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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 (< 24kg/m?). 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/m?) 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 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-
Metabolic syndrome (MetS), a cluster of cardiometabolic risk tinues to rise alongside the obesity epidemic [5]. The number of
factors including central obesity, hypertension, dysglycemia, individuals in China with overweight and obesity is projected
hypertriglyceridemia, and low high-density lipoprotein choles- to exceed 500 million by 2030 [6], which portends a substantial
terol (HDL-C), substantially increases the risk of cardiovascular increase in the burden of MetS.
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Study Importance

« What is already known?

o Weight loss reduces metabolic syndrome (MetS)
incidence, but evidence regarding the reversal of
established MetS in individuals with overweight
and obesity remains scarce.

o Itisunclear whether complete BMI normalization
(<24kg/m?) is required for MetS reversal in this
population.

« What does this study add?

o 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.

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

o 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?

o 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.

o 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.

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 1kg/m? 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 (>1kg/m?) 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 (< 24kg/m? [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 (23.99kg/m?), 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 35-75years. 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 < 24kg/m?,
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/m?) and 2680
participants with obesity (BMI >28kg/m?) 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/m?). 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/m?), expressed
as a percentage. It was calculated using the following formula:

Baseline BMI — Follow-up BMI

BMI-NAR (%) =
(%) Baseline BMI — 23.99

x100%

where 23.99kg/m? represents the upper boundary of a nor-
mal BMI for East Asian populations. Conceptually, BMI-NAR
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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 30kg/m? whose BMI
decreases to 27kg/m? achieves a BMI-NAR of ~50%, indicating
that about half of the excess BMI above 23.99kg/m? 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 >85cm (men) or >80cm
(women); (2) systolic blood pressure (SBP) > 130 mmHg, diastolic
blood pressure (DBP) >85mmHg, 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 <1.0mmol/L
(men) or <1.3mmol/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/m?), 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 pvalue <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 27.09kg/m? (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

Obesity, 2026

85USO|7 SUOWIWOD SAIERID 3|cedl|dde 3y Ag paueA0b a1e S3R1IE O '8SN JO S3INJ 10§ ARG 1T BUIUO AB]1AA UO (SUORIPUOD-PUE-SWIBH WD A8 1M ALeIq | |BU 1 JUO//SANY) SUORIPUOD pUe SWid L Y1 835 *[9202/80/20] Uo ARiqiauliuo AB11m ‘saA1iny 1B1juessednywin 0" L Aq 6920L A40/200T OT/10p/wod A8 |ImAleiq 1 puluo//:Sany Wwolj papeojumod ‘0 ‘X6EL0E6T



1930739x, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/oby.70269 by T.C. Cumhurbaskanligi Kulliyesi, Wiley Online Library on [07/08/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
(9+°52) 792 (S5°92) ¥6 (01'€0) vl (00°57) 52T (06'L7) 88% (#$°92) ¥TL (sT'92) Lz61 z<
(69°59) 929 (sT's9) 1€¢ (LT'59) 8L€ (TT's9) L8S (rt'29) 2601 F0+9) LYLT (8T'¥9) TILY 1
(#8'8) 16 (61°8) 6T (TL11) 89 (8L'6) 88 (99°6) 691 (tr'6) LST (95°6) TOL 0
$10308J JSII-YSIY AD
60%°0 pajega1dse Jo roquInN
¥80°0 (€9zD) 0€T (ILen sy (TL1D) 89 (95°01) $6 Ty 6¥C (€6°€T) 08¢ (LT°€T) L96 uondwnsuod [0Yody
1000 (66°€T) ¥¥1 FS'ST) SS (€091) €6 (95¥1) 1€1 F8LD) T1E (S8°LT) L8Y (S9'91) zeen guryows juaLIny
(ST'60) 10€ ¥892) S6 (65°LT) 091 (€€97) L£T (65°92) S9¥ (€6°'L2) T9L (zsLT) 020T ueqIn
(sLoL) 8L (o1°€L) 65T (tr'eL) oty (L9€L) €99 (Tr'eL) ¥8TT (L0'TL) 9961 (8%'TL) 0TES [erny
9750 9OUIPISTY
000°0S% < dWodU[
6L1°0 (85°L) 8L (Les) 61 re9) 1€ (r's) 9L (stL)ser rr's) cee (Is°L) 1SS ployasnoy [enuuy
99L°0 (€9'88) C16 (89°06) 1€ (1€°68) 81 (¢T'68) €08 (59'68) 89ST (92°68) S€¥C (€€°68) LSS9 PaLLTE
dAa0qe
886°0 (€T°91) 991 (66'CD) 9% (06'91) 86 Loy et (Tr'91) L8T (15°S1) €2v (69°ST) TSTI 10 93139p [00Ys YSIH
(IL'19) 5€9 (90°LS) ToT (69°59) €€ (€€°LS) 915 (8L'8S) 8201 (8L99) 6¥ST ¥6'LS) €Sty s189K09 <
(6T°8¢) v6¢€ (r6'Tr) TST (T€t) LSt (L9 Tr) 8¢ (ce 1) 12 (cTep) 6L1T (90°2P) L80€ s18aK09 >
1S0°0 dnoid a3y
(00L9 (009 (0099 (0029 (0099
£00°0 ‘00"9S) 00°79 (0029 ‘ST'€S) 00°T9 ‘00°%S) 00°'T9 00°SS) 00°'T9  ‘00'+S) 00°T9 ‘00'tS) 00'T9 (00°£9 ‘00'+S) 00°'T9 s1eak 93y
(I1°59) 0L9 (1L29) Tee (9L°29) ¥9¢€ (8L29) 95 (ST'89) LTOT (6£8S) €6ST (L£°09) T€4¥ [t
(68°1€) 65€ (6T°LE) TET (rTLe) 91e (cTLe) seg (S8'Th) TEL (19°1¥) SETT (€9°6€) 606 SleN
100°0> Iopuan
(Z0o'v1) 6201 (€8'v) vs¢ (06'L) 08S (9T°21) 006 (€8°€T) 6¥LT (LrLe) 8TLT (00°001) OF€L syuedpnred
puoxy d 0'STI< 6'¥Z1-0'00L 6'66-0°SL 6'¥L-0'0S 6'6V-0'ST 0°'sz> (JOI) uerpaw sa[qerIeA

(%) so11089180 YVYN-TING

X0 (%) U [[eIdAQ

's911089180 YV N-TINF Aq pa1yniens S9N [im sjuedronaed jo sonsiiojoereyd aurpsed | T ATIV.L

Obesity, 2026



1930739x, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/oby.70269 by T.C. Cumhurbaskanligi Kulliyesi, Wiley Online Library on [07/08/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

wn
*WOIPUAS J1[0qBIAUW ‘SIS dN-MOT[0J ‘()] 9SBISTP IB[NISBAOIPIED ‘q A ‘218I JUSWIASIYOE UOIIBZI[BUWLIOU XIPUI SSBUW APoq “YVN-TINF :SUOTIRIAIqQY
*S[qELIBA [eI11082)BD 10 1S9} [9ZSUBH -[9)UBA-ULBIYI0)) PUE SI[qELIBA SNONUIIUOD 10§ }s3) e1sdIo]-a1dayouor "(YOI) suerpaur Jo (sagejuadrad) syuedionaed jo sroquinu ay3 1€ eje( 910N
(I 43 (9g'L11 (Tec6 (9129 (ceey
100°0> ‘SH'€ST) 12°90T “IS°S0T) 6L°0TT ‘2T°08) 15°98 10°SS) 05709 ‘8T°0€)S6'SE (0V'STTI6'S)TI'CT  (EL'6L ‘TEIT) €8°9€ % “YAVN-TND
(rese (6£vT (zs'st (TzLT
100°0> ‘1T°C2) T6°CT (c8€T TS €T 1L°ET ‘€0¥T) LT'HT ‘LSYT) L6'VT ‘9¢°60) 8197 (IS'6C‘v+'97) €8°LT  (6S°LT ‘VT+T) OL'ST JW/3 ‘TNG NA
are) s (#9°8T) 99 (9L°LT) €0T (TTve) 81¢ e Th) €TL (8€'95) 8¢ST (1579€) 089¢ (;w/39 82 < TINF) 95290
(zwy/3Y 8>
(68'96) L66 (9¢°18) 88¢ (YTee) LLy (8L°SL) 289 (99°89) 9201 (T9°ev) 0611 (6¥°€9) 099+ IING > ¥7) WYS1emIanQ
100°0> dnoi3 TN g sureseg
(s¥'st (TvLe w6'LT (062
100°0> ‘TEYT) ILYT (9€°LT ‘ST'ST) 16°ST ‘€€°67) TT9T ‘TL'ST) SL'9T ‘€790 €S, (€£°0€ ‘6L°97) 6€°8C  (96'8T ‘T9°ST) 60°LT W/8Y ‘TINg duleseq
uornedrpaur
¥99°0 (€50) 92 (86'1) L 06D 1T (1T L T1) o€ aLovL (0£'2) 691 Surromor-pidry Jo asn
uornedrpaur
620°0 (so0's) s (z8'2) 01 (99'v) LT (95°5) 05 (€8°5) o1 (T19) L9T (95°5) 80¥ orwedAdodAy jo asn
uonedIpaut
100°0> (92°ST1) LST (8z€D) LY (FE°ST) 68 (8L°6T) 8LI (L8°81) 0¢¢ (T1°02) 6% (6£°8T) 0S€T aarsualedAynue Jo asn
Ayanoe
68L°0 (¢v'ov) 9TH (6TLE) TET (12°9¢€) 01C (zTey) 08¢ (89°6€) 69 (£6'8¢€) 7901 (£¥°6€) ¥68¢ [eo1sAyd swn-a1nsvY
(81°5€) 79¢ 0z Te) Pt (98°0€) 6LT (8L72€) S6¢ (€L71€) SSS (ST'ZE) LLS (st'zg) T8€T sa[qelagon
(ccve 97208 (65T ST (L9 ¥¢ (08'7) 6V ¥6'1) €S (9¢0) €LT poojeas/Annod/1esN
Kirep
(€L°61) €0T (T907) €L (TL 1) 971 rrer)SLT (¥T81) 61¢ (88°8T) STS (T 6l) TTHT /sewnda/syniy/surein
(9L Th) ot ¥ (T6'vh) 6ST (€8°¥1) 09T (I1°5%) 90t (€T'Ly) 9t8 (€0'LY) £8T1 (L6'S) pLEE 1BaYM /201
8290 suiayed A1elaiq
puaxy d 0'STI< 6'vZ1-0°001 6°66—-0°SL 6'vL-0'0S 6'6V-0°ST 0'sT> (401) uerpaw sa[qerIep m
[=)
JO (%) U TTeIDA Q
(%) sa11033180 YVYN-TING Go)utn o B
3
(ponunuo)) | THATIIVL <}



1930739x, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/oby.70269 by T.C. Cumhurbaskanligi Kulliyesi, Wiley Online Library on [07/08/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

S
Q
=
2
o
*9OUAIJWINIILO ISTEM ‘DA ‘SIPLISIAISIY
‘0, ‘o1nssaxd pooq d1[03sAs ‘dds ‘[o193saoyd urejoxdodi] Aysuap-ySiy ‘Q-TaH ‘dn-moy[oj ‘n g esooniS pooiq Sunsey ‘g, 0inssaid pooyq S1[0ISeIp ‘Jgd 93l JUSWIAIIYIE UOHJBZI[EULIOU XOPUT SSeW Apoq Y VN-TINF :SUOIBIAIqQY
*S9[qBLIBA SNONUTIUOD 10§ 159) ensdId]-a10aysouor “(YOI) suerpau 1o (sadejusdrad) syuedronred Jo sroquinu ay) aIe BIe( 210N
ADOEE
10000>  (8S'T‘SO'T)8T'T (9ST4Y0T)9T'T YT v0T) PTT 6V'1T0T)¥TT (St'1°66'0)0CT (P T°00T) 6T'T YT 10T 1TT O-1aH N4
10000>  (POTITD) ¥ET (TIT80T) €T ([@9T°60'T) SE'T (I9°1°60°T) €€°'T I9°T°80 D IET  (8S'TSOT)6TT (09°T°80T)TET /0wt ‘D-TAH
1000> (STTOTT¥S'T (STZOTD LT vz eT1) €91 bETOIDYIT (ErTSTDILT (8P TOCT)LLT (Ir'T€T1) 89T /10w ‘91 NA
w00 O¥TorD LT (YT 8T LLT (€5°T°STT)S8'T Ly 9TT)SL'T (097sz1)€8T (9P T62°T)6LT (6v'zcTD 6L T /0wt ‘DL,
A}OEE
100°0> (089 ‘0t°S) 00°9 (09 ‘9€°S) 009 (06'9°09°S) OT'9 (00°L°09°S) 019 (og°L‘0LS) 09 (0T'LOL'S) 0T'9 (0T'209°5) 0Z°9 ‘oga Nd
zero  (0SL°08'S) 0v'9 (0Z'L08°5) 0¥'9 (ce'L*08°S) 0¥"9 (0¥'L 08°5) 0¥"9 (0S°£°06'$) 05’9 (0€L ‘08'S) 0+'9 (0t'L“08'5) 0%'9 /10w ‘g g
(0068 (0s°06 (0026 (00°€6
100°0> ‘0S°€L) 00°18 (05°06 ‘00°SL) 00°€8 ‘05°SL) 0S°T8 (00°T6 ‘00°9L) 05°€8 ‘0S°LL) 00°F8 ‘05°8L) 05°S8 (00°26 ‘05°9L) 00°¥S SHww 49a N4
(0066 (00001 (05001 (0s°001
100°0> ‘00°'T8) 00°06 (00°00T ‘2T°€8) 0506 ‘00°€8) 00°06 (00°00T ‘00°Z8) 05°06 ‘05°78) 00°16 ‘05°28) 00'T6 (00°00T ‘00°Z8) 00°16 SHww 49
(0S°8ST (0079sT (00°LST (0s 091 (29091
10000>  ‘00°0ST) 00°SYT  (00°LST ‘T90ET) 00°EPT  ‘88°0ET) 0S'THT ‘00°TET) 00°EHT ‘0S°€ET)00°9¥T  ‘00'PET) 0S9PT  (0S'6ST ‘8€°ZET) 00°SYT  SHWW ‘qdS NA
(os°€L1 (os-€L1 (os°sL1 (00 LT (os-€L1
Lo ‘0S°LbT) 00°€9T  (00°SLT ‘T9°6VT) 00°€9T  “‘8€°SHT) SLT9T ‘00°6%T) 00°€9T ‘00°8¥T) 00°€9T  ‘00°L¥T) 0S°T9T  (00°LI ‘0S°LPT) 0S°T9T SHWW ‘qgs
(0098 (0068 006 (00°86
1000>  ‘00'8L) 00'C8 (0088 00°08) 00°t'8 ‘00'18)00's8 (0016 ‘00°€8) 0028 ‘00°S8) 0068 ‘00°88) 0526 (00%6 00°€8) 00°88 wo ‘DM NA
(00°06 (00°z6 (00's6 (0086
100°0> ‘00°28) 0098 (00°26 ‘00°'¥8) 00°88 ‘00'+8) 00°88 (00°€6 00°S8) 00°68 ‘00'98) 0006 ‘00°L8) 00°C6 (00°S6 00°S8) 00°06 u ‘OM
(To'¥1) 6201 (T8'%) ¥S¢ (06°L) 08S (92°21) 006 (€8°€7) 6VLI (L1'LE) 8TLT (00°001) OFEL sjuedonaeq
puan 0'STI< 6'vTI-0"00T 6°66—-0°SL 6'vL-0'0S 6'6V-0°ST 0'sT> (401) uerpaw Sa[qerIeA
d (%) so11080180 YVN-TING 10 (%) U [[E1240
's11039180 YV N-TING £q parjriiens dn-mo[[oj pue aurfaseq Je jusuodwiod SI9IN Yoed Jo s[eAdT | Z ATdV.L
e




37.51

12.94 115
9.

Probability of MetS and its components Reversal (%)

22 88
2128
19.
17.98.
1707 1751 1809 169
15.4
14.69

14.56 1333 - g 13.41

93

- MetS to Non-Met$
. High WC to Normal WC
. High FBG to Normal FBG
23.97 @ High BP to Normal BP
@ High TG to Normal TG

@® Low HDL-C to Normal HDL-C'

“”MM-\

FIGURE1 | 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.

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 MetsS 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 60years
(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 40-50years; 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
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Subgroup Participants  Overall OR(95%CI) Pi
Gender 1 0.649
I
Male 2909 | e 1.48(137,1.60) 1814
Female 4431 T 145(1.35,1.55) 2846
I
Age group H 0394
<60 years 3087 e 1.50(1.38,1.63) 1861
i
260 years 4253 | e 1:43(1.34,1.54) 2799
High school degree or above 0 0158
Yes 1152 ] 1.58(139,1.79) 719
No 6188 Y 1.44(135,1.53) 3881
.
Married ! 0.606
Yes 6557 Lo 1.45(1.37,1.54) 4153
N 783 1.52(1.30,1.78;
o | —— ( ) 507
Annual houschold income >¥50.000 | 0.489
Yes 551 | —— 1.56(1.28,1.89) 332
No 6789 - 1.45(137,1.54) 4328
Residence H 0383
I
Rural 5320 ) 1.44(135,1.54) 3306
Urban 2020 1 e 1.51(1.37,1.66) 1354
Current smoke 0 0177
Yes 1222 —— 1.57(139,1.77) 753
No 6118 Lo 1.44(135,1.53) 3907
Alcohol consumption 1 0923
i
Yes 967 | —— 1.47(1.28,1.68) 627
I
No 6373 I e 1.46(1.37,1.55) 4033
Dictary patterns 0 0.029
Ricelwheat 3374 | e 144(1.33,1.55) 2073
Grains/fruits/legumes/dairy 1411 | - 1.30(1.16,1.45) 921
Meatp/poultry/seafood 173 | —— 167(1.15,243) 119
I
Vegetables 2382 ] 1.60(1.46,1.75) 1547
Leisure-time physical activity | 0920
Yes 2894 ) 1.46(1.34,1.58) 1856
0 I
No 4446 L v 1.46(1.37,1.57) 2804
Number of aggregated CVD high-risk factors i 0485
I
0 702 | p—— 1.38(1.19,1.61) 480
I
1 41 I e 1.49(1.40,1.60) 2997
>2 1927 | - 1.41(127,1.57) 1183
T T
1 1.5 2

— —
Lesser risk ~ Greater risk

—
Lesser risk ~ Greater risk

ig) OR(9S5%CI) Pinteraction  Participants Obese OR(95%CT) Pinteraction
] 0241 1 0.052
- 1.55(1.40,1.72) 1095 vt 129(110,1.51)
e 1.44(132,1.57) 1585 | r—— 1.62(1.37,191)
| 0381 H 0.030
- 1.44(1.31,1.59) 1226 | — 1.67(1.39,2.00)
. 1.52(1.39,1.66) 1454 == 1.29(1.11,1.50)
0 0.096 g 0711
- 1.67(1.43,1.94) 373 ——t 1.52(1.14,2.02)
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' 0,079 H 0943
e 1.43(1.32,1.56) 2014 | — 1.45(1.26,1.67)
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0 0304 0 0.184
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] 0.027 1 0.256
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Lesser risk  Greater risk

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.

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 60years. 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 60years 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
agreater 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
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FIGURE3 | 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% (InBMI-NAR = —0.63) for overweight individuals and BMI-NAR of 22% (InBMI-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.

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 X baseline BMI in-
teraction. However, the significant BMI-NAR x 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/m?) 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/m?), while a 22% BMI-NAR
translates to ~4.5% for a typical individual with obesity (BMI
30kg/m?). 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
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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 X 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 (24-25kg/m?), 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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