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Abstract
Background Remnant cholesterol (RC), a potent atherogenic lipid, has been shown to be strongly correlated 
with insulin resistance and the pathogenesis of diabetes mellitus. However, the relationship between RC and 
normoglycemia reversal in individuals with impaired fasting glucose (IFG) is crucial and remains unclear. This 
investigation, which aimed to clarify this association, is important for understanding and potentially improving the 
management of diabetes.

Method This study, which included 15,019 IFG participants from 11 Chinese cities between 2010 and 2016, was 
conducted with a rigorous research process. Cox regression analysis revealed intriguing findings regarding the 
relationship between RC and normoglycemia reversal in individuals with IFG. Potential nonlinear associations 
were further explored via smooth curve-fitting techniques and 4-knot restricted cubic spline functions, ensuring a 
comprehensive analysis. To examine the validity of the results, an array of subgroup and sensitivity analyses were 
conducted, further bolstering the robustness of the findings.

Results By the end of the 2.89-year median follow-up period, 6,483 of the 15,019 IFG participants (43.17%) had 
reverted to normoglycemia. The findings, which reveal that increased RC levels are inversely associated with the 
likelihood of normoglycemia reversal, are novel and significant. According to the fully adjusted Cox proportional 
hazards model analysis, an increase of one standard deviation in RC was associated with a 20% decrease in the 
likelihood of normoglycemia reversal among IFG participants (HR: 0.80, 95% CI: 0.77–0.82). A nonlinear association 
between RC and normoglycemia reversal was observed, with an inflection point at 41.37 mg/dL. This suggests 
that the growth rate of the likelihood of reversion decreased and stabilized after the inflection point was reached. 
Moreover, significant interactions were observed between the age groups, providing a more nuanced understanding 
of this complex relationship.

Nonlinear association between remnant 
cholesterol and reversion from impaired 
fasting glucose to normoglycemia: 
a multicenter cohort study
Laixi Kong1†, Yuqing Wu1†, Huiqi Yang2, Maoting Guo1, Yuxin Zhong1, Jingru Li2, Shuang Wu1* and Zhenzhen Xiong1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12944-024-02286-8&domain=pdf&date_stamp=2024-9-18


Page 2 of 15Kong et al. Lipids in Health and Disease          (2024) 23:303 

Introduction
Prediabetes, characterized by impaired glucose toler-
ance (IGT) and impaired fasting glucose (IFG), is a criti-
cal stage preceding the onset of type 2 diabetes and plays 
a crucial role in diabetes prevention and management 
[1]. Studies have indicated that approximately 374  mil-
lion adults worldwide are affected by prediabetes [2]. In 
2021, individuals with IFG constitute approximately 5.8% 
of the global population, and estimates suggest that this 
percentage may increase to 6.5% by 2045. Similarly, the 
prevalence of IGT was predicted to be 9.1% in 2021, with 
predictions indicating a growth rate of 10.0% by 2045 [3]. 
Prediabetes not only puts individuals at a greater risk of 
developing diabetes but also correlates with an increased 
likelihood of cardiovascular disease, stroke, and other 
long-term health issues [4–7]. However, approximately 
20–50% of individuals with prediabetes revert to nor-
mal blood glucose levels instead of developing type 2 
diabetes, which is contingent upon various factors [1, 8]. 
Studies have shown that patients who revert to normo-
glycemia exhibit a significantly reduced risk of diabetes 
onset [9]. Moreover, research has shown that reversion 
to normoglycemia can mitigate the risk of cardiovascu-
lar issues and other persistent health conditions [10–13]. 
Consequently, it is imperative to implement effective 
interventions to facilitate the return of patients with IFG 
to normoglycemia.

Remnant cholesterol (RC) is a potent inducer of athero-
sclerosis. It predominantly comprises intermediate-den-
sity lipoproteins (IDLs) and very low-density lipoproteins 
(VLDLs) during fasting and chylomicron remnants after 
meals. It constitutes a triglyceride-rich lipoprotein par-
ticle (TRL) [14]. In contrast to traditional high-density 
lipoprotein cholesterol (HDL-C) and low-density lipo-
protein cholesterol (LDL-C), RC is an independent risk 
factor for atherosclerotic cardiovascular disease [15–17]. 
It has a robust link with adverse cardiovascular outcomes 
[18]. Lipoprotein particles characterized by an elevated 
RC typically include increased triglyceride (TG) levels. 
Pioneering studies among Taiwanese Chinese individuals 
diagnosed with diabetes have demonstrated that hyper-
triglyceridemia is associated with various pathological 
conditions, including cardiovascular diseases, albumin-
uria, and diabetic retinopathy [19–23]. Furthermore, 
elevated RC levels increase the likelihood of developing 

insulin resistance (IR), obesity, and metabolic syndrome 
[24–26]. Recent studies tracking specific groups of indi-
viduals have shown that RC can predict the onset of 
diabetes more effectively than can conventional lipids 
[27–30]. However, the extant literature provides no con-
crete evidence of an association between RC and normo-
glycemia reversal in individuals with IFG. In light of the 
extant literature on RC and diabetes, this study investi-
gated the potential association between RC and normo-
glycemia reversal in individuals with IFG. It has been 
hypothesized that a higher RC may have an inverse and 
nonlinear relationship with the possibility of returning 
to normoglycemia. Thus, this study employed a large 
Chinese cohort to explore the association between RC 
and normoglycemia reversal in individuals with IFG. 
The findings from the secondary data analysis aimed to 
inform early intervention strategies for promoting nor-
moglycemia in this population.

Methods
Data and study population
This retrospective cohort study analyzed historical data 
from a computerized database established by a Rich 
Healthcare Group in China, encompassing the medi-
cal records of health examination participants from 32 
regions across 11 cities in China from 2010 to 2016. The 
initial cohort comprised individuals who had at least two 
visits during this period and were at least 20 years old, 
resulting in a total sample size of 685,277. Following the 
methodology of Chen et al.., who examined the associa-
tion between body mass index (BMI) and diabetes [31], 
several exclusions were made: (1) participants who were 
missing baseline data on weight, height, sex, or fasting 
glucose (n = 135,317); (2) participants who were diag-
nosed with diabetes at baseline (n = 7,112); and (3) par-
ticipants whose diabetes status was unclear throughout 
the entire follow-up period (n = 6,630). These partici-
pants either did not have their diabetes status evaluated 
or had ambiguous results during follow-up, which could 
compromise the reliability of the analysis. (4) Extreme 
BMI values (n = 152). These extreme values could be due 
to data entry errors or very rare outliers, which could 
unduly influence the statistical analysis, and (5) partici-
pants with follow-up durations < 2 years (n = 324,233). 

Conclusion Among Chinese adults with IFG, RC exhibited a negative nonlinear relationship with the probability 
of normoglycemia reversal. When RC levels reached or exceeded 41.38 mg/dL, the probability of achieving 
normoglycemia progressively diminished and subsequently stabilized. Maintaining RC levels below 41.38 mg/dL can 
significantly improve the probability of normoglycemia reversal among individuals with IFG, especially those aged 60 
years or older.
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After these exclusions, the final sample consisted of 
211,833 participants.

This study used a dataset from Chen et al.. to identify 
participants with IFG at baseline [31]. The main aim 
was to explore the association between RC and normo-
glycemia reversal among IFG participants, as well as the 
role of RC in this process. To address this objective, the 
analysis further excluded (1) participants who did not 
fulfill the initial diagnostic standards for IFG; (2) partici-
pants missing baseline values for HDL-C, LDL-C, total 
cholesterol (TC), and TG; (3) participants lacking fast-
ing plasma glucose (FPG) data; and (4) participants with 
abnormal RC values, including extreme values and those 
that deviated more than three standard deviations (SDs) 
from the average. Figure 1 presents a detailed flowchart 
of the study procedure.

Data source
The raw materials utilized in this research stemmed 
from the collection of information that was initially 

distributed by Chen et al.. in 2018, which is openly avail-
able on Dryad at www.datadryad.org. The dataset, titled 
“Data from: Association of body mass index and age with 
incident diabetes in Chinese adults: a population-based 
cohort study,” is available for open access at https://doi.
org/10.5061/dryad.ft8750v [32]. This publication allows 
free access to CC BY-NC 4.0, enabling unrestricted shar-
ing, copying, and adaptation for noncommercial use.

Measurement of baseline clinical indicators
At each scheduled assessment, participants were 
required to complete an extensive questionnaire evalu-
ating their demographics, lifestyle, medical records, and 
family background regarding chronic conditions, includ-
ing information on sex, age, diabetes history, family his-
tory of diabetes, drinking, and smoking status. Height 
and weight were measured by proficient personnel, and 
blood pressure was measured via a conventional mercury 
sphygmomanometer.

Fig. 1 Flow chart of the study participants
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After fasting for at least 10  h, venous blood samples 
were collected. These samples were analyzed via an 
automated analyzer (Beckman 5800) to quantify the 
serum HDL-C, LDL-C, TC, TG, FPG, blood urea nitro-
gen (BUN), creatinine (Cr), aspartate aminotransferase 
(AST), and alanine aminotransferase (ALT) levels. The 
entire data collection and analysis process was conducted 
meticulously and rigorously adhered to ethical guidelines 
and data privacy protection principles [31].

Independent variables and outcome measures
To determine RC levels, the following equation is 
employed: RC = TC − HDL-C − LDL-C [33]. In line with 
the American Diabetes Association’s (ADA) updated 
recommendations for 2022 [34], IFG in this investiga-
tion is characterized by an FPG concentration between 
100  mg/dL (5.6 mmol/L) and 125  mg/dL (6.9 mmol/L), 
with no self-reported diabetes diagnosis. Normoglycemia 
is defined as an FPG ≤ 100 mg/dL (5.6 mmol/L).

Handling of missing values
This dataset included certain instances of missing val-
ues, as follows: diastolic blood pressure (DBP) in 5 cases 
(0.03%), systolic blood pressure (SBP) in 5 cases (0.03%), 
ALT in 34 cases (0.23%), AST in 8,062 cases (53.7%), 
BUN in 364 cases (2.36%), Cr in 114 cases (0.76%), smok-
ing status in 10,407 cases (69.3%), and drinking status in 
10,407 cases (69.3%). The pattern of missing data, corrob-
orated by the correlation matrix, aligns with the idea of 
the missing at random (MAR) assumption [35].

Multivariate imputation was implemented via the 
chained equation (MICE) technique for multiple impu-
tations to address the potential bias introduced by these 
missing entries. Predictive mean matching was used to 
manage missing continuous variables, and random for-
est imputation was used to address missing categorical 
variables. Ten iterations are performed to generate the 
final imputation model. This algorithm uses the interde-
pendencies among all variables to impute missing values 
by considering the covariance structure among different 
variables, thereby augmenting the precision and reliabil-
ity of the imputation process [35].

Statistical analyses
RC was stratified into quartiles. In terms of variable 
type, different statistical measures were used for descrip-
tion: the mean ± SD for normally distributed continu-
ous variables, the median (interquartile range, IQR) for 
skewed continuous variables, and frequencies and per-
centages for categorical variables. The chi-square test 
was used to analyze categorical variables, whereas one-
way ANOVA was used to assess differences in continu-
ous variables across different RC quartiles. The H test 
was used to examine the differences between groups 

for continuous variables that exhibited nonnormal dis-
tributions. Kaplan‒Meier survival curves were used to 
estimate the cumulative rate of reversion from IFG to 
normoglycemia within different quartiles of RC. Statisti-
cal disparities among the groups were compared via the 
log-rank test.

Univariate and multivariate Cox proportional hazards 
regression models were used primarily to elucidate the 
link between RC and the restoration of normoglycemia 
among individuals with IFG. Before modeling, the vari-
ance inflation factor (VIF) was calculated to evaluate 
multicollinearity between variables. Cox regression mod-
els were adjusted by excluding variables with consider-
able multicollinearity (VIF values > 5), such as TC and 
body weight (Additional file 1: Table S1). In alignment 
with the STROBE guidelines and extant literature [36], 
nonsignificant variables identified in the univariable Cox 
regression analysis, such as height, were excluded. Fol-
lowing this initial analysis, three Cox regression models 
were developed: Model I without covariate adjustment; 
Model II was adjusted for key sociodemographic vari-
ables, including age, sex, systolic and diastolic blood 
pressure, alcohol consumption, smoking status, family 
history of diabetes, and BMI; and Model III was further 
adjusted for additional variables, such as FPG, LDL-C, 
HDL-C, TG, BUN, Cr, AST, and ALT levels, providing a 
comprehensive evaluation of metabolic and renal func-
tion. Additionally, a Schoenfeld residual test was per-
formed to assess whether the influence of RC remained 
constant over time and to determine if the proportional 
hazards assumption of the Cox model was true. If this 
assumption is violated, the model’s results may be biased.

Considering that some patients with IFG may prog-
ress to diabetes during the follow-up period, potentially 
influencing the reversion to normoglycemia, a competing 
risk model was used to analyze the cumulative incidence. 
Specifically, the Fine and Gray method [37, 38], which 
accounts for multiple mutually exclusive events, was 
applied to provide a more robust and comprehensive risk 
assessment. Diabetes development was a competing risk 
that could hinder normoglycemia reversal in this study.

Additionally, a fully adjusted Cox regression model 
incorporating smooth curve fitting techniques and 
4-knot restricted cubic splines was employed to eluci-
date the complex nonlinear relationship between RC and 
normoglycemia reversal in individuals with IFG. Previ-
ous studies and statistical guidelines have suggested that 
the use of four knots effectively captures the most non-
linear relationships in biomedical data. This method-
ological approach also enabled us to plot dose‒response 
curves depicting the probability of reversion at varying 
levels of RC. Upon identifying a nonlinear relationship 
in the dose‒response curve, a recursive algorithm was 
employed to pinpoint critical inflection points where the 
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influence of RC on reversion to normoglycemia signifi-
cantly changed. These inflection points elucidate the RC 
thresholds at which the relative risk of reversion begins 
to accelerate or decelerate.

Several sensitivity analyses were performed to confirm 
that the findings were as solid and dependable as pos-
sible. First, to evaluate the consistency of the effect of 
RC across different stratifications, the data were reana-
lyzed via a Cox regression model with RCs categorized 
into quartiles. Second, additional sensitivity factors, 
such as drinking, smoking status, and family history of 
diabetes [39–42], which were previously shown to be 
strongly associated with the likelihood of diabetes, were 
excluded, and Cox regression analysis was conducted to 
confirm the independent impact of RC on IFG reversal in 
RCs. Third, the data were reanalyzed, excluding variables 
with a high proportion of missing values, to determine 
their potential impact on the results. Finally, to capture 
potential nonlinear relationships between continuous 
covariates and the outcome, a generalized additive model 
(GAM) was implemented in the fully adjusted model, and 
the potential impact of unmeasured confounding vari-
ables on the results was estimated by computing the E 
value [43].

Subgroup analyses were performed to explore further 
the relationship between RC and normoglycemia reversal 
among IFG individuals with different demographic and 
clinical characteristics. Stratifications included sex, age 
(< 30, 30–45, 45–60, ≥ 60 years) [44], BMI (< 24, 24–28, 
≥ 28  kg/m2) [45], TG levels (< 1.7, ≥ 1.7 mmol/L) [46], 
drinking, smoking status, and family history of diabetes. 
Each stratum was fully adjusted for the appropriate fac-
tors. To assess how RCs and different stratification vari-
ables interact, researchers have used the likelihood ratio 
test to identify significant differences among groups.

A two-sided P value ≤ 0.05 was considered statistically 
significant. All the statistical analyses were performed 
via R software (version 4.4.0; R Foundation for Statistical 
Computing, Vienna, Austria).

Results
Baseline characteristics
This study included 15,019 eligible participants (Fig.  1). 
The average age of the cohort was 50.95 ± 13.47 years, 
comprising 9,713 males (64.67%) and 5,306 females 
(35.33%). Baseline characteristics stratified by RC quar-
tiles (Q1: <17.40, Q2:17.40–27.07, Q3:27.07–38.23, and 
Q4: ≥38.23) are detailed in Table  1. Significant positive 
trends were observed in age; weight; height; FPG, TG, 
TC, AST, ALT, and Cr levels; SBP; DBP; and BMI with 
increasing RC levels, whereas HDL-C levels tended to 
decrease. Additionally, higher RC levels were associ-
ated with greater proportions of males, current and past 
drinkers, and smokers, whereas lower proportions of 

females and never-smokers were found (all P < 0.001). 
Notably, RC levels were significantly positively associated 
with different age groups, and males presented markedly 
higher RC levels than females did (Fig. 2). Figure 3 shows 
that males tended to transition from IFG to normoglyce-
mia across various age groups, and this reversion rate sig-
nificantly decreased with advancing age.

Over 2.89 years, 6,483 participants (43.17%) reverted to 
normoglycemia, with an incidence rate of 145 cases per 
1,000 person-years. The incidence rates were 185, 152, 
135, and 114 cases per 1,000 person-years for each RC 
quartile. The reversion rates for the total population and 
each RC quartile were as follows: 42.8% (42.0–43.6%), 
49.9% (48.3–51.5%), 43.5% (41.9–45.1%), 41.0% (39.4–
42.6%), and 36.8% (35.3–38.4%) (Table  2). The Kaplan‒
Meier curves in Fig. 4 show the likelihood of shifting back 
to normoglycemia in IFG individuals according to RC 
quartiles throughout the follow-up period. The cumula-
tive reversion risk was significantly different between 
the groups (P < 0.001), indicating that the proportional 
hazards assumption remained intact. The overall trend 
showed that the cumulative reversion risk increased over 
time across all RC quartiles.

Association between RC and normoglycemia reversal in 
IFG individuals
Univariate Cox regression analysis of baseline variables 
and the transition from IFG to normoglycemia (Addi-
tional file 1: Table S2) revealed that all variables, except 
height, were strongly associated with the possibility of 
normoglycemia reversal (P < 0.001). Variables exhibiting 
high collinearity (TC and weight, variance inflation factor 
(VIF) > 5) were removed from subsequent analyses (Addi-
tional file 1: Table S1).

Table  3 presents three multivariate Cox regression 
models to further evaluate the association between RC 
and normoglycemia reversal among individuals with 
IFG. The findings indicated a strong inverse association 
between RC and normoglycemia reversal (all P < 0.001). 
The unadjusted model (Model I) revealed a 27% decrease 
in the reversion rate (HR = 0.73, 95% CI: 0.71–0.75) for 
each SD increase in RC. Models II and III revealed that 
the hazard ratios for reversion to normoglycemia were 
0.79 (95% CI: 0.77–0.81) and 0.80 (95% CI: 0.77–0.82), 
respectively, after adjusting for potential covariates. 
This suggests a 21% and 20% decrease in the probabil-
ity of normoglycemia reversal, respectively, compared 
with those of the Q1 group. Additionally, the Schoenfeld 
residual plots showed no significant deviation from zero, 
supporting the Cox proportional hazards assumption 
(P = 0.5294) (Additional file 2: Figure S1).
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Table 1 Baseline characteristics of participants according to RC quartiles
RC quartiles, mg/dL P value
Q1 (< 17.40) Q2 (17.40-27.07) Q3 (27.07–38.23) Q4 (≥ 38.23)

N 3787 3733 3745 3754
Age, years 48.37 ± 13.80 50.88 ± 13.70 51.76 ± 13.26 52.80 ± 12.71 < 0.001
Gender < 0.001
 Male 2174 (57.4) 2324 (62.3) 2541 (67.9) 2674 (71.2)
 Female 1613 (42.6) 1409 (37.7) 1204 (32.1) 1080 (28.8)
Height, cm 165.97 ± 8.36 166.16 ± 8.27 167.01 ± 8.45 167.41 ± 8.36 < 0.001
Weight, kg 65.66 ± 11.88 68.22 ± 11.57 70.64 ± 12.07 72.45 ± 12.08 < 0.001
BMI, kg/m2 23.73 ± 3.29 24.62 ± 3.23 25.23 ± 3.23 25.75 ± 3.18 < 0.001
SBP, mmHg 125.25 ± 17.57 126.94 ± 17.94 127.92 ± 17.34 129.89 ± 17.67 < 0.001
DBP, mmHg 76.78 ± 11.06 78.08 ± 11.19 78.97 ± 10.90 80.09 ± 11.34 < 0.001
FPG, mmol/L 5.92 ± 0.31 5.93 ± 0.31 5.96 ± 0.32 6.00 ± 0.33 < 0.001
TC, mmol/L 4.49 ± 0.78 4.84 ± 0.79 5.14 ± 0.81 5.64 ± 0.91 < 0.001
TG, mmol/L 1.12 ± 0.68 1.43 ± 0.81 1.79 ± 0.95 2.59 ± 1.45 < 0.001
HDL-C, mmol/L 1.45 ± 0.29 1.39 ± 0.27 1.30 ± 0.27 1.20 ± 0.27 < 0.001
LDL-C, mmol/L 2.76 ± 0.65 2.89 ± 0.67 3.01 ± 0.69 3.10 ± 0.78 < 0.001
ALT, U/L 23.91 ± 24.26 25.80 ± 20.49 29.13 ± 21.11 33.29 ± 24.57 < 0.001
AST, U/L 24.10 ± 9.04 25.40 ± 11.99 26.53 ± 10.90 28.53 ± 12.71 < 0.001
BUN, mmol/L 4.95 ± 1.22 5.01 ± 1.25 5.02 ± 1.25 5.04 ± 1.25 0.015
Cr, umol/L 71.87 ± 16.26 72.68 ± 15.77 73.46 ± 16.45 74.15 ± 16.14 < 0.001
Family history of diabetes 86 (2.3) 96 (2.6) 98 (2.6) 112 (3.0) 0.285
Smoking status < 0.001
 Current 472 (12.5) 601 (16.1) 800 (21.4) 999 (26.6)
 Past 91 (2.4) 94 (2.5) 109 (2.9) 114 (3.0)
 Never 3224 (85.1) 3038 (81.4) 2836 (75.7) 2641 (70.4)
Drinking status < 0.001
 Current 75 (2.0) 93 (2.5) 84 (2.2) 138 (3.7)
 Past 453 (12.0) 486 (13.0) 572 (15.3) 516 (13.7)
 Never 3259 (86.1) 3154 (84.5) 3089 (82.5) 3100 (82.6)
Abbreviations BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, FPG fasting plasma glucose, TG triglyceride, TC total cholesterol, HDL-C 
high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, ALT alanine aminotransferase, AST aspartate aminotransferase, BUN blood urea 
nitrogen, Cr creatinine, RC remnant cholesterol

Fig. 2 Distribution of RCs by age and sex. (A) Violin plots display RC distributions across age groups: under 30, 30–45, 45–60, and above 60 years, with 
embedded boxplots showing medians and interquartile ranges. (B) Plots comparing RC levels between males and females, highlighting differences in 
distribution and central tendencies
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Competing risks multivariable Cox proportional hazards 
regression analysis
Patients with IFG may experience two primary outcomes 
during the follow-up period: reversion to normoglyce-
mia or progression to diabetes. Neglecting either out-
come can result in a misestimation of risk, potentially 
leading to either underestimation or overestimation. In 
this study, progression to diabetes posed a competing 
risk that could hinder normoglycemia reversal. Com-
peting risk curves demonstrated distinct cumulative 
incidence rates for these two mutually exclusive events 
(Fig. 5). Table 4 shows the results of the competing haz-
ard analysis. In unadjusted Model I, a noticeable reverse 
correlation was observed between RC and normogly-
cemia reversal in individuals with IFG (SHR = 0.93, 95% 
CI: 0.93–0.94). After adjusting for age, sex, BMI, alco-
hol consumption, smoking status, and a family history 
of diabetes, the inverse association remained significant 
(Model II: SHR = 0.81, 95% CI: 0.80–0.84). Further adjust-
ments for FPG, TG, AST, ALT, HDL, LDL, BUN, and Cr 

in Model III revealed a significant inverse relationship 
between RC and normoglycemia reversal in individu-
als with IFG (SHR = 0.82, 95% CI: 0.80–0.85). When RCs 
were categorized into quartiles, the competing risk analy-
sis yielded consistent results.

Nonlinear association between RC and normoglycemia 
reversal among IFG individuals
To assess the nonlinear association between RC and 
normoglycemia reversal among individuals with IFG, 
we implemented a fully adjusted Cox regression model 
incorporating 4-knot restricted cubic splines. The dose‒
response curve is shown in Fig.  6. A significant nonlin-
ear relationship was observed (P for nonlinearity < 0.001). 
The inflection point at RC = 41.38 mg/dL was then deter-
mined via a recursive algorithm, where the effect of the 
RC changed. A two-piecewise Cox proportional hazard 
model was fitted on the basis of this inflection point. 
Before the inflection point, hazard ratios (HRs) were cal-
culated at 0.66 per SD increase (95% CI: 0.63–0.68) and 

Table 2 Incidence and reversion rates of IFG to normoglycemia by RC quartiles
RC Participants(n) Reversion events(n) Reversal rate (95% CI) (%) Per 1000 person-year
Total 15,019 6432 42.83 (42.03, 43.62) 144.83
Q1 (< 17.40) 3787 1889 49.88 (48.28, 51.49) 185.05
Q2 (17.40-27.07) 3733 1625 43.53 (41.93, 45.14) 152.26
Q3 (27.07–38.23) 3745 1535 40.99 (39.41, 42.59) 135.25
Q4 (≥ 38.23) 3754 1383 36.84 (35.30, 38.41) 113.52
P for trend < 0.001
Abbreviations RC, remnant cholesterol; CI, confidence interval

Fig. 3 Incidence rates of reversion from IFG to normoglycemia stratified by sex and age
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0.93 (95% CI: 0.87–0.93 per SD increase) after the inflec-
tion point (Table 5).

Sensitivity analyses
Several sensitivity analyses were performed to confirm 
that the findings were as solid and dependable as pos-
sible. (1) After stratifying RCs into quartiles and incorpo-
rating them as categorical variables in the Cox regression 
model (Model III), a significant inverse association was 

observed between RC and normoglycemia reversal in IFG 
individuals across all quartiles, with trend strengthening 
(Q1: reference; Q2:0.81; Q3:0.68; Q4:0.55), which is con-
sistent with the findings of the analyses in Table 2 when 
RC was considered a continuous variable. (2) After addi-
tional sensitivity factors (alcohol consumption, smoking 
status, and family history of diabetes) were excluded, 
the impact of RC on reversion to normoglycemia among 
IFG individuals was still significant (HR = 0.79, 95% CI: 

Table 3 Multivariable Cox regression analyses for the association between RC and reversion from IFG to normoglycemia
HR (95%CI) E value
Model I Model II Model III Model IV

Reversion to normoglycemia
RC (per SD increase) 0.73 (0.71, 0.75) 0.79 (0.77, 0.81) 0.80 (0.77, 0.82) 0.78(0.75,0.81) 1.66
P value < 0.001 < 0.001 < 0.001 < 0.001
RC quartile
 IQ1 Ref Ref Ref Ref
 Q2 0.72 (0.68, 0.77) 0.80 (0.75, 0.86) 0.81 (0.75, 0.86) 0.79(0.74, 0.84)
 Q3 0.57 (0.53, 0.61) 0.67 (0.62, 0.71) 0.68 (0.64, 0.74) 0.66(0.62, 0.71)
 Q4 0.43 (0.40, 0.46) 0.53 (0.49, 0.57) 0.55 (0.51, 0.60) 0.53(0.49, 0.58)
P for trend < 0.001 < 0.001 < 0.001 < 0.001
Abbreviations HR, hazard ratio; CI, confidence interval; Ref, reference

Model I was unadjusted

Model II adjusted for age, sex, family history of diabetes, smoking status, drinking status, SBP, DBP, and BMI

Model III adjusted for age, sex, family history of diabetes, smoking status, drinking status, SBP, DBP, BMI, FPG, TG, ALT, AST, HDL-C, LDL-C, BUN, and Cr

Model IV was adjusted for age (smooth), sex, family history of diabetes, smoking status, drinking status, SBP (smooth), DBP (smooth), BMI (smooth), FPG (smooth), TG 
(smooth), ALT (smooth), AST (smooth), HDL-C (smooth), LDL-C (smooth), BUN (smooth), and Cr (smooth)

Fig. 4 Kaplan‒Meier analysis of reversion from IFG to normoglycemia according to RC
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0.76–0.82). Additional file 1: Table S3 shows that the 
reanalysis results validate the main analysis. (3) Vari-
ables with more than 10% missing values were excluded 
(such as AST, with 8,062 cases (53.7%) missing; smoking 
status, with 10,407 cases (69.3%) missing; and drinking 
status, with 10,407 cases (69.3%) missing). The reanaly-
sis results were the original analysis results (HR = 0.79, 
95% CI: 0.77–0.82) (Additional file 1: Table S4). (4) The 

findings obtained from the GAM analyses (Model IV) 
(HR = 0.78, 95% CI: 0.75–0.81) were broadly similar to 
those of the fully adjusted Model III (HR = 0.80, 95% CI: 
0.77–0.82) (Table  3). Additionally, the E value was 1.66, 
indicating that an unmeasured confounder would need a 
relative risk of at least 1.66 with both RC and reversion to 
normoglycemia to fully explain the observed association. 
Overall, sensitivity analyses indicated that the findings 
were robust and unaffected by various factors.

Subgroup analyses
Subgroup analyses were performed to assess the varying 
effects of RC on the reversal of IFG to normoglycemia in 
different subgroups. The results, detailed in Table  6 (P 
for interaction < 0.05), indicated significant interactions 
between RC and age but not with sex, BMI, family his-
tory of diabetes, TG, SBP, DBP, alcohol consumption, or 
smoking status. Notably, RC had a greater influence on 
the probability of normoglycemia reversal in IFG individ-
uals aged ≥ 60 years.

Discussion
This study used a large cohort to retrospectively explore 
the relationship between RC and normoglycemia rever-
sal in individuals with IFG. After adjusting for potential 
confounders, the findings revealed a significant inverse 
relationship between RC and normoglycemia reversal in 
individuals with IFG. Moreover, the dose‒response curve 

Table 4 Competing risk analysis for reversion to normoglycemia 
considering the competing risk of progression to diabetes

SHR (95%CI)
Model I Model II Model III

Reversion to normoglycemia
RC (per SD increase) 0.75 (0.73, 0.77) 0.81 (0.80, 0.84) 0.82 (0.80, 0.85)
P value < 0.001 < 0.001 < 0.001
RC quartile
Q1 Ref Ref Ref
Q2 0.74 (0.69, 0.79) 0.83 (0.78, 0.89) 0.83 (0.77, 0.88)
Q3 0.59 (0.56, 0.64) 0.71 (0.66, 0.76) 0.72 (0.67, 0.77)
Q4 0.45 (0.43, 0.49) 0.58 (0.54, 0.63) 0.61 (0.56, 0.66)
P for trend < 0.001 < 0.001 < 0.001
Abbreviations SHR subdistribution hazard ratios, CI confidence interval, Ref, 
reference

Model I was unadjusted

Model II adjusted for age, sex, family history of diabetes, smoking status, 
drinking status, SBP, DBP, and BMI

Model III adjusted for age, sex, family history of diabetes, smoking status, 
drinking status, SBP, DBP, BMI, FPG, TG, ALT, AST, HDL-C, LDL-C, BUN, and Cr

Fig. 5 Cumulative incidence curve of reversion from IFG to normoglycemia and progression to diabetes
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revealed a significant nonlinear relationship between 
RC and normoglycemia, indicating a potential threshold 
effect of RC on this reversion.

Numerous investigations have shown that reversion 
from IFG to normoglycemia exhibits substantial vari-
ability across global populations, influenced by a combi-
nation of geographical disparity, ethnic diversity, genetic 
predispositions, and lifestyle. For example, a longitu-
dinal cohort analysis conducted over a decade in Teh-
ran revealed that approximately 40% of 1,329 subjects 
achieved normoglycemia [47]. Concurrently, a study 
focusing on Indian adolescents reported a reversion to 
normal glucose tolerance in 70.6% of participants dur-
ing a median observational period of seven years [48]. 
Similarly, a prospective analysis involving 9,637 Mexicans 
reported a reversion incidence of 22.6% [49], whereas 
an extensive cohort examination among Chinese adults 
indicated that 44.92% (n = 6,393) of 14,231 participants 

reverted to normoglycemia within two years [10]. More-
over, a notable reversion rate following pharmacological 
and lifestyle modifications has been reported in diverse 
studies [12, 50–52]. During a nearly 3-year follow-up, 
this study revealed that approximately 43.7% of individu-
als with IFG successfully transitioned to normoglycemia. 
Notably, the aforementioned research verified that a 
considerable number of prediabetic patients with differ-
ent backgrounds returned to normoglycemia. Therefore, 
conducting more in-depth epidemiological studies and 
actively identifying controllable factors influencing the 
transition from IFG to normoglycemia are necessary for 
preventing diabetes and its complications.

In recent years, research has demonstrated that RC is 
not only significantly linked to cardiovascular disease but 
also may affect the occurrence and progression of dia-
betes. A cross-sectional study utilizing the CNHS data-
base revealed that individuals with high RCs and low 
LDL-C levels presented a greater diabetes risk within 
the broader population (4.04 times greater than those 
with low RCs and LDL-C levels) and that this effect was 
more sensitive in women [53]. Another population-based 
study in rural China revealed that each 1 SD increase 
in RC was associated with a 34% greater likelihood of 
developing type 2 diabetes [54]. Furthermore, cross-
sectional insights from the NHANES cohort revealed 
a robust positive relationship between RC and the inci-
dence of diabetes (OR = 2.259, 95% CI, 1.797–2.838) [55]. 

Table 5 Results of the two-piecewise Cox regression model
Reversion to normoglycemia HR(95%CI) P value
Fitting model by standard Cox regression 0.73 (0.71, 0.75) < 0.001
Fitting model by two-piecewise cox regression
Inflection point of RC (mg/dL) 41.38
< 41.38 mg/dL (per SD increase) 0.66 (0.63, 0.68) < 0.001
≥ 41.38 mg/dL(per SD increase) 0.93 (0.87, 0.99) 0.031
Abbreviations HR, hazard ratio; CI, confidence interval

Adjusted for age, sex, family history of diabetes, smoking status, drinking 
status, SBP, DBP, BMI, FPG, TG, ALT, AST, HDL-C, LDL-C, BUN, and Cr

Fig. 6 Nonlinear association between RC and reversion from the IFG to normoglycemia
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Longitudinal studies within general and cardiovascular-
compromised cohorts have demonstrated that RC not 
only significantly correlates with diabetes incidence but 
also surpasses other traditional lipid metrics as a prog-
nosticator of emergent diabetes [27–29]. Concurrently, 
empirical evidence from studies on gestational diabetes 
corroborates these findings [56, 57]. Nonetheless, exist-
ing research has primarily examined the link between 
RC and diabetes, neglecting to explore the connection 
between RC and normoglycemia reversal in individuals 
with IFG. Hence, it is postulated that augmentation of 
RC may inversely affect the likelihood of IFG reversion 
to a normoglycemic state. Through meticulous statistical 
scrutiny and a suite of sensitivity analyses, it was found 
that an elevated RC diminished the probability of IFG 
patients reverting to normoglycemia. As a readily quan-
tifiable lipid marker, fluctuations in the RC could repre-
sent a critical, controllable predictor of IFG reversal to 

normoglycemic conditions. A salient conclusion from the 
Diabetes Prevention Program Outcomes Study (DPPOS) 
indicated that individuals who achieved normoglyce-
mia experienced a significant 56% decrease in the risk of 
developing subsequent diabetes. In contrast, those who 
remained prediabetic did not experience such a decrease 
[9]. Thus, these findings provide novel insights for clinical 
practice, bearing significant implications not only in pre-
venting diabetes progression but also in facilitating pro-
active lipid management strategies to enhance glucose 
normalization.

The level of remaining cholesterol is negatively cor-
related with the reversion of IFG to normoglycemia; 
although the precise mechanisms involved remain elu-
sive, they are likely related to β-cell dysfunction. Unlike 
LDL-C particles, RC particles are more prevalent, larger, 
and have a higher cholesterol content [58]. Research 
posits that a cholesterol-rich milieu may undermine the 

Table 6 Exploratory subgroup analysis of the association between RC (per SD increase) and reversion to normoglycemia
Characteristic No. of participants HR (95% CI) P value P for interaction
Gender 0.213
 Male 9173 0.80 (0.77, 0.83) < 0.001
 Female 5306 0.77 (0.73, 0.81) < 0.001
Age, years < 0.001
 < 30 799 0.78 (0.68, 0.89) < 0.001
 30–45 4785 0.82 (0.78, 0.87) < 0.001
 45–60 5647 0.80 (0.76, 0.84) < 0.001
 ≥ 60 3788 0.70 (0.65, 0.76) < 0.001
BMI, kg/m2 0.158
 < 24 6115 0.73 (0.70, 0.77) < 0.001
 24–28 2411 0.82 (0.78, 0.86) < 0.001
 ≥ 28 6493 0.87 (0.80, 0.95) < 0.001
TG, mmol/L 0.441
 < 1.7 9147 0.75 (0.71, 0.78) < 0.001
 ≥ 1.7 5871 0.88 (0.84, 0.92) < 0.001
Family history of diabetes 0.329
 Yes 392 0.66 (0.52, 0.84) < 0.001
 No 14,627 0.80 (0.77, 0.82) < 0.001
Smoking status 0.149
 Current 2872 0.80 (0.74, 0.86) < 0.001
 Past 408 0.78 (0.62, 0.98) < 0.001
 Never 11,739 0.80 (0.76, 0.80) < 0.001
Drinking status 0.170
 Current 390 0.92 (0.78, 1.20) < 0.001
 Past 2027 0.82 (0.72, 0.89) < 0.001
 Never 12,602 0.78 (0.75, 0.81) < 0.001
SBP, mmHg 0.451
 < 140 11,653 0.79 (0.76, 0.82) < 0.001
 ≥ 140 3366 0.78 (0.73, 0.84) < 0.001
DBP, mmHg 0.068
 < 90 12,798 0.79 (0.76, 0.81) < 0.001
 ≥ 90 2221 0.82 (0.75, 0.90) < 0.001
Adjusted for age, sex, family history of diabetes, smoking status, drinking status, SBP, DBP, BMI, FPG, TG, ALT, AST, HDL-C, LDL-C, BUN, and Cr

In each case, the model is not adjusted for the stratification variable
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viability of pancreatic β-cells, thereby attenuating insulin 
production [59, 60]. Research has shown that elevated 
RC levels catalyze atherogenesis, exacerbating IR [61, 62]. 
Clinically, the atherogenic ramifications of lipid param-
eters and the resulting IR are pivotal factors in diabetes 
pathophysiology, with the renin‒angiotensin‒aldosterone 
system (RAAS) serving a crucial function [63, 64]. An 
imbalance in renin and angiotensin II levels can trigger 
various pathological conditions, particularly because of 
the salient role of angiotensin II in incipient atheroscle-
rotic plaque formation [65, 66]. RAAS dysregulation also 
augments the production of proinflammatory cytokines 
and oxidative stress, further aggravating atherogenesis 
and IR and attenuating insulin secretion [67]. Moreover, 
increased RC levels may precipitate chronic low-grade 
inflammation, increasing the levels of proinflammatory 
cytokines such as IL-6 and TNF-α, impacting insulin sig-
naling and promoting IR [68, 69]. Additionally, consid-
ering the inherent nature of RC as a cholesterol variant, 
elevated RC levels facilitate lipid deposition in tissues, 
such as the liver, muscles, and pancreatic islets, culminat-
ing in lipotoxicity. This lipotoxicity impairs insulin recep-
tor functionality and instigates disturbances in glucose 
metabolism [70, 71]. Consequently, reducing RC levels 
could enhance pancreatic β-cell functionality and thereby 
aid in normalizing glucose metrics.

Furthermore, in the present investigation, a nonlinear 
relationship and saturation effect between RC and normo-
glycemia reversal in individuals with IFG were ascertained 
for the first time. Using a two-piecewise Cox proportional 
hazards regression model, a pivotal inflection point for RC 
was discerned at 41.38  mg/dL. Below this threshold, each 
SD decrease in the RC led to a 34% greater chance of revert-
ing to normoglycemia. Beyond this threshold, each increase 
in SD resulted in only a 7% increase, indicating that the 
growth trend of the likelihood of reversion decreased and 
stabilized after the inflection point was reached. Baseline 
analyses stratified by this inflection point (Additional file 
1: Table S5) demonstrated that participants with RC levels 
below 41.38 mg/dL were predominantly younger and, bar-
ring HDL-C and BUN, had lower values for other physical 
and laboratory markers, such as BMI, FPG, ALT, AST, Cr, 
SBP, DBP, LDL-C, and TG, albeit with a greater propensity 
for smoking and drinking. Previous studies postulated that 
certainse covariates may impede the reversion from IFG 
to normoglycemia [45, 72, 73], implying that the more sig-
nificant impact of RC on reversion within the < 41.38 mg/
dL group could be attributed to reduced levels of these risk 
factors. Once the RC surpasses the inflection point, the 
heightened presence of risk factors attenuates the influ-
ence of RC on reversion, offering a plausible explanation 
for the observed statistical trends. The identification of dif-
ferent nonlinear associations in studies investigating the 
relationships between other lipid metabolism markers and 

metabolic diseases further corroborates these findings [29, 
74–77]. These results underscore the significance of RC lev-
els in the glucose recovery of patients with IFG, suggesting 
that RC, as an early biomarker, could assist clinicians in the 
early identification of patients with an elevated potential for 
recovery and the formulation of more efficacious interven-
tion strategies, thereby offering novel insights and method-
ologies for diabetes prevention and management. Further 
research is needed to determine whether this association 
can be used to predict long-term vascular outcomes and 
diabetic complications. Such studies would be invaluable for 
establishing RC as a comprehensive risk factor and guiding 
more targeted interventions.

Subsequent subgroup analysis revealed interaction effects 
among age groups concerning the influence of RC on the 
reversal of glucose levels from the IFG to normoglycemia. 
Interestingly, these findings indicate that, compared with 
their younger counterparts, elderly IFG patients aged > 60 
years are more susceptible to the effects of RC on normo-
glycemia. This observation is consistent with a Korean 
cohort study that reported a lower risk of diabetes in the 
upper RC quartile with increasing age [27]. The etiology 
of the observed age-related differences in the influence of 
RC on normoglycemia in individuals with IFG remains 
unclear. Further research is needed to understand the non-
linear association between RC and normoglycemia reversal 
among individuals with IFG, emphasizing variations across 
age groups and thereby facilitating the formulation of more 
efficacious intervention strategies.

Study strengths and limitations
The primary strengths of this study are as follows: (1) This 
is the first study to focus exclusively on the IFG cohort to 
assess the relationship between RC and normoglycemia 
reversal. (2) This study used multicenter cohort data from 
11 cities across China to generate a large and representative 
Chinese cohort. (3) This study identified a crucial inflection 
point for the nonlinear association between RC and normo-
glycemia reversal, offering valuable insights for future inter-
ventions. (4) A series of sensitivity analyses were performed, 
including stratifying RCs into quartiles, integrating continu-
ous covariates as curves within the model via the GAM, 
computing the E value, and omitting variables characterized 
by substantial missing data or those linked with diabetes-
related factors such as drinking, smoking status, and family 
history of diabetes. (5) Potential confounders were probed 
through subgroup analyses, and the interaction effects 
between RC and variables such as age group were discerned.

However, this research has several limitations: (1) The 
external validity of the findings to populations beyond 
China may be constrained due to the single-source nature 
of the data, which were exclusively from the Rich Health-
care Group. Although the dataset encompasses a substantial 
cohort of 11 cities across China and possesses a degree of 
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representativeness, it was sourced primarily from a health 
examination database. Consequently, it may not compre-
hensively capture the heterogeneity of the entire Chinese 
population or extrapolate it to populations in other nations. 
Hence, caution is needed when these results are general-
ized to other regions or populations. Future research should 
incorporate multiple data sources to validate the findings, 
increasing the robustness of the conclusions and providing 
more universally applicable evidence. (2) The operational 
definition of diabetes employed in this study excluded diag-
noses on the basis of a 2-hour oral glucose tolerance test or 
glycated hemoglobin levels, instead of relying exclusively on 
FPG and self-reported measures. (3) This research consti-
tutes a secondary analysis of extant data. It does not account 
for factors such as waist circumference, fasting insulin lev-
els, sleep patterns, physical activity, or dietary habits that 
could regulate glucose. Nevertheless, potential confound-
ing effects were quantitatively assessed by computing the E 
value (1.66). (4) While this study employed a retrospective 
cohort design, it is crucial to emphasize that the findings 
offer evidence of a relationship between RC and normo-
glycemia reversal among individuals with IFG rather than 
a causal relationship. Further research should utilize meth-
odologies such as randomized controlled trials to provide 
additional evidence. (5) For clinicians, the use of a com-
posite index that requires calculations can be inconvenient. 
The incorporation of computer algorithms to calculate and 
display key lipid composite indices and routine lipid mea-
surements is recommended. (6) This study did not assess 
the influence of other atherogenic lipid biomarkers, such 
as lipoprotein(a) and apolipoprotein(B), which have been 
linked to vascular complications in Chinese populations [78, 
79].

Conclusion
This study demonstrated a significant nonlinear inverse 
relationship between RC and normoglycemia reversal in 
Chinese adults with IFG. The identified inflection point of 
41.38  mg/dL suggests a critical window for intervention. 
Clinicians should consider incorporating RC monitoring 
into routine care for IFG patients, particularly those aged 
60 years or older. Implementing personalized RC-lowering 
strategies, including lifestyle modifications and lipid-lower-
ing therapies, before the RC levels reach this threshold may 
significantly improve the likelihood of IFG reversal. Further 
research is warranted to validate these findings in diverse 
populations.
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