of NAFLD in the early stage.
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