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ABSTRACT
Objective: This study aimed to explore personalized weight-loss targets for metabolic syndrome (MetS) reversal by introducing 
the BMI-normalization achievement rate (BMI-NAR), a novel baseline-BMI-scaled metric.
Methods: In a longitudinal cohort of 7340 adults with overweight/obesity and MetS from the ChinaHEART project, BMI-NAR 
was defined as the percentage of progress toward a normal BMI (< 24 kg/m2). Logistic regression and restricted cubic splines 
assessed the dose–response relationship between BMI-NAR and MetS reversal.
Results: Each 50% increase in BMI-NAR was significantly associated with MetS reversal (overall: OR = 1.10, 95% CI: 1.07–1.12; 
overweight: OR = 1.08, 95% CI: 1.06–1.11; obesity: OR = 2.36, 95% CI: 2.00–2.80). The probability of reversal increased steeply 
beyond exploratory minimum effective thresholds (37% BMI-NAR for overall; 53% for overweight; 22% for obesity), with benefits 
observed up to ~165% in the total population, beyond which data were sparse. No clear upper plateau was identified in popu-
lations with overweight and obesity. These exploratory thresholds translate into personalized weight-loss targets: a minimum 
reduction of 2%–8% for typical overweight (baseline BMI 25–27.99 kg/m2) and 3%–9% for obesity.
Conclusions: MetS reversal does not require full BMI normalization. BMI-NAR provides a hypothesis-generating, quantifia-
ble framework for exploring personalized minimum effective weight-loss goals in this high-risk population. However, external 
validation is required before clinical application.

1   |   Introduction

Metabolic syndrome (MetS), a cluster of cardiometabolic risk 
factors including central obesity, hypertension, dysglycemia, 
hypertriglyceridemia, and low high-density lipoprotein choles-
terol (HDL-C), substantially increases the risk of cardiovascular 

disease (CVD) [1, 2]. The global prevalence of MetS ranges from 
14% to 39% [3], with China reporting a rate of 31.1% [4] that con-
tinues to rise alongside the obesity epidemic [5]. The number of 
individuals in China with overweight and obesity is projected 
to exceed 500 million by 2030 [6], which portends a substantial 
increase in the burden of MetS.
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Body mass index (BMI) is a key predictor of MetS incidence 
[7], with individuals with overweight and obesity having 1.7- 
and 2.3-fold higher risks, respectively [8]. BMI reduction is 
associated with a significantly lower risk of developing MetS 
(39% per 1 kg/m2 decrease [8] and ~59% for a 3% relative re-
duction [9]). Additionally, individuals with obesity experi-
ence a greater reduction in the risk of developing MetS for the 
same absolute BMI reduction (> 1 kg/m2) than overweight in-
dividuals [8]. However, the evidence largely focuses on MetS 
incidence rather than the reversal of established MetS. It re-
mains unclear whether metabolic improvement requires com-
plete BMI normalization (< 24 kg/m2 [10]) in individuals with 
overweight and obesity. Although a 10% weight loss is often 
recommended for this population to prevent diabetes [11], 
the minimum effective weight-loss threshold for MetS rever-
sal is unknown, and whether this threshold differs between 
populations with overweight and obesity remains unexplored. 
Furthermore, current weight-loss metrics fail to capture indi-
vidual progress toward BMI normalization, limiting the ability 
to evaluate weight-loss success in a standardized, baseline-
adjusted manner.

To address these critical gaps, we conducted a longitudinal cohort 
analysis using data from the China Health Evaluation and Risk 
Reduction through Nationwide Teamwork (ChinaHEART) Hubei 
Province project, focusing on adults with overweight and obesity 
and established MetS at baseline. We introduced a novel metric, 
the BMI-normalization achievement rate (BMI-NAR), which 
quantifies an individual's progress toward personalized BMI nor-
malization. It is defined as the actual BMI reduction achieved 
during follow-up divided by the total BMI reduction required to 
reach a normal BMI (23.99 kg/m2), expressed as a percentage. By 
scaling actual weight loss against the distance to a normal BMI at 
baseline, this metric inherently accounts for baseline heterogeneity 
and provides a standardized measure of how close an individual is 
to achieving complete BMI normalization. Using BMI-NAR, this 
study aimed to determine its dose–response relationship with the 
reversal of MetS and its components, estimate phenotype-specific 
minimum effective weight-loss thresholds for individuals with 
overweight and obesity, and provide a novel, hypothesis-generating 
framework for exploring personalized weight-loss goals.

2   |   Methods

2.1   |   Study Design and Participants

This longitudinal analysis utilized data from the ChinaHEART 
project [12] conducted in Hubei Province (2015–2023), which re-
cruited community-dwelling adults aged 35–75 years. The proj-
ect, of which this study is a part, was approved by the Ethics 
Committee of Fuwai Hospital, Chinese Academy of Medical 
Sciences (Approval No.: 2014–574). All participants provided 
written informed consent.

From the initial dataset of 39,050 participants, we defined the 
first interview as the baseline and the first long-term follow-up 
(≥ 12 months) as the endpoint of the study. The participant se-
lection process is detailed in Figure S1. As our primary anal-
ysis focused on the association between BMI-NAR and MetS 
reversal, it was restricted to participants who lost weight be-
tween the two time points. After sequential exclusions (miss-
ing key data, no MetS at baseline, baseline BMI < 24 kg/m2, 
or no BMI reduction at follow-up), the final analytical cohort 
comprised 7340 individuals with established MetS, including 
4660 overweight participants (BMI 24–27.99 kg/m2) and 2680 
participants with obesity (BMI ≥ 28 kg/m2)  according to the 
Chinese obesity guidelines [10].

2.2   |   Calculation of BMI-NAR

BMI was calculated as weight in kilograms divided by height in 
meters squared (kg/m2). BMI-NAR was defined as the actual BMI 
reduction achieved during follow-up divided by the total BMI re-
duction required to reach a normal BMI (23.99 kg/m2), expressed 
as a percentage. It was calculated using the following formula:

where 23.99 kg/m2 represents the upper boundary of a nor-
mal BMI for East Asian populations. Conceptually, BMI-NAR 

BMI-NAR (%) =
Baseline BMI − Follow-upBMI

Baseline BMI − 23.99
×100%

Study Importance

•	 What is already known?
○	 Weight loss reduces metabolic syndrome (MetS) 

incidence, but evidence regarding the reversal of 
established MetS in individuals with overweight 
and obesity remains scarce.

○	 It is unclear whether complete BMI normalization 
(< 24 kg/m2) is required for MetS reversal in this 
population.

•	 What does this study add? 
○	 We introduce the BMI-normalization achieve-

ment rate (BMI-NAR), defined as the percentage 
of actual BMI reduction relative to the total reduc-
tion required to reach a normal BMI.

○	 BMI-NAR exhibited a graded dose–response as-
sociation with the reversal of MetS and its com-
ponents, most notably for waist circumference 
reduction.

○	 We identified exploratory minimum effective 
BMI-NAR thresholds for MetS reversal: 53% for 
overweight and 22% for obesity, which correspond 
to personalized weight-loss targets of 2%–8% for 
typical overweight and 3%–9% for obesity, de-
pending on baseline BMI.

•	 How might these results change the direction of re-
search or the focus of clinical practice?

○	 Our findings suggest that the exploratory mini-
mum effective weight loss required for MetS re-
versal may be lower than the 10% target commonly 
recommended for diabetes prevention, supporting 
the concept of baseline-BMI-stratified, more at-
tainable weight-loss goals in future research.

○	 BMI-NAR offers a hypothesis-generating frame-
work for exploring personalized minimum effec-
tive weight-loss targets, though external validation 
is warranted before clinical implementation.
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quantifies the proportion of excess BMI that has been success-
fully eliminated, serving as a standardized measure of an in-
dividual's progress toward complete BMI normalization. For 
example, a person with a baseline BMI of 30 kg/m2 whose BMI 
decreases to 27 kg/m2 achieves a BMI-NAR of ~50%, indicating 
that about half of the excess BMI above 23.99 kg/m2 has been 
eliminated (details in online Supporting Information).

2.3   |   MetS Diagnosis and Reversal

MetS was defined according to the 2009 Joint Interim Statement 
criteria [13] with waist circumference (WC) adapted for the 
Chinese population based on the latest Chinese obesity guide-
lines [10]. Participants were classified as having MetS if they met 
≥ 3 of the following criteria: (1) WC ≥ 85 cm (men) or ≥ 80 cm 
(women); (2) systolic blood pressure (SBP) ≥ 130 mmHg, diastolic 
blood pressure (DBP) ≥ 85 mmHg, or use of antihypertensive 
medication; (3) fasting blood glucose (FBG) ≥ 5.6 mmol/L or use 
of hypoglycemic medication; (4) triglycerides (TG) ≥ 1.7 mmol/L 
or use of lipid-lowering medication; (5) HDL-C < 1.0 mmol/L 
(men) or < 1.3 mmol/L (women). Reversal of MetS was defined 
as not meeting the MetS criteria at follow-up. The reversal of 
individual components was defined analogously.

2.4   |   Covariates

Potential confounders were collected via standardized ques-
tionnaires and interviews, including sociodemographics (age, 
sex, residence, education, marital status, and annual house-
hold income), lifestyle factors (current smoking, alcohol con-
sumption, dietary pattern, and leisure-time physical activity), 
and clinical factors (baseline BMI and number of aggregated 
CVD risk factors). Detailed definitions are in the online 
Supporting Information.

2.5   |   Statistical Analysis

Participants were categorized by BMI-NAR: < 25.0%, 25.0%–
49.9%, 50.0%–74.9%, 75.0%–99.9%, 100.0%–124.9%, and ≥ 125.0%. 
Continuous variables were presented as medians (interquartile 
ranges [IQR]) and categorical variables as frequencies (percent-
ages). Trend tests across categories were performed using the 
Jonckheere–Terpstra test (continuous) and the Cochran–Mantel–
Haenszel chi-square test (categorical).

Multivariable logistic regression assessed the association of 
BMI-NAR (modeled continuously per 50% increase and as 
six categories) with the reversal of MetS and its components, 
yielding adjusted odds ratios (ORs) and 95% confidence in-
tervals (CIs) adjusted for all key covariates. Given the math-
ematical dependence of BMI-NAR on baseline BMI, baseline 
BMI was adjusted as a continuous covariate in all models. 
Weighted quantile sum (WQS) regression quantified each 
MetS component's relative contribution to MetS reversal (on-
line Supporting Information for details). Stratification analy-
ses evaluated effect modification by age, dietary pattern, and 
aggregated CVD risk factors (0, 1, ≥ 2) across the total popu-
lation and the subgroups with overweight and obesity. The in-
teraction between BMI-NAR and baseline BMI was evaluated 

to determine whether the effect of BMI-NAR varied across 
baseline BMI levels.

Restricted cubic splines (RCS) with three to five knots (opti-
mized via the lowest Akaike information criterion) explored 
nonlinear relationships and potential thresholds. To mitigate 
the influence of potential outliers, extreme BMI-NAR values 
(< 2.5th or > 97.5th percentile) were winsorized to the corre-
sponding percentiles per subgroup. The minimum effective 
threshold was defined as the BMI-NAR value where the pre-
dicted probability of MetS reversal begins to increase steeply 
and the 95% confidence band's lower bound first exceeds the 
null probability (OR = 1). Threshold uncertainty (medians and 
95% CIs) was estimated via bootstrap resampling, and these 
minimum effective BMI-NAR thresholds were subsequently 
converted into weight-loss percentages according to the for-
mula in the online Supporting Information.

Sensitivity analyses tested the robustness of our findings by: 
(1) assessing selection bias; (2) excluding medication users; (3) 
applying a finer categorization for extreme BMI-NAR (> 125%); 
(4) redefining MetS outcome by severity; (5) applying Asian-
specific WC cutoff values; (6) adjusting for early-life BMI; (7) 
refitting the RCS model without winsorization; (8) calculating 
E-value; (9) comparing with four conventional weight-loss met-
rics including absolute weight loss (kg), percent weight loss (%), 
absolute BMI reduction (kg/m2), and relative BMI reduction (%); 
(10) using alternative anthropometric metrics (WHtR-NAR and 
WC-NAR) and outcome redefinition. All the sensitivity analyses 
are detailed in the online Supporting Information.

All statistical analyses were conducted using the R software 
(version 4.3.1). A two-sided p value < 0.05 was considered statis-
tically significant.

3   |   Results

3.1   |   Baseline Characteristics of Participants

The median age among the 7340 participants was 61 years (IQR 
54–67), of whom 39.63% were male and 60.37% were female. 
The median baseline BMI was 27.09 kg/m2 (IQR 25.61–28.96), 
with 63.49% of participants classified as overweight and 36.51% 
as having obesity (Table  1). A total of 1444 participants expe-
rienced a reversal of MetS, corresponding to a reversal rate of 
19.67% (Table S1). The reversal rates were 23.39% among over-
weight participants and 13.21% among participants with obesity 
(Tables  S2 and S3). The baseline characteristics across BMI-
NAR categories showed that participants in higher BMI-NAR 
categories tended to be older and were more likely to be female. 
Additionally, these groups had a lower prevalence of current 
smokers and users of antihypertensive and antidiabetic medica-
tions, lower median baseline BMI, and a lower proportion classi-
fied as having obesity (p for trend < 0.001; Table 1).

As BMI-NAR classification levels increased, baseline and fol-
low-up HDL-C levels showed an upward trend in each group. 
Meanwhile, baseline and follow-up WC and DBP, along with 
follow-up SBP, FBG, and TG levels, exhibited a downward 
trend (p for trend < 0.001) (Table 2). Moreover, among the total 
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population and the overweight and obesity subgroups, the pro-
portion of reversals for MetS and high levels of WC, FBG, BP, TG 
and low HDL-C levels increased across BMI-NAR classification 
levels (p for trend < 0.001; Figure 1 and Tables S1–S3).

3.2   |   Association Between BMI-NAR and Reversal 
of MetS and Its Components

Multivariable-adjusted logistic regression analyses revealed a 
significant positive association between BMI-NAR and MetS re-
versal, which was consistent in the total population and the over-
weight and obesity subgroups, with a more pronounced effect in 
the obesity subgroup (Table 3). Specifically, for each 50% increase 
in BMI-NAR, the odds of MetS reversal increased by 10% in the 
total population (OR = 1.10, 95% CI: 1.07–1.12). This increase was 
8% (OR = 1.08, 95% CI: 1.06–1.11) in the overweight subgroup and 
136% (OR = 2.36, 95% CI: 2.00–2.80) in the obesity subgroup.

When BMI-NAR was analyzed as an ordered categorical vari-
able, a significant graded dose–response relationship was 
observed (p for trend < 0.001; Table 3). Among overweight indi-
viduals, compared to the reference group (BMI-NAR < 25%), the 
ORs of MetS reversal were significantly elevated across higher 
BMI-NAR categories: 1.77 (95% CI: 1.39–2.26) for 50%–74.9%, 
1.84 (95% CI: 1.40–2.41) for 75%–99.9%, 3.03 (95% CI: 2.24–4.09) 
for 100%–124.9%, and 3.69 (95% CI: 2.91–4.69) for ≥ 125%. Among 
individuals with obesity, the association was even stronger, 
with corresponding ORs of 2.44 (95% CI: 1.65–3.54), 4.00 (95% 
CI: 2.50–6.32), 5.66 (95% CI: 3.28–9.61), and 9.55 (95% CI: 4.60–
19.87) for the 50%–74.9%, 75%–99.9%, 100%–124.9%, and ≥ 125% 
categories, respectively. Furthermore, within the same BMI-
NAR category, individuals with obesity consistently had higher 
odds of MetS reversal than their overweight counterparts.

A similar pattern of association was observed for the reversal 
of each MetS component (Table  3). Per 50% increase in BMI-
NAR, associations for high FBG, high BP, high TG, and low 
HDL-C were modest in the total population (ORs 1.03–1.05) and 

overweight subgroup (ORs 1.02–1.04) but substantially stronger 
in the obesity subgroup (ORs 1.50–2.03). In contrast, high WC 
reversal showed the strongest association across all subgroups 
(total OR = 1.14; overweight OR = 1.12; obesity OR = 4.44). The 
WQS analysis further confirmed that the reversal of high WC 
and high FBG contributed most to MetS reversal, each with a 
weight of 22.1% (Figure S2).

3.3   |   Heterogeneity in the Association Between 
BMI-NAR and MetS Reversal

Stratified analyses were conducted to assess the consistency 
of this association, and a significant positive association 
was observed across all predefined subgroups (Figure  2). 
Significant effect modifications were observed for diet type in 
the overweight subgroup and for age in the obesity subgroup. 
Specifically, the association was more pronounced among 
overweight individuals with a primarily vegetable-based diet 
and among individuals with obesity younger than 60 years 
(p for interaction < 0.05). Furthermore, a stratified analysis 
by age revealed a stronger positive association between BMI-
NAR and MetS reversal among younger individuals with 
obesity (< 40 and 40–50 years; Table S4). No other factors, in-
cluding the number of aggregated CVD risk factors, showed 
significant effect modification (p for interaction > 0.05). 
Additionally, although there was a significant interaction 
between BMI-NAR and continuous baseline BMI in the total 
population and among overweight individuals (p for interac-
tion < 0.001), the interaction was not significant in the obesity 
subgroup (p = 0.085; Table S5).

3.4   |   Dose–Response Relationship Between 
BMI-NAR and Reversal of MetS and Its Components

RCS analyses were performed to characterize the relationship 
between log-transformed BMI-NAR and the probability of re-
versing MetS and its components. Strong nonlinear positive 

FIGURE 1    |    Proportion of reversals for MetS and its components from baseline to follow-up according to BMI-NAR categories in the total popula-
tion. BMI-NAR, body mass index normalization achievement rate; BP, blood pressure; FBG, fasting blood glucose; HDL-C, high-density lipoprotein 
cholesterol; MetS, metabolic syndrome; TG, triglycerides; WC, waist circumference.
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associations were observed in the total population (p for nonlin-
earity < 0.01; Figure S3). The probability of reversing MetS and 
its components increased steeply as actual BMI-NAR rose from 
37% (ln = −1) to ~165% (ln = 0.5). Beyond this point, the curve 
appeared to attenuate, although sparse data at extreme values 
limit firm conclusions.

In the overweight subgroup (Figure 3A), the probability of re-
versing MetS and its components began its rapid increase at 
an actual BMI-NAR of 53% (ln = −0.63), with no clear upper 
plateau detected within the observed range (p for nonlinear-
ity < 0.001). Bootstrap resampling (1000 replicates) yielded a 
median threshold of 61.0% (95% CI: 0.2%, 63.8%; Figure S5), a 
wide CI that spanned most of the observed range. In the obe-
sity subgroup (Figure 3B), the threshold for a steep increase in 
MetS reversal was observed at 22% (p for nonlinearity < 0.01). 
Bootstrap resampling yielded a median threshold of 21.4% (95% 
CI: 0.2%, 31.3%; Figure S6), a wide CI that included values near 
zero. Depending on baseline BMI, these minimum effective 
BMI-NAR thresholds (53% for overweight and 22% for obesity) 
corresponded to a weight loss of ~2%–8% for typical overweight 
individuals (baseline BMI 25–27.99 kg/m2) and 3%–9% for indi-
viduals with obesity (Table S6).

3.5   |   Sensitivity Analyses and Robustness 
of Findings

A comparison of baseline characteristics between the included 
study population and the excluded participants (who were ex-
cluded due to clinical ineligibility, missing data, and no BMI 
reduction at follow-up) revealed differences in education, 
annual household income, residence, aggregated CVD risk 
factors, dietary patterns, medication use, and baseline and fol-
low-up BMI, indicating the possible presence of selection bias 
(Tables  S7–S9). However, the observed associations remained 
highly robust across extensive sensitivity analyses. Specifically, 
the positive association between BMI-NAR and MetS reversal 
remained significant after performing a full-cohort analysis in-
cluding all participants regardless of weight change, excluding 
medication users, applying a finer categorization for extreme 
BMI-NAR (> 125%), stratifying by outcome severity, utilizing 
Asian-specific WC criteria, and adjusting for early-life BMI 
(Tables S10–S15). Models refitting the RCS without winsoriza-
tion also yielded results consistent with the primary findings 
(Figure  S4). Additionally, E-value analysis revealed moderate 
robustness to unmeasured confounders (Table S16).

3.6   |   Comparison With Conventional Weight-Loss 
Metrics

When BMI-NAR was replaced by conventional non-normalized 
weight-loss metrics, the associations with MetS reversal were 
consistently weaker in the obesity subgroup than in the over-
weight subgroup (Table  S17). For instance, the OR for MetS 
reversal per 1 kg/m2 absolute BMI reduction was 1.53 (95% CI: 
1.44–1.62) in overweight versus 1.31 (95% CI: 1.24–1.38) in obe-
sity. This attenuation across all four conventional metrics con-
trasts sharply with the pattern observed for BMI-NAR, where 
the obesity-specific OR was substantially higher (2.36 in obesity O
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vs. 1.08 in overweight, per 50% increase). Furthermore, BMI-
NAR yielded a higher AUC (0.657) than absolute weight loss 
(0.589), percentage weight loss (0.599), absolute BMI reduction 
(0.597), and percentage BMI reduction (0.609) (Figure S7).

3.7   |   Alternative Anthropometric Metrics 
and Outcome Redefinition

In multivariable models, BMI-NAR, WHtR-NAR, and WC-NAR 
were all significantly associated with the reversal of metabolic 
dysregulation and its components (Tables  S18–S20). However, 
BMI-NAR exhibited slightly better predictive performance 
(AUC = 0.592) for metabolic dysregulation reversal than WHtR-
NAR (0.588) and WC-NAR (0.589) (Figure S8).

4   |   Discussion

In this study, after comprehensive adjustment for confounders, 
we observed a positive, graded association between BMI-NAR 
and the probability of MetS reversal, which was most pro-
nounced for WC reduction. The association was also stronger in 
overweight individuals with a vegetable-based diet and in indi-
viduals with obesity aged under 60 years. In the total population, 
the probability of MetS reversal increased steeply with increas-
ing BMI-NAR up to ~165%, beyond which data were sparse; no 
clear plateau or decline could be reliably established. Therefore, 
no recommendation regarding a maximum weight-loss target 
can be made from our data. Based on RCS analyses, we propose 

exploratory minimum effective BMI-NAR thresholds (53% for 
overweight, 22% for obesity) as potential starting points for per-
sonalized weight-loss goals. Higher BMI-NAR values within the 
observed range were associated with additional benefits in sub-
group analyses, but these should be pursued with attention to 
safety.

Our findings are consistent with the evidence that even mod-
est weight loss confers metabolic benefits. WC reversal was 
particularly sensitive to BMI-NAR, aligning with reports that 
WC reduction occurs more rapidly than changes in other MetS 
components [14]. Mechanistically, weight-loss-induced visceral 
adipose tissue (VAT) reduction likely plays a central role, im-
proving insulin sensitivity, lipid profiles, and blood pressure 
through reduced inflammation, enhanced adiponectin signal-
ing, and decreased lipotoxicity [15–20]. A vegetable-based diet 
may amplify these benefits via dietary fiber-mediated effects on 
satiety, glucose and lipid homeostasis, and systemic inflamma-
tion [21–23]. Furthermore, a stronger association was observed 
among adults with obesity under 60 years of age, which is consis-
tent with the accumulated burden of chronic inflammation and 
accelerated physiological decline around the age of 60 [24–27]. 
These findings underscore the importance of implementing 
weight-management strategies early, before this critical aging 
transition point.

Prior evidence indicates that individuals with obesity experience 
a greater reduction in metabolic risk for the same degree of weight 
loss compared to overweight individuals [8]. When this line of 
inquiry was extended to MetS reversal, the obesity-specific OR 

FIGURE 2    |    Stratified analyses of associations between BMI-NAR and MetS reversal in all subgroups. Forest plot shows multivariable-adjusted 
odds ratios (ORs) and 95% CIs for MetS reversal with each 1-unit increase in the natural log of BMI-NAR. Analyses are stratified by the indicated 
baseline characteristics. The models were adjusted for sex, age, education, marital status, annual household income, residence, current smoking, 
alcohol consumption, dietary pattern, leisure-time physical activity, number of aggregated CVD high-risk factors, and baseline BMI. The p value for 
interaction tests the null hypothesis that the association is the same across subgroups. The vertical dashed lines indicates ORs of 1.0. BMI-NAR, body 
mass index normalization achievement rate; CVD, cardiovascular disease; MetS, metabolic syndrome.
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for BMI-NAR was substantially higher than that for overweight 
individuals. This pattern persisted after adjusting for continu-
ous baseline BMI and testing the BMI-NAR × baseline BMI in-
teraction. However, the significant BMI-NAR × baseline BMI 
interaction in the total and overweight populations indicates 
that baseline BMI continues to influence the observed associ-
ations, and the extent to which BMI-NAR provides informa-
tion beyond baseline adiposity remains unclear. Interestingly, 
when BMI-NAR was replaced by conventional non-normalized 
weight-loss metrics in the same models, this obesity-specific as-
sociation was not reproduced. Instead, the conventional metrics 
showed weaker associations in the obesity subgroup than in the 
overweight subgroup. This divergent pattern suggests that, by 
scaling weight loss to each individual's distance from a normal 
BMI, BMI-NAR captures the greater absolute metabolic benefit 
of proportional weight loss in individuals with obesity, which is 
obscured by conventional metrics.

Consequently, our findings suggest that overweight individuals 
require a higher BMI-NAR target than individuals with obesity 
to achieve equivalent benefit. This is quantified by exploratory 
minimum effective BMI-NAR thresholds (53% for overweight; 

22% for obesity), corresponding to weight-loss ranges of ~2%–
8% for typical overweight (baseline BMI 25–27.99 kg/m2) and 
3%–9% for obesity, depending on baseline BMI. To contextual-
ize these thresholds in terms of conventional weight-loss met-
rics, a 53% threshold translates to ~4.1% weight loss for a typical 
overweight individual (BMI 26 kg/m2), while a 22% BMI-NAR 
translates to ~4.5% for a typical individual with obesity (BMI 
30 kg/m2). These quantitative targets are lower than the com-
monly cited recommendation of a 10% weight loss for diabetes 
prevention in this population [11], suggesting that even modest, 
personalized weight-loss goals may provide metabolic benefit. 
Thus, our data support the concept of baseline-BMI-stratified 
initial weight-loss targets, which are more attainable and may 
motivate continued effort toward higher goals. However, it 
should be emphasized that these thresholds are exploratory and 
require prospective validation.

Our study has several strengths. First, it draws on a large sam-
ple of 7340 participants with longitudinal follow-up, providing 
adequate statistical power to detect modest effect sizes and en-
abling robust subgroup analyses. Second, we propose a novel 
conceptual framework, BMI-NAR, for exploring personalized 

FIGURE 3    |    Nonlinear dose–response relationship and thresholds of BMI-NAR for reversal of MetS and its components in overweight and obesity 
subgroups. Multivariable-adjusted dose–response associations between the BMI-normalization achievement rate (BMI-NAR) and the odds of meta-
bolic syndrome (MetS) reversal were modeled using restricted cubic splines (RCS), stratified by baseline BMI status (A: Overweight; B: Obesity). The 
models were adjusted for sex, age, education, marital status, annual household income, residence, current smoking, alcohol consumption, dietary 
pattern, leisure-time physical activity, number of aggregated CVD high-risk factors, and baseline BMI. The optimal number of knots was selected 
based on the lowest Akaike information criterion. The solid lines represent the odds ratios (ORs), and the shaded areas represent the 95% CIs. The 
reference value (OR = 1) is set at a BMI-NAR of 53% (lnBMI-NAR = −0.63) for overweight individuals and BMI-NAR of 22% (lnBMI-NAR = −1.5) for 
individuals with obesity. A significant nonlinear association was observed (p for nonlinearity < 0.01). BMI-NAR, body mass index-normalization 
achievement rate; BP, blood pressure; CVD, cardiovascular disease; FBG, fasting blood glucose; HDL-C, high-density lipoprotein cholesterol; MetS, 
metabolic syndrome; TG, triglycerides; WC, waist circumference.
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weight-loss targets. This metric accounts for baseline heteroge-
neity by scaling actual weight loss against an individual's dis-
tance from a normal BMI, thereby standardizing the assessment 
of weight-loss progress across different baseline BMI levels. 
Third, our comprehensive statistical analyses, including RCS 
modeling and extensive sensitivity analyses, allow for character-
ization of nonlinear dose–response relationships, identification 
of exploratory minimum effective thresholds, and evaluation of 
the robustness of our findings to potential confounders. Finally, 
the study addresses a clinically relevant question by focusing on 
MetS reversal rather than incidence, offering practical insights 
for secondary prevention and informing future research on per-
sonalized weight-loss strategies.

However, several limitations should be considered when in-
terpreting our findings. First, as a BMI-derived construct, 
BMI-NAR shares BMI's inability to distinguish fat from lean 
mass or capture VAT. Future studies using direct adiposity 
measures (CT/MRI) are needed. Although extensive sensi-
tivity analyses, including adjustment for continuous baseline 
BMI and testing the BMI-NAR × baseline BMI interaction, did 
not alter our main findings, the mathematical dependence of 
BMI-NAR on baseline BMI remains a conceptual limitation. 
Specifically, the significant interaction in the overall and over-
weight populations indicates that the influence of baseline 
adiposity is not fully eliminated. Additionally, for individuals 
near the normal BMI threshold (24–25 kg/m2), the required 
absolute weight loss is very small, warranting cautious inter-
pretation. Furthermore, BMI-NAR oversimplifies biological 
heterogeneity by assuming uniform metabolic improvement 
upon reaching a normal BMI.

Second, the study design has two limitations. The availability 
of only two time points restricts causal inference and precludes 
the assessment of temporal dynamics, weight-loss trajecto-
ries, weight fluctuations, and potential regression to the mean. 
Additionally, residual confounding cannot be fully excluded, es-
pecially regarding self-reported lifestyle variables, such as diet 
and physical activity, which are subject to misclassification bias.

Third, restricting the primary analysis to participants who 
achieved weight loss could introduce selection bias and over-
estimate the association. Compared to the analytical sample, 
excluded participants without weight loss differed in several 
baseline characteristics, including baseline BMI, dietary pat-
terns, and medication use. However, our sensitivity analysis 
of the full cohort, which included all participants regardless of 
weight change, yielded consistent results, suggesting that this 
restriction did not materially bias our findings.

Fourth, our dataset lacked key information on weight-loss inter-
ventions (e.g., diet, exercise, pharmacotherapy), body composi-
tion, and inflammatory or metabolic biomarkers. This precludes 
the exploration of effect modification and mechanistic path-
ways. Further  studies incorporating detailed phenotyping and 
biomarker profiling are necessary to refine these results and elu-
cidate the underlying mechanisms.

Fifth, several factors limit the generalizability and clinical ap-
plicability of our findings. The cohort was drawn from a sin-
gle Chinese province and used East Asia-specific BMI cutoffs, 

which may constrain generalizability to other ethnicities or re-
gions with different obesity classification standards. Moreover, 
although BMI-NAR showed higher discrimination than conven-
tional weight-loss metrics, its absolute AUC remained modest 
(AUC < 0.7), below the threshold generally considered clinically 
useful for individual risk classification. BMI-NAR should there-
fore be regarded as a supplementary, hypothesis-generating 
framework for research and risk stratification, rather than a 
standalone clinical decision tool. Consequently, prospective val-
idation in geographically and ethnically diverse cohorts, along-
side decision curve analysis, is essential before these findings 
can be implemented in clinical practice.

Sixth, the proposed BMI-NAR thresholds are data-driven and 
have undergone only internal validation. While bootstrap re-
sampling assesses internal consistency, it does not constitute 
external validation. The extremely wide bootstrap CIs for these 
thresholds, with lower bounds approaching zero in both sub-
groups, indicate substantial uncertainty around the estimates. 
These thresholds should be considered highly exploratory rather 
than clinical targets, requiring confirmation in independent co-
horts before any clinical implementation.

5   |   Conclusion

BMI-NAR exhibited a graded dose–response association with 
MetS reversal and its individual components, particularly with 
WC reduction. By standardizing weight loss relative to baseline 
BMI, we propose exploratory minimum effective BMI-NAR 
thresholds (53% for overweight; 22% for obesity). These thresh-
olds correspond to personalized weight-loss targets of ~2%–8% 
for typical overweight and 3%–9% for obesity, depending on 
baseline BMI. These findings provide a hypothesis-generating, 
quantifiable framework for exploring personalized weight-loss 
goals in this high-risk population. However, external valida-
tion in diverse cohorts is required before these metrics and 
thresholds can be implemented in clinical practice.
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