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Remnant cholesterol in obesity phenotypes: 2
results from NHANES
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Abstract
Background The association between remnant cholesterol (RC) with obesity phenotypes remains unclear.

Methods This study designed to evaluate the association between RC and obesity phenotypes using data from
the National Health and Nutrition Examination Survey (NHANES). The classification systems for obesity phenotypes
encompassed both preclinical/clinical obesity and obesity stages, which were assessed based on two authoritative
obesity guidelines: the 2025 clinical obesity guideline, and the 2016 obesity guideline established by the American
Association of Clinical Endocrinologists and the American College of Endocrinology (AACE/ACE). Participants were
selected according to the diagnostic criteria for obesity proposed in the 2025 clinical obesity guideline and were
categorized into tertiles based on their RC levels. Their obesity phenotypes, obesity-related clinical manifestations,
obesity-related comorbidities, and characteristics were then described. Logistic regression analyses and restricted
cubic spline (RCS) models were used to analyze the relationship between RC and adverse obesity phenotypes.
Sensitivity analyses were conducted in patients not receiving lipid-lowering drugs.

Results This study comprised 3,207 adult participants, revealing distinct prevalence patterns: 47.80% exhibited
preclinical obesity and 17.81% showed clinical obesity, while obesity stage stratification demonstrated 0%, 12.76%,
and 21.63% prevalence for stage 0, 1, and 2, respectively. Multivariable regression analyses demonstrated dose-
response relationship between RC levels and adverse obesity phenotypes, with individuals in the highest RC tertile
showing significantly elevated risks of clinical obesity (OR 1.95, 95% Cl 1.19-3.19) and obesity stage progression
(OR 1.96,95% Cl 1.06-3.62) compared to the lowest tertile reference group. RCS analyses further revealed similar
")"-shaped association between RC levels and adverse obesity phenotypes (P for nonlinearity <0.001), sharing a
common inflection point at 0.51 mmol/L. The sensitivity analyses confirmed the consistency of the results among
patients who were not receiving lipid-lowering therapy.

Conclusions RC was found to be positively and independently associated with adverse obesity phenotypes,
particularly when RC levels exceeded 0.51 mmol/L, demonstrating a similar J*-shaped association. It is recommended
that clinicians monitor RC levels for obese patients as a primary screening indicator for adverse phenotypes of obesity.
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Introduction

The escalating global obesity rates is a mounting concern
[1]. Obesity is recognized as a chronic complex disease
that can affect multiple organ functions [2, 3]. Based
on this concept, the American Association of Clinical
Endocrinologists and the American College of Endo-
crinology (AACE/ACE) introduced the adiposity-based
chronic disease (ABCD) staging system for obesity in
2014 and 2016 [2, 4], which classified obesity into three
stages (stages 0, 1, 2) by comprehensively assessing the
severity grading (mild, moderate, severe) of multiple obe-
sity-related comorbidities (ORCs). Despite its clinical rel-
evance, the implementation of the ABCD staging system
in practice has been limited, primarily due to the time-
consuming and resource-intensive nature of multi-sys-
tem evaluations. As a result, current clinical assessments
of obesity remain largely reliant on body mass index
(BMI) or, at best, a rudimentary evaluation of individual
or non-systematic ORCs, frequently failing to address
the broader systemic implications of obesity. Recently,
the definitions and diagnostic criteria for clinical obe-
sity, published on The Lancet Diabetes & Endocrinology
in January 2025, introduced a novel classification frame-
work based on 18 obesity-induced clinical manifestations
[3]. This framework categorized obesity into two distinct
states—preclinical and clinical obesity—to facilitate risk
stratification in obese patients and to inform subsequent
therapeutic interventions. Nevertheless, this assess-
ment system also faces the same challenges in clinical
implementation, including operational complexity, time
consumption, and substantial financial burdens, raising
questions about its feasibility and scalability. In summary,
given the current severe epidemiological burden of obe-
sity and the challenges in implementing systematic and
standardized evaluation frameworks, there is a clinical
imperative to identify a robust yet succinct indicator for
initial screening of obesity phenotypes.

Dyslipidemia is a prevalent complications associated
with obesity [5, 6]. A hallmark of obesity-related dyslip-
idemia is the accumulation of cholesterol-loaded rem-
nant particles, consisting of very low-density lipoproteins
(VLDL), intermediate-density lipoproteins (IDL), and
chylomicron remnants [7]. RC levels are not only posi-
tively associated with BMI [5], but emerging evidence
also suggested that RC plays a pivotal role in linking sim-
ple obesity to morbid obesity, a condition characterized
by ectopic fat accumulation and associated metabolic
disorders [8]. Furthermore, previous studies have offered
preliminary insights into the relationship between RC
with obesity and obesity-related disorders [5, 9, 10, 11,
12], highlighting its stronger predictive capacity for
cardiovascular risk in obese individuals compared to
those with normal weight [12]. However, there remains
a paucity of data assessing the role of RC in systematic
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assessment of obesity phenotypes. Therefore, the objec-
tive of the present study is to elucidate the association of
RC with obesity phenotypes and whether adherence to
RC could serve as an additional screening tool for adverse
obesity phenotypes.

Materials and methods

Data and study participants

We utilized data from 4 cycles of the continuous National
Health and Nutrition Examination Survey (NHANES)
conducted between 2011 and 2018. The NHANES is an
ongoing program of study designed to evaluate the nutri-
tion and health status of citizens across the United States.
Data were gathered via personal structured interviews,
health examinations and specimen analyses. We applied a
set of exclusion criteria at outset of the study. These crite-
ria were as follows: participants were excluded if they (1)
had incomplete data regarding RC, BMI, waist circumfer-
ence (WC), dual-energy X-ray absorptiometry (DEXA)
measurement, and assessment of preclinical/clinical obe-
sity; (2) miss information on critical covariables, such
as age, smoking status, triglyceride (TG) levels, etc.; (3)
individuals under the age of 20 or were pregnant; (4)
not meet the diagnostic criteria for obesity [3]. Figure 1
depicted the selection process.

Assessment of RC
A morning peripheral blood sample was collected to
assess lipid level, with 95% of participants reporting
adherence to a fast of at least eight hours. As per the labo-
ratory’s standard procedures manual, the concentrations
of total cholesterol (TC) and high-density lipoprotein-
cholesterol (HDL-C) were measured using enzymatic
assays on automated biochemical analyzers. Specifically,
the Roche Cobas 6,000 and the Roche Modular P systems
were employed for TC quantification. For HDL-C deter-
mination, the assay utilized polyethylene glycol-coupled
cholesteryl esterase, cholesterol oxidase, and sulfated
alpha-cyclodextrin in the presence of magnesiumions.
The Friedewald calculation was employed to estimate
low-density lipoprotein-cholesterol (LDL-C) concentra-
tion [13] and the measurement of RC concentration was
derived by subtracting the combined levels of LDL-C and
HDL-C from the TC level [12]. Participants were then
stratified into three distinct groups based on their RC
levels, arranged into tertiles. The specific ranges for each
tertile were defined as follows: Tertile 1 (T1) (0.07-0.41
mmol/L), Tertile 2 (T2) (0.42—0.67 mmol/L), and Tertile
3(T3) (0.68-2.10 mmol/L).

Definition of preclinical/clinical obesity

According to the 2025 clinical obesity guidelines [3],
the diagnostic of clinical obesity primarily involves two
steps. The first step was to diagnose obesity according to
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(n=39,156)

NHANES 2011-2018

(1) age <20 year(n=16,539);
(2) missing data for lipid, BMI(n=13,224);
(3) missing data for DEXA measurement

Y

Y

(n=4,509);

(5) pregnant women(n=0);

(6) missing or unreliable data on key;
covariates from the analysis (n=44).

Patients with complete information (n=4,840)

. | patients who did not meet the definition of

Y

”| obesity (n=1,633)

(3) BF > 30% for men/ > 40% for women;
(4) BMI > 40 kg/m?.

Obesity is diagnosed based on meeting any of the following criteria(n=3,207) :
(1) BMI > 30 kg/m? and at least one anthropometric measurement exceeding the
threshold (WC > 102 cm for men/ >88 cm for women, or WHtR > 0.5);
(2) WC =102 cm for men/ >88 cm for women, and WHIR > 0.5;

Y

Y

Classification of clinical preclinical/clinical obesity
was conducted based on the 2025 clinical obesity
guideline.

Assessment of obesity stages was performed
based on the AACE/ACE obesity guidelines.

Fig. 1 The flow chart of participant selection. Abbreviations: WC, waist circumference; WHtR, waist-to-height ratio; BMI, body mass index; BF, body fat

percentage

the new criteria, which requiring meeting any one of the
following conditions [3]: (1) BMI>30 kg/m® combined
with at least one additional anthropometric measure-
ment exceeding the threshold (WC =102 c¢cm for men / >
88 cm for women, or waist-to-height ratio (WHtR) > 0.5);
(2) WC>102 cm for men / > 88 cm for women, and
WHtR >0.5; (3) body fat percentage (BF)>30% for men
/ 2 40% for women; (4) BMI>40 kg/m® [14, 15].The sec-
ond step was to differentiate clinical obesity from pre-
clinical obesity by evaluating the function of multi-organ
systems, including 18 specific items for adults. The com-
plete diagnostic criteria and detailed items are compre-
hensively listed in Table S1 of additional file [Additional
file 1]. The NHANES includes relevant data for assess-
ing signs and symptoms across the following 9 systems:
cardiovascular (ventricular), cardiovascular (arterial),
metabolism, liver, renal, urinary, male and female repro-
ductive systems, and limitations of day-to-day activities.
The specific criteria used in this study for the assessment

of clinical obesity are described below and are also pre-
sented in tabular form in Table S1 [Additional file 1].
Cardiovascular (ventricular) disorder was defined
based on a patient-reported history of heart failure.
Increased arterial pressure in cardiovascular (arte-
rial) was defined as systolic blood pressure (SBP)>130
mmHg and/or diastolic blood pressure (DBP)>85
mmHg [14], or the use of antihypertensive medication,
or a self-reported history of hypertension. The assess-
ment of metabolic health encompassed abnormalities in
glucose and lipid metabolism. Diabetes was defined as
fasting plasma glucose (FPG)>7.0 mmol/L, or glycated
hemoglobin (HbAlc)=6.5%, or previously diagnosis of
diabetes, or using antidiabetic drugs. Prediabetes was
defined as fasting plasma glucose (FPG) levels rang-
ing from 5.6 mmol/L to 6.9 mmol/L or HbAlc levels
between 5.7% and 6.4% [16]. Hypertriglyceridemia was
defined as TG>1.7 mmol/L, and decreased HDL-C was
defined as HDL-C < 1.0 mmol/L in men or <1.30 mmol/L
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in women [14]. The evaluation of liver-related disorders
encompassed fatty liver disease (FLD), characterized by
a fatty liver index (FLI)>60 [17], and hepatic fibrosis,
characterized by a fibrosis-4 index (FIB-4)>2.67 [18].
Urine albumin-to-creatinine ratio (UACR)>30 mg/g
or estimated glomerular filtration rate (eGFR)<60 mL/
min/1.73 m®> was considered renal function impair-
ment, where the eGFR was calculated according to the
modification of diet in renal disease (MDRD) Egs. [19,
20]. Male hypogonadism was diagnosed by hypotestos-
teronemia (testosterone <300 ng/dL). Female reproduc-
tive system abnormalities included menstrual thinning,
infertility, and hyperandrogenemia. Hyperandrogenemia
was defined as testosterone >30 ng/dL or free androgen
index>5.0 [21]. To assess urinary incontinence, the grad-
ing of incontinence was defined by using two param-
eters [22], including incontinence frequency (less than
monthly, several times per month, several times per week
or per day) and urine leakage (count drops, splash, or
more). The total score was obtained by multiplying the
scores of the two parameters, ranging from 1 to 12 (1-2,
mild incontinence; 3—-6, moderate incontinence; 7-12,
severe incontinence). Patients with a total score >1 were
considered as exhibiting symptoms or signs of obesity-
related urinary system disorders. Functional limitations
in daily activities was assessed using modified Barthel
Index, which evaluates domains including eating, bath-
ing, dressing, personal hygiene, urine control, toilet use,
transfer from chair to bed, walking, and the ability to
walk up and down stairs. According to the score assessed
with the Barthel index, patients can be divided into 5
groups: complete dependence (0-20), severe dependence
(21-60), moderate dependence (61-90), mild depen-
dence (91-99), and independent (100). Patients with
score < 100 were considered as having daily activity limi-
tation [23].

Definition of obesity stages

The guideline published by the AACE/ACE categorized
obese patients into three stages [2]: (1) Stage 0: obesity
without ORCs; (2) Stage 1: obesity with one or more
mild-to-moderate ORCs; (3) Stage 2: obesity with one or
more severe ORCs. The final stage of obesity was deter-
mined by the most severe stage among all associated
complications. The NHANES provides information of 8
categories of ORCs recommended for routine screening
and assessment in obesity, including prediabetes, type
2 diabetes (T2D), metabolic syndrome, hypertension,
dyslipidemia, FLD, osteoarthritis, urinary incontinence,
disability, and psychological disorder. The specific crite-
ria utilized in this study for assessing obesity stages are
described below and presented in tabular form in Table
S2 [Additional file 1].
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Definitions of overlapping assessment items in the two
guidelines are not reiterated [2, 3], including prediabe-
tes, T2D, hypertension, FLD, urinary incontinence and
disability. Impaired fasting glucose (IFG) was defined
as FPG levels ranging from 5.6 mmol/L to 6.9 mmol/L
[16]. Impaired glucose tolerance (IGT) was defined as
a 2-hour postprandial glucose level >7.8 mmol/L [16].
The presence of metabolic syndrome was ascertained
if three of the following five criteria were met: (1)tri-
glycerides (TG)=1.7 mmol/L; (2) HDL-C<1.0 mmol/L
in men and <1.3 mmol/L in women; (3) Hypertension;
(4) IFG or T2D; (5) abdominal obesity (WC=>102 cm in
men / > 88 cm in women) [14]. Mental health status was
assessed using the patient health questionnaire-9 (PHQ-
9). This questionnaire tool has a scoring range of 0 to
27, reflecting the severity of depressive symptoms. The
severity levels were classified as: no depression (0-4),
mild depression (5-9), moderate depression (10-14), and
moderately severe to severe depression (>15) [24].

Assessment of body composition

Body composition was measured by using DEXA in the
NHANES study. The appendicular skeletal muscle index
(ASMI) was calculated as the ratio of appendicular skele-
tal muscle mass (ASM) to the square of height. Low mus-
cle mass was defined as ASM <20 kg or ASMI<7 kg/m”
in men, and ASM <15 kg or ASMI<5.5 kg/m” in women
[25].

The Hologic APEX software was used to automati-
cally segment and measure fat tissue. The visceral fat
area (VFA) was defined as the measurement of abdomi-
nal visceral fat at the interspace between the fourth and
fifth lumbar vertebrae. Visceral obesity was defined as
VFA>100 cm® [26]. The visceral-to-subcutaneous fat
ratio (VSR) was calculated as the ratio of abdominal vis-
ceral fat area to abdominal subcutaneous fat area. Ele-
vated body fat was defined as BF 230% in men and >40%
in women [27].

Assessment of other covariables

Several potential covariables, including age, gender, eth-
nicity, educational level, smoking habits, self-reported
drug use and health status are considered in this study.
Smoking history was defined as having smoked more
than 100 cigarettes in one’s lifetime. Alcohol consump-
tion history was defined as daily intake of =3 drinks for
men and >2 drinks for women [28]. According to the
definition in the NHANES database, one standard drink
is equivalent to approximately 355 mL of beer, 150 mL of
wine, or 45 mL of liquor.

Statistical analysis
Given that complex sampling design employed by
NHANES, prevalence estimates and models were
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survey-weighted using the NHANES primary sampling
unit, strata, and population weights to ensure national
representativeness of the U.S. population. Weighted
values for each cycle can be obtained directly from
NHANES and the weighting procedure was conducted
according to the NHANES analytic guideline (https://w
wwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx). This
study took “WTSAF2YR” as the weighted variable.

All the information for the study population was
summarized in accordance with tertiles of serum RC
concentration. Continuous variables with normal dis-
tribution and with skewed distribution were expressed
as mean +standard deviation (SD) and median (inter-
quartile range, IQR), respectively. Categorical variables
were described as numbers (n) with weighted percent-
ages (%). We utilized weighted linear regression analyses
to evaluate trends across tertiles of RC concentration.
Weighted multivariable logistic regression modeling was
used to estimate the association of RC with preclinical/
clinical obesity and obesity stages. Model 1 adjusted for
basic demographic characteristics (age, gender, race,
educational status, smoking status) and body composi-
tion (VSR, ASMI). Model 2 further adjusted for hyper-
tension, T2D and the use of lipid-lowering drugs. Given
the well-documented strong association between RC
and TG in prior studies, model 3 further adjusted for
TG on the basis of model 2. The dose-response relation-
ships between serum RC levels and obesity phenotypes
(preclinical/clinical obesity and obesity stages) were
evaluated using restricted cubic spline (RCS) regression
models, with multivariable adjustments consistent with
those applied in model 3 as described above. To validate
the robustness of our results, sensitivity analyses were
further performed by excluding participants receiving
lipid-lowering therapy. To assess potential multicollinear-
ity among covariables, variance inflation factors (VIFs)
was calculated. A VIF value greater than 5 was consid-
ered indicative of multicollinearity [29].

All analyses were two-sided and P<0.05 was consid-
ered statistically significant. The statistical procedures
were conducted using the “survey’, “splines2’, “rms’
“ggplot2” R packages in R (4.4.1).

Results

Characteristics

General characteristics and body composition of par-
ticipants are listed in Table S4 [Additional file 1]. A
total of 3,207 participants were identified, including
1,662(53.76%) males and 1,545(46.24%) females, with
a median age of 41(30,50) years. Subjects with higher
RC concentration were more likely to report a history
of hypertension, diabetes or prediabetes, cardiovascu-
lar diseases, use of lipid-lowering and anti-hypertension
drugs. (all P values<0.001). Only one patient in the T3
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group had markedly elevated TG levels (>4.5 mmol/L),
with a measured value precisely at 4.5 mmol/L. Body
composition measurements obtained via DEXA revealed
that VFA, total abdominal fat area and VSR signifi-
cantly increased with rising RC concentrations (all P
values <0.001). Subcutaneous fat area (SFA) (P=0.16)
and BF (P=0.10) did not exhibit consistent trends with
changes in RC levels. Muscle-related parameters (ASM
and ASMI) showed an higher level in the group with
higher RC concentrations.

RC and preclinical/clinical obesity

The prevalence of clinical obesity significantly increased
with rising RC levels. In the T3 group of RC, 1,037
patients (96.74%) were identified as clinical obesity,
while the proportion in the other two groups was
approximately 85% [T1 group: 947 (84.72%); T2 group:
944 (85.65%)]. Except for the prevalence of ventricu-
lar systolic dysfunction (P=0.64), urinary incontinence
(P=0.68), and reproductive abnormalities in females
(P=0.98), all other obesity-related clinical manifesta-
tions increased progressively with rising RC concentra-
tions. Metabolic abnormalities(2,130, 62.30% ) and renal
impairment(1,219, 33.96%) were the first and second
most common comorbidities, respectively, with their
prevalence both peaking in the T3 group. Table 1 pro-
vides the prevalence of obesity-related clinical manifes-
tations and preclinical/clinical obesity status stratified by
tertiles of RC concentration.

The association between serum RC levels and preclini-
cal/clinical obesity analyzed using logistic regression
models is detailed in Fig. 2. The multivariable-adjusted
ORs (95% Cls) among participants in the T3 group were
5.30(3.97-7.08) in model 1, 5.83(4.36—7.80) in model 2,
1.95(1.19-3.19) in model 3, respectively, compared with
those in the T1 group. And the results from the analyses
of individuals not using lipid-lowering medications indi-
cated that, for per SD increase in RC in the fully adjusted
model(model 3), the risk of progression from preclinical
obesity to clinical obesity increased by 95% [OR (95% CI),
1.95(1.19-3.19)]. Results of RCS analyses indicated sig-
nificant nonlinear dose-response association between RC
levels and the risk of clinical obesity in both the overall
population and the subgroup not receiving lipid-lower-
ing therapy (P for nonlinearity <0.001), sharing the same
threshold at around a serum RC value of 0.51 mmol/L
(Fig. 3).

RC and obesity stages defined by AACE/ACE guideline

The distribution of subjects across AACE/ACE obesity
stages based on RC tertiles is shown in Table 2. Among
all the obese patients included in this study, none were
in stage 0. The majority of patients were in stage 1, com-
prising 1,578 (57.26%) patients. A total of 1,559(42.47%)
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Table 1 Distribution of obesity related clinical manifestations
and preclinical/clinical obesity across tertiles of serum RC
concentration

Character Tertiles of serum RC concentration P for trend
Tertile 1 Tertile 2 Tertile 3

Cardiovascular (ventricular) 0.64

No 1060(99.18) 1064(99.19) 1047(98.68)

Yes 10(0.82) 8(0.81) 18(1.32)

Cardiovascular (arterial) <0.001

No 863(82.2) 816(78.78) 772(73.27)

Yes 207(17.8)  256(21.22)  293(26.73)

Metabolism <0.001

No 565(58.03) 420(46.15)  92(9.31)

Yes 505(41.97) 652(53.85)  973(90.69)

Liver <0.001

No 1036(96.61) 1013(94.05) 960(90.38)

Yes 34(3.39) 59(5.95) 105(9.62)

Renal <0.05

No 653(67.56) 666(64.18) 669(66.43)

Yes 417(3244) 406(35.82) 396(33.57)

Urinary 0.68

No 840(78.74) 836(77.12)  833(77.81)

Yes 230(21.26) 236(22.88) 232(22.19)

Reproductive (female) 0.98

No 831(79.17) 923(84.75)  939(87.30)

Yes 239(20.83) 149(15.25)  126(12.70)

Reproductive (male) <0.001

No 537(54.7) 560(51.6)  614(59.87)

Yes 533(453) 512(484) 451(40.13)

Limitations of day-to-day activities <0.01

No 947(88.8) 908(83.98) 891(82.32)

Yes 123(11.2)  164(16.02) 174(17.68)

Obesity phenotypes <0.001

Preclinical obesity ~ 123(15.28) 128(14.35)  28(3.26)

clinical obesity 947(84.72) 944(85.65) 1037(96.74)

Abbreviations: RC, remnant cholesterol

patients were in stage 2. As RC levels increased, there
was a corresponding rising in the proportion of obese
patients in stage 2 (24.09% in the T1 group,36.78% in
the T2 group, 74.85% in the T3 group). According to the
AACE/ACE obesity guideline for the definition of ORCs
and their respective stages, it was observed that predia-
betes, metabolic syndrome, and T2D (n=3,203, 99.89%)
was the most prevalent complication, followed by FLD
(n=1,694, 53.28%). The T3 group consistently exhibited
the highest prevalence of severe ORCs. The prevalence
and staging of the rest ORCs increased progressively with
rising RC concentrations(P for osteoarthritis <0.05, P for
the other ORCs <0.001).

The association between serum RC levels and obe-
sity stages analyzed using logistic regression models is
detailed in Fig. 4. Patients in the T3 group had higher
risk of obesity stage progression than patients in the T1
group, with ORs (95% CI) of 9.70(5.24—17.96) in model
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1, 9.48(5.07-17.74) in model 2, and 1.96(1.06-3.62) in
model 3, respectively. The results obtained from the sen-
sitivity analysis restricted to individuals not receiving
lipid-lowering therapy demonstrated nearly identical to
those derived from the overall population.

The RCS analyses revealed significant nonlinear dose-
response association between RC and the risk of progres-
sion in obesity stages (P for nonlinearity <0.001), and the
serum RC threshold was remarkably equal to the cutoff
value for distinguishing clinical obesity from preclinical
obesity, approximately 0.51 mmol/L (Fig. 3).

Discussion
It is the first study to delve into the association between
RC and adverse obesity phenotypes—preclinical/clinical
obesity and obesity stages—evaluated via multi-organ
functions. In contrast to prior studies that relied solely
on BMI as the criterion for defining obesity, our analy-
sis expanded the evaluation to incorporate comprehen-
sive measurements of body size and body composition,
thereby applying the new definition of obesity in practice.
This study demonstrated that elevated RC levels were
associated with an increasing trend in visceral fat-related
indicators, such as the VSR and VFA, while showing no
significant association with BF or SFA. These findings
suggested that RC is more closely associated with ectopic
fat deposition, which marks the onset of morbid obesity
[8, 30], rather than simple fat expansion. Traditionally,
obesity has been viewed as a precursor to insulin resis-
tance, which subsequently leads to hyperlipidemia. How-
ever, another hypothesis proposed that elevated RC levels
preceded the development of insulin resistance [31], the
core mechanism of morbid obesity. This insight pushes
us early identification and intervention for obese patients
exhibiting elevated RC level. Contrary to previous stud-
ies [32, 33], our findings indicated a positive association
between RC and ASM as well as the ASMI. This dis-
crepancy may be attributed to differences between study
populations. Our research focused specifically on obese
individuals, who are prone to intramuscular lipid deposi-
tion, including intramyocellular lipids (IMCL) and inter-
muscular adipose tissue (IMAT) [34, 35, 36]. However,
DEXA has limitations in distinguishing between muscle
and IMCL or IMAT, potentially leading to an overestima-
tion of absolute muscle mass in obese individuals [37, 38].
Furthermore, this measurement error exhibits a dose-
dependent relationship with anthropometric indices such
as BMI and WC [39]. Moreover, RC is also significantly
positively correlated with these indices [5], suggesting
that abnormalities in lipid metabolism and the hetero-
geneity of fat distribution may synergistically amplify the
measurement bias of DEXA in assessing lean tissue mass.
This may explain the positive association between muscle
mass and RC levels observed in our study.
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Fig. 2 Association between RC and preclinical/clinical obesity. Model 1: Adjusted for age, gender, race, educational status, smoke status, VSR and ASM;
Model 2: Adjusted for age, gender, race, educational status, smoke status, VSR, ASMI, hypertension, T2D and lipid-lowering drugs; Model 3: Additional
adjusted for TG; *:P < 0.05; ***:P < 0.001. Abbreviations: Ref, reference; OR, odds ratio; Cl, confidence interval

RC exhibited a consistent trend with the prevalence of
multiple obesity-related clinical manifestations and activ-
ity limitations according to our results. The 2025 clinical
obesity guideline emphasized the classification and diag-
nosis of preclinical/clinical obesity based on clinical man-
ifestations (symptoms/signs) directly induced by obesity
itself, providing a more objective and intuitive frame-
work for clinicians and patients to understand obesity
status and select personalized treatment strategies [3].
Unlike previous studies that predominantly focused on
metabolic phenotype to identify obese individuals at high
cardiovascular risk, the definition of clinical obesity char-
acterized obesity as a persistent disease affecting various
organs and tissues, distinguishing it from metabolically
unhealthy obesity, which is limited to metabolic dysregu-
lation [3]. However, completing a comprehensive assess-
ment of all 18 clinical manifestations is a cumbersome
process. Our study results demonstrated that the number
of patients with clinical obesity significantly increased
with rising RC levels, with the proportion reaching up to
96.74% in the highest tertile of RC. These findings sug-
gested that RC may serve as a convenient and effective
biomarker for rapidly identifying a high-risk group prone
to clinical obesity. Importantly, this association remained
significant even after adjusting for various risk factors,
including age, gender, race, educational status, smoking
status, VSR, ASMI, history of hypertension, TG levels
and the use of lipid-lowering drugs. Notably, when TG
was included as a confounding factor in model 3, the esti-
mated effect in the T3 group was significantly reduced
compared to model 1 and 2, despite the P-value indi-
cating statistical significance. In contrast, the change of
OR in the T2 group compared to the T1 group remained
almost negligible across all the models. This observation

may be explained by the fact that RC represents the cho-
lesterol content of triglyceride-rich lipoproteins (TRL),
which tends to exhibit strong collinearity with TG. High
plasma concentrations of RC, formed when TRL undergo
partial TG depletion by lipoprotein lipase, are well-recog-
nized for their potent atherogenic properties [40, 41]. In
this context, it has been suggested that plasma RC, rather
than plasma TG, is an independent risk factor for the
development of cardiovascular disease [40, 41, 42]. Our
findings aligned with this conclusion, demonstrating that
RC predicts clinical obesity independently of TG levels.
Therefore, it is imperative to prioritize the assessment of
serum RC levels, irrespective of TG concentration.
According to the obesity stages definition of AACE/
ACE obesity guideline [2], none of the 3,207 patients
included in this study were classified at stage 0. This
finding aligns with a previous study applying the AACE/
ACE of obesity in a Venezuelan population of 1,320 indi-
viduals, which reported that only approximately 3.1% of
patients were classified at stage 0 [43]. The mild discrep-
ancy in the prevalence of stage 0 obesity between the two
studies may be attributed to the fact that the Venezuelan
study assessed only three ORCs as defined by the 2016
AACE/ACE guideline [2], whereas our study employed
a more comprehensive evaluation. Both studies collec-
tively suggested that nearly all obese patients exhibit at
least one mild-to-moderate or severe complication, indi-
cating that maintaining a complication-free stage is likely
to be challenging or transient for obese individuals. This
conclusion is further supported by a meta-analysis sum-
marizing 17 studies [44], underscoring the importance
of proactive stage assessment and intervention in obese
patients to prevent stage progression and promote stage
reversal. Previous studies have highlighted that elevated
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Fig. 3 Nonlinear associations of RC with obesity phenotypes and population distribution histograms by RC concentration. Abbreviations: RC, remnant

cholesterol; OR, odds ratio; Cls, confidence intervals

RC levels are closely associated with various ORCs, such
as renal insufficiency, sleep apnea syndrome, and ath-
erosclerosis [5, 9, 10, 11, 12, 45, 46, 47]. Additionally,
some studies have analyzed the mediating role of RC
in metabolic diseases, suggesting that RC may contrib-
ute to the development of these comorbidities [48, 49,
50]. Consistent with these findings, our study demon-
strated that patients in the T3 group of RC concentration
exhibited a higher prevalence as well as more advanced
stages of ORCs compared to other groups, indicating
that RC independently predicted the progression of obe-
sity stages. Therefore, RC has the potential to provide a
comprehensive assessment of the obesity phenotypes,
reflecting multi-system health status, rather than merely
serving as an indicator of blood lipid levels.

To figure out the dose-response association between
RC and adverse obesity phenotypes (clinical obesity,
progression of obesity stages), we implemented RCS
regression analyses, which revealed their nonlinear asso-
ciation. Specifically, the relationships between RC levels
and both clinical obesity and the progression of obesity
stages exhibited ”J”-shaped curves, with a pivotal inflec-
tion point at an RC level of 0.51 mmol/L. It can be argued
that the risk for adverse obesity phenotypes will escalate
abruptly when RC concentration continue to ascend at
0.51 mmol/L. Although our cross-sectional analysis does
not allow for the establishment of a direct causal relation-
ship, it is reasonable to speculate that RC may predict the
conversion of obesity to an adverse phenotype. Therefore,
we suggest obese individuals to be cognizant of their RC
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Table 2 Distribution of ORCs and obesity stages across tertiles
of serum RC concentration

Tertiles of serum RC concentration P for trend

Tertile 1 Tertile 2 Tertile 3

Character

Prediabetes, metabolic syndrome, and type 2 diabetes <0.001

Stage 0 1(0.05) 3(0.29) 0(0.00)

Stage 1 927(89.55)  836(80.8) 675(65.89)

Stage 2 142(10.4) 233(1891)  390(34.11)
Hypertension <0.001
Stage 0 846(81.02) 783(75.77) 711(67.25)

Stage 1 44(5.30) 70(7.07) 33(2.77)

Stage 2 180(13.68)  219(17.16)  321(29.98)
Hypertriglyceridemia/Dyslipidemia <0.001
Stage 0 858(81.88)  723(69.75)  159(14.36)

Stage 1 131(12.12) 184(16.14)  271(26.15)

Stage 2 81(6.00) 165(14.11)  635(59.49)
Non-alcoholic fatty liver disease <0.001
Stage 0 753(71.13)  526(49.1) 234(20.48)

Stage 1 304(27.78)  532(50.18)  824(78.28)

Stage 2 13(1.08) 14(0.73) 7(1.24)
Osteoarthritis <0.05
Stage 0 1053(97.92)  1058(98.11)  1032(96.42)

Stage 1 16(2.02) 12(1.8) 26(2.94)

Stage 2 1(0.06) 2(0.09) 7(0.64)

Stress and urge urinary incontinence 0.53
Stage 0 840(78.74)  836(77.12)  833(77.81)

Stage 1 216(19.75)  216(21.35)  201(19.71)

Stage 2 14(1.51) 20(1.53) 31(2.48)
Disability/Immobility <0.001
Stage 0 947(88.8) 908(83.98)  891(82.32)

Stage 1 119(10.95) 148(14.98) 158(16.38)

Stage 2 4(0.24) 16(1.05) 16(1.31)
Psychological disorder/Stigmatization <0.001
Stage 0 1013(95.34)  998(93.43)  949(89.24)

Stage 1 49(4.05) 62(5.89) 100(9.3)

Stage 2 8(0.61) 12(0.68) 16(1.45)

Obesity stages <0.001
Stage 0 0(0) 0(0) 0(0)

Stage 1 737(7345)  629(62.58)  339(32.46)

Stage 2 333(26.55)  443(3742)  726(67.54)

Abbreviations: RC, remnant cholesterol

levels at an earlier stage, potentially necessitating a recali-
bration of the reference values to more accurately reflect
the metabolic risks in this population.

This study has several strengths that deserve empha-
sis. Firstly, this is the first study to explore the association
between RC and obesity phenotypes defined by two of the
most authoritative guidelines for obesity diagnosis and
phenotype assessment [3]. Our results demonstrated that
RC can serve as a simple and effective initial screening
indicator for adverse obesity phenotypes, enabling rapid
and efficient identification of high-risk population in
clinical practice, particularly well-suited for primary care
settings or resource-limited healthcare environments.
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Moreover, it facilitates the implementation of obesity
guidelines, ultimately improving patient outcomes. Sec-
ondly, unlike prior studies that primarily focused on
single system disorder, our research provides a compre-
hensive evaluation of clinical manifestations and staging
of ORCs, thereby offering a more systematic reflection of
the obesity phenotypes. Thirdly, we employed the latest
diagnostic criteria for obesity to identify the population
in this study, rather than relying solely on BMI as done
in previous literature. This approach ensures that our
study captured a unique cohort that has not been pre-
viously investigated. Additionally, we utilized data from
the NHANES, which employs a stratified, multistage
probability design to ensure nationally representative
sampling, administered by well-trained research person-
nel. Furthermore, we employed rigorous statistical meth-
ods, including multivariable adjustment and sensitivity
analyses, to enhance the reliability and robustness of our
findings.

Several limitations of the current study should be rec-
ognized also. Firstly, the observational nature of this
research precludes us from establishing a causal link
between RC and obesity phenotypes. Secondly, although
we have undertaken multiple adjustments to minimize
the influence of confounders, there may still be unmea-
sured potential variables that could impact the results.
Lastly, the indirect calculation of RC in our study might
lead to an overestimation its value compared to direct
measurement [48], particularly when TG levels are exces-
sively high [13]. However, in our study, only one patient
had a TG level>24.5 mmol/L, with a concentration of
exactly 4.5 mmol/L, which is at the borderline. Therefore,
it is reasonable to assume that LDL-C levels of the major-
ity of participants were minimally affected by TG con-
centrations. Additionally, blood samples were collected
in the morning after an overnight fast of at least eight
hours to minimize the influence of recent food intake on
lipid profiles. This approach is particularly critical for TG
levels, as they are highly susceptible to dietary effects,
thereby enhancing the standardization and reliability of
the measurements. Furthermore, in the model 3 of logis-
tic regression analyses, TG was included as a covariable
to minimize its potential impact on the results. In sum-
mary, although the indirect calculation of LDL-C may
introduce some bias, the measures described above
suggest that the findings of this study were likely mini-
mally affected by TG levels. Nonetheless, the indirect
calculation of RC is an affordable and accessible method
that could provide valuable data for clinical manage-
ment. Further research is needed to address these limita-
tions and deepen our understanding of the relationship
between RC and obesity phenotypes.
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Fig. 4 Association between RC and the progression of obesity stages. Model 1: Adjusted for age, gender, race, educational status, smoke status, VSR and
ASMI; Model 2: Overall population, adjusted for age, gender, race, educational status, smoke status, VSR, ASMI, hypertension, T2D and lipid-lowering drugs;
Model 3: Additional adjusted for TG; *: P< 0.05; ***: P<0.001. Abbreviations: Ref, reference; OR, odds ratio; Cls, confidence intervals

Conclusion

In conclusion, our study has identified a positive and
independent association between RC concentration and
adverse obesity phenotypes. In addition to routine blood
lipid monitoring, it is advisable to incorporate RC assess-
ment into the clinical management of obese patients. This
approach will enable early detection and intervention for
high-risk individuals and facilitate the adoption of guide-
lines in clinical practice, thereby improving patient out-
comes and reducing the burden of obesity.
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