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ABSTRACT 58 

BACKGROUND/OBJECTIVES: Some individuals with overweight/obesity may be 59 

relatively metabolically healthy (MHO) and have a lower risk of cardiovascular disease than 60 

those with metabolically unhealthy overweight/obesity (MUO). We aimed to compare 61 

changes in body weight and cardiometabolic risk factors and type 2 diabetes incidence during 62 

a lifestyle intervention between individuals with MHO vs MUO. 63 

METHODS: This post-hoc analysis included 1012 participants with MHO and 1153 64 

participants with MUO at baseline in the randomized trial PREVIEW. Participants underwent 65 

an eight-week low-energy diet phase followed by a 148-week lifestyle-based weight-66 

maintenance intervention. Adjusted linear mixed models and Cox proportional hazards 67 

regression models were used. 68 

RESULTS: There were no statistically significant differences in weight loss (%) between 69 

participants with MHO vs MUO over 156 weeks. At the end of the study, weight loss was 70 

2.7% (95% CI, 1.7%–3.6%) in participants with MHO and 3.0% (2.1%–4.0%) in those with 71 

MUO. After the low-energy diet phase, participants with MHO had smaller decreases in 72 

triglyceride (mean difference between MHO vs MUO 0.08 mmol·L-1 [95% CI, 0.04–0.12]; 73 

P<0.001) but similar reductions in fasting glucose and HOMA-IR than those with MUO. 74 

However, at the end of weight maintenance, those with MHO had greater reductions in 75 

triglyceride (mean difference -0.08 mmol·L-1 [-0.12–-0.04]; P<0.001), fasting glucose, 2-76 

hour glucose (difference -0.28 mmol·L-1 [-0.41–-0.16]; P<0.001), and HOMA-IR than those 77 

with MUO. Participants with MHO had smaller decreases in diastolic blood pressure and 78 
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HbA1c and greater decreases in HDL cholesterol after weight loss than those with MUO, 79 

whereas the statistically significant differences disappeared at the end of weight maintenance. 80 

Participants with MHO had lower 3-year type 2 diabetes incidence than those with MUO 81 

(adjusted hazard ratio 0.37 [0.20–0.66]; P<0.001). 82 

CONCLUSIONS: Individuals with MUO had greater improvements in some 83 

cardiometabolic risk factors during the low-energy diet phase, but had smaller improvements 84 

during long-term lifestyle intervention than those with MHO.  85 

 86 

Keywords: metabolic syndrome; cardiovascular disease; low-energy diet; weight loss; type 2 87 

diabetes  88 
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INTRODUCTION 89 

The prevalence of overweight and obesity is increasing worldwide (1). Generally, overweight 90 

and obesity lead to impaired glucose tolerance, dyslipidemia, and hypertension (2), a cluster 91 

of the components of the metabolic syndrome (3). Metabolic syndrome, in turn, increases the 92 

risk of developing cardiovascular disease (CVD) and type 2 diabetes (4). Some individuals 93 

with overweight or obesity, however, have a normal metabolic profile, which is referred to in 94 

the current literature as metabolically healthy overweight/obesity (MHO) (5). Compared with 95 

those with metabolically unhealthy overweight/obesity (MUO) or metabolic syndrome, 96 

individuals with MHO have been shown to have a lower risk of CVD and type 2 diabetes (4). 97 

Previous observational studies have found that individuals with MHO are still at higher 98 

CVD and type 2 diabetes risk than those with metabolically healthy normal weight (6, 7). 99 

Moreover, those with MHO, without any intervention, were found to develop metabolic 100 

abnormalities and converted to MUO during 10-30 year follow-up (8-10). Accordingly, a 101 

very recent prospective study suggested that the term ‘MHO’ may be misleading (7) and a 102 

review suggested that obesity treatment was also needed in individuals with MHO for 103 

prevention of the natural course of transition to MUO with aging (5). In the present study, we 104 

still used MHO to refer to those with overweight or obesity but without metabolic syndrome, 105 

for better consistency with previous studies. 106 

As the first-line treatment for obesity, lifestyle interventions have been shown to aid 107 

weight loss and improve cardiometabolic outcomes in several large-scale, long-term (≥1 108 

year) trials (11-15). However, whether long-term lifestyle interventions have similar effects 109 



 

7 
 

in individuals with different metabolic phenotypes (i.e. MHO and MUO) is unclear (5). The 110 

concepts of MHO and MUO were not introduced in the abovementioned large-scale studies 111 

and only a few small-scale short- or medium-term (<1 year) studies compared the effects of 112 

lifestyle or diet interventions on cardiometabolic outcomes between MHO and MUO (9).  113 

The PREVIEW study was a multi-center, lifestyle intervention consisting of an 8-week 114 

low-energy diet-induced weight loss phase followed by a 148-week lifestyle-based weight-115 

maintenance phase (16). In previous papers, we examined the associations of age, sex, and 116 

prediabetes phenotypes with health outcomes (17, 18). The aim of the present analysis was to 117 

compare type 2 diabetes incidence and changes in body weight and cardiometabolic risk 118 

factors between PREVIEW participants with baseline MHO (or without metabolic syndrome) 119 

and MUO (or with metabolic syndrome).  120 

MATERIALS AND METHODS 121 

Study design and participants 122 

The PREVIEW study (ClinicalTrials.gov, NCT01777893) was a multi-center, two-by-two 123 

factorial, randomized controlled trial for diabetes prevention. The detailed study protocol and 124 

main findings have previously been published (16, 19). In brief, the PREVIEW study was 125 

conducted between June 2013 and March 2018 at eight intervention sites in Denmark, Finland, 126 

the Netherlands, the UK, Spain, Bulgaria, Australia, and New Zealand. The aim of the 127 

PREVIEW study was to examine the effects of lifestyle interventions (two diets combined 128 

with two physical activity programs) on type 2 diabetes incidence. The study was conducted 129 
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in line with the Declaration of Helsinki and its amendments. The study protocol and 130 

procedures were approved by the Human Ethics Committees (Supplementary Table 1).  131 

Participants were enrolled from June 2013 to April 2015. Eligible participants were those 132 

aged 25–70 years and with overweight or obesity (BMI≥25 kg·m-2) and prediabetes. 133 

Prediabetes was identified at the screening visit as fasting plasma glucose of 5.6–6.9 mmol·L-134 

1 and/or 2-hour plasma glucose of 7.8–11.0 mmol·L-1 after a 75-g oral glucose tolerance test, 135 

according to the American Diabetes Association criteria (20). Hemoglobin A1c (HbA1c) was 136 

not used to define prediabetes because it was not widely used when the study protocol was 137 

drafted. Those with pre-existing type 1 or 2 diabetes were excluded. All eligible participants 138 

provided written informed consent. 139 

Interventions 140 

The PREVIEW study comprised two phases. Phase 1 was an 8-week low-energy diet phase 141 

to lose weight and phase 2 was a 148-week weight-maintenance intervention (21). All 142 

participants were provided with low-energy diet meal replacement products with 3400 kJ 143 

(810 kcal) in phase 1, but those who lost≤8% of initial body weight after the low-energy diet 144 

phase were excluded from phase 2. During phase 1, the participants were asked to maintain 145 

their usual physical activity habits. In phase 2, participants were randomized into four 146 

intervention groups (The randomization was stratified by sex and age group): a high-147 

protein/low-glycaemic index diet or a moderate-protein/moderate-glycaemic index diet 148 

combined with either high- or moderate-intensity physical activity. The moderate intensity 149 
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group aimed to achieve 3–5.9 metabolic equivalents of task for 150 min/week; the high 150 

intensity group aimed to achieve ≥6 metabolic equivalents of task for 75 min/week. The diets 151 

were consumed ad libitum, without an individual target for daily energy intake, but 152 

participants were encouraged to self-monitor their portion sizes. To improve diet and physical 153 

activity compliance, group counselling visits were performed throughout the study. Diet 154 

compliance was evaluated using 4-day food records and physical activity compliance was 155 

evaluated using 7-day accelerometry.  156 

The primary outcome of the PREVIEW study was type 2 diabetes between the two diets. 157 

The sample size calculation was based on the primary outcome. The current analysis is a 158 

post-hoc and exploratory analysis. The primary outcomes of the present paper were type 2 159 

diabetes incidence and weight change. The secondary outcomes were changes in body 160 

composition and cardiometabolic risk factors. The primary and secondary outcomes did not 161 

change during the post-hoc analysis. The outcomes were measured at seven clinical 162 

investigation days (0, 8, 26, 52, 78, 104, and 156 weeks, respectively) (Supplementary 163 

Table 2). We allowed the following visit windows for data collection: at 8 weeks: -3 to +5 164 

days; at 26 weeks: ±1 week; at 52 weeks: ±2 weeks; remaining time points: ±4 weeks.  165 

Body weight and cardiometabolic risk factors 166 

Measurements of body weight, waist circumference, fat mass, fat-free mass, fasting plasma 167 

glucose, 2-hour plasma glucose, fasting insulin, HbA1c, total cholesterol, high‐density 168 

lipoprotein (HDL) cholesterol, fasting triglycerides, systolic blood pressure, and diastolic 169 
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blood pressure were described previously (16). In brief, blood samples were drawn from the 170 

antecubital vein. All measures were determined after a fasting state (>10 hours) and were 171 

initially stored at −80℃ at each site. Then the samples were transported to the Finnish 172 

Institute for Health and Welfare for analysis. We calculated the homeostasis model for 173 

assessment of insulin resistance (HOMA-IR) using the following equation: HOMA-174 

IR=fasting insulin in mU·L-1×fasting plasma glucose in mmol·L-1/22.5. We also calculated 175 

the triacylglycerol-glucose (TyG) index, a new predictor of CVD events, using the formula: 176 

TyG= loge[triacylglycerols (mg·dL-1)×fasting plasma glucose (mg·dL-1)/2] (22). 177 

Type 2 diabetes ascertainment 178 

Type 2 diabetes was diagnosed either by an OGTT (fasting plasma glucose≥7.0 mmol·L-1 179 

and/or 2-hour plasma glucose≥11.1 mmol·L-1) conducted at the intervention centers or by a 180 

medical doctor, according to the WHO and the American Diabetes Association criteria (20, 181 

23). 182 

Definition of MHO and MUO 183 

MHO was defined according to the National Cholesterol Education Program’s Adult 184 

Treatment Panel III report (ATP III) (24), as having BMI≥25 kg·m-2 and with two or less of 185 

the following abnormal metabolic risk factors: 1) waist circumference (>102 cm in men 186 

or >88 cm in women). Waist circumference was used to identify the body weight component 187 

of the metabolic syndrome, because compared with elevated BMI, abdominal obesity is more 188 

highly correlated with metabolic syndrome (24). It is suggested that if BMI is over 30 kg·m-2, 189 
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abdominal obesity can be assumed and waist circumference does not need to be measured 190 

(25). Nonetheless, as the existence of individuals with overweight (BMI≥25 and <30 kg·m-2) 191 

in the PREVIEW study, in the present analysis waist circumference was still used as one of 192 

the abnormal metabolic risk factors; 2) fasting triglycerides (≥1.7 mmol·L-1); 3) HDL 193 

cholesterol (<1.03 mmol·L-1 in men or <1.30 mmol·L-1 in women); 4) blood pressure 194 

(systolic blood pressure≥130 mmHg or diastolic blood pressure≥85 mmHg), and 5) fasting 195 

plasma glucose (≥6.1 mmol·L-1; the WHO criteria; 1112 PREVIEW participants had fasting 196 

plasma glucose<6.1 mmol·L-1 at baseline). Those with three or more of abnormal clinical 197 

measures were identified as having MUO. Those with some CVDs including angina, 198 

myocardial infarction, stroke, heart failure, symptomatic peripheral vascular disease, etc and 199 

those who had systolic blood pressure>160 mmHg and/or diastolic blood pressure>100 200 

mmHg were excluded at the screening visit. Those with missing baseline data for risk factors 201 

for metabolic syndrome were excluded from the present analysis.  202 

For conversion from MUO to MHO, converters were defined as those who achieved 203 

conversion from MUO at baseline to MHO at each time point respectively; and non-204 

converters were defined as those who did not convert from MUO at baseline to MHO at 205 

aforementioned time points. In the present analysis, all participants were merged into one 206 

intervention group and re-classified according to their baseline obesity phenotype, because 1) 207 

no statistically significant interaction of intervention group and obesity phenotypes was 208 

observed; and 2) diet and physical activity compliance was lower than expected (16). 209 
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Statistical analyses 210 

Difference in change in outcomes of interest from baseline to 156 weeks between participants 211 

with baseline MHO and MUO were examined using linear mixed models. The available-case 212 

analysis included all participants, whether they lost >8% of initial weight or not. Missing data 213 

were accounted for using expectation maximization algorithm. The linear models were 214 

adjusted for fixed covariates including age, sex, ethnicity, baseline BMI, smoking habits, 215 

alcohol drinking, and physical activity, changes in physical activity from baseline, baseline 216 

values of the outcome being considered, time (categorical), interaction of time and metabolic 217 

phenotype, and intervention group and random effects including participant identifier and 218 

intervention site. If the interaction was statistically significant, post hoc pairwise comparisons 219 

(independent t tests) were conducted at each time point. The justification of selection of 220 

covariates is included in Supplementary Material. We also conducted several sensitivity 221 

analyses: 1) by additionally adjusting for dietary intake (e.g. baseline intakes of carbohydrate, 222 

protein, fiber, and fat and time-varying intakes of carbohydrate, protein, fiber, and fat); the 223 

definition of time-varying is changes over time; 2) by additionally adjusting for percentage 224 

weight change from baseline; 3) by repeating the main analysis in participants who 225 

completed the whole study (complete-case analysis); we did not impute missing data as most 226 

of the participants had full data; 4) by repeating the main analysis in participants who 227 

lost >8% of initial weight and successfully entered the weight maintenance phase; 5) by 228 

repeating the main analysis in the highest 75% of MHO according to baseline BMI vs the 229 

lowest 75% of MUO according to baseline BMI (Supplementary Table 3). The differences 230 
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in weight change between converters and non-converters were examined using linear mixed 231 

models. The detailed information is described in Supplementary Material.  232 

Cumulative incidence of type 2 diabetes was calculated using the Kaplan–Meier method. 233 

Because of the visit windows, some participants had a longer (>156 weeks) survival time. In 234 

this case, we assumed that their last status was observed at 156 weeks. Diabetes incidence 235 

was compared between the groups using a Cox proportional hazards regression model 236 

adjusted for age, sex, ethnicity, baseline smoking status, baseline alcohol consumption, 237 

baseline BMI, baseline physical activity, changes in physical activity from baseline, 238 

intervention arm and intervention site as covariates.  239 

The normality of risk factors for metabolic syndrome at each time point and changes in 240 

outcomes from baseline to each time point was examined using histograms and p-p plots. 241 

Non-normally-distributed variables were log transformed, imputed, and then back 242 

transformed. Homogeneity of variance was diagnosed using residual plot. Data analyses were 243 

based on IBM SPSS version 28.0 (Chicago, IL, USA) and OriginPro 2020 software 244 

(OriginLab, Northampton, MA, USA). The statistical test was two-sided and at the 0.05 level 245 

of significance.  246 

RESULTS 247 

Participants 248 

The present analysis included 2165 participants who started the low-energy diet phase 249 

(Supplementary Figure 1). Of these, 1012 were MHO and 1153 were MUO at baseline. 250 
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1822 participants successfully entered the weight maintenance phase. Baseline characteristics 251 

of all participants are shown in Table 1 and Supplementary Table 4. Participants’ dietary 252 

intake and physical activity during the study are shown in Supplementary Table 5. 253 

Changes in body weight and body composition 254 

In the available-case analysis, the adjusted models showed that there were no statistically 255 

significant differences in weight loss (kg and %), or fat mass (kg and %) between participants 256 

with MHO vs MUO over 156 weeks (Supplementary Figure 2 and Supplementary Figure 257 

3). After the low-energy diet phase, body weight of participants with MHO reduced by 10.5% 258 

(9.6%–11.5%) compared with 10.5% (9.5%–11.4%) in those with MUO (ns). At the end of 259 

the study, participants with MHO retained 2.7% (1.7%–3.6%) weight loss, while MUO 260 

retained 3.0% (2.1%–4.0%) relative to pre-intervention baseline. Compared with those with 261 

MUO, participants with MHO had greater overall reduction in waist circumference over 156 262 

weeks (Supplementary Figure 2) (adjusted mean between-group difference over 156 weeks 263 

-0.6 cm [95%CI, -1.1–-0.1]; P=0.011) and a greater regain of fat-free mass (kg) at 156 weeks 264 

(difference 0.2 kg [0.02–0.5]; P=0.035) (Supplementary Figure 2). In the complete-case 265 

analysis, there were no statistically significant differences in weight change (kg and %) over 266 

156 weeks in participants with MHO vs MUO (Supplementary Figure 4).  267 

Change in cardiometabolic risk factors 268 

In the available-case analysis, after adjustment for confounding factors, participants with 269 

baseline MHO and MUO had a similar decrease in fasting plasma glucose and HOMA-IR 270 
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after the low-energy diet phase, whereas those with MHO had a greater decrease at 78, 104, 271 

and 156 weeks (difference in fasting plasma glucose at 156 weeks -0.17 mmol·L-1 [95% CI, -272 

0.21–-0.13]; P<0.001; HOMA-IR -0.15 [-0.28–-0.03]; P=0.012; Figure 1). Compared with 273 

those with MUO, participants with MHO had a smaller decrease in 2-hour plasma glucose at 274 

26 weeks, but a greater decrease at 104 and 156 weeks (difference at 156 weeks -0.28 275 

mmol·L-1 [95% CI, -0.41–-0.16]; P<0.001). Participants with MHO had a smaller decrease in 276 

HbA1c and diastolic blood pressure and a greater decrease in HDL cholesterol than those with 277 

MUO at 8 weeks (difference in HbA1c 0.36 mmol·mol-1 [0.19–0.53]; P<0.001; diastolic 278 

blood pressure 0.72 mmHg [95% CI, 0.11–1.33]; P=0.020; HDL -0.04 mmol·L-1 [-0.05–-279 

0.02]; P<0.001), whereas the statistically significant differences disappeared by 156 weeks. 280 

Greater overall reduction in low‐density lipoprotein (LDL) cholesterol during 156 weeks 281 

were observed in MHO vs MUO. Participants with MHO had a smaller decrease in 282 

triglycerides and TyG (Supplementary Figure 5) at 8 weeks (difference in triglycerides 0.08 283 

mmol·L-1 [95% CI, 0.04–0.12]; P<0.001; TyG 0.05 mmol·L-1 [95% CI, 0.02–0.07]; 284 

P<0.001), but a greater decrease at 52, 78, 104, and 156 weeks (difference in triglycerides at 285 

156 weeks -0.08 mmol·L-1 [-0.12–-0.04]; P<0.001; TyG -0.05 mmol·L-1 [95% CI, -0.07–-286 

0.03]; P<0.001). There were no statistically significant differences in changes in systolic 287 

blood pressure between participants with MHO and MUO over 156 weeks (Supplementary 288 

Figure 5).  289 

Compared with the primary analyses, the results from the sensitivity analyses were 290 

similarly robust after adjustment for percentage weight change (Supplementary Figure 6) or 291 
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adjustment for intakes of carbohydrate, protein, fiber, and fat. The results were also robust in 292 

1) completers only (Supplementary Figure 4), 2) participants who entered the weight 293 

maintenance phase, and 3) those with MHO and higher baseline BMI vs those with MUO but 294 

lower baseline BMI (Supplementary Figure 7).  295 

Conversion from MUO to MHO 296 

With 10.5% (95% CI, 9.6%–11.5%) weight loss, 60% of participants with MUO at baseline 297 

converted to MHO after the low-energy diet phase, of which only 38% maintained MHO at 298 

the end of the study, despite 4.3% (3.3%–5.3%) sustained weight loss (Figure 2). Compared 299 

with converters, non-converters had significantly less weight loss (adjusted mean 10.0% 300 

[95% CI, 9.1%–11.0%]; mean between-group difference -0.5% [-0.9%–-0.1%], P=0.005) 301 

after the low-energy diet phase and comprised a lower proportion of men (26.2% vs 42.6%; 302 

P<0.001), were older (median 56 years [25th and 75th percentiles, 44, 63] vs 55 years [43, 303 

61]; P=0.027), and with higher baseline BMI (36.5 [32.9, 40.8] vs 34.0 [31.1, 38.5]; 304 

P<0.001) than converters.  305 

Type 2 diabetes incidence  306 

The total number of type 2 diabetes incidence cases was 66 (5 during the low-energy diet 307 

phase and 61 during the weight maintenance phase; 16 baseline MHO and 50 baseline 308 

MUO). The 3-year cumulative incidence was 3.2% in those with MHO and 9.2% in those 309 

with MUO (Figure 3). The adjusted hazard ratio was 0.37 (95% CI, 0.20–0.66) for 310 

individuals with baseline MHO vs MUO (P<0.001).  311 
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DISCUSSION 312 

In the present study, we found that after adjustment for confounding factors, compared with 313 

those with baseline MHO, individuals with baseline MUO had greater improvements in 314 

cardiometabolic risk factors during the low-energy diet phase, but had smaller improvements 315 

during the 3-year lifestyle intervention, despite similar weight change between the two 316 

obesity phenotypes throughout the study. Participants with MUO had higher 3-year 317 

cumulative type 2 diabetes incidence than those with MHO. 318 

Similar to our findings, previous short-term studies have shown no statistically significant 319 

differences in weight change between individuals with baseline MHO and MUO during an 320 

energy-restricted diet- or lifestyle weight-loss interventions (26-32). The response to energy-321 

restricted diets in weight change between individuals with baseline MHO and MUO has been 322 

mostly investigated in women (i.e. premenopausal women only, postmenopausal women 323 

only, or both) (26-28). Also, the aforementioned studies did not find different changes in 324 

waist circumference, fat mass, or fat-free mass between those with MHO and MUO during 325 

the interventions (28-30, 32). Differences in changes in waist circumference and fat-free mass 326 

were detectable in the present study, but the effect sizes were very small (differences between 327 

MHO vs MUO<1% baseline values of weight-related outcomes). Taking all the available 328 

evidence together, energy-restricted diets or lifestyle interventions may not induce clinically 329 

significant differences in body weight or body composition changes between individuals with 330 

MHO vs MUO. 331 
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In terms of improvements in cardiometabolic risk factors, previous studies have 332 

demonstrated that individuals with MHO may benefit to the same extent or less from short-333 

term (3 to 9 months) diet- or lifestyle-based weight-loss interventions (26-32). We are the 334 

first to explore longer-term effects of lifestyle-based weight maintenance in participants with 335 

MHO and MUO. We found clinically significant changes in cardiometabolic risk factors 336 

between participants with MHO vs MUO. Specifically, participants with MUO benefited 337 

more or similarly in almost all the cardiometabolic risk factors during the low-energy diet, 338 

especially in triglycerides and HDL cholesterol (differences between MHO vs MUO: 3%–7% 339 

baseline values), but the greater benefits in cardiometabolic risk factors in those with MUO 340 

disappeared during the first year of the weight-maintenance intervention. Moreover, in the 341 

long-term, participants with MHO had greater improvements in cardiometabolic risk factors, 342 

especially in 2-hour plasma glucose, HOMA-IR, and triglycerides (differences between MHO 343 

vs MUO: 4%–7% baseline values), than those with MUO. Our findings still remained robust 344 

in multiple sensitivity analyses.  345 

In previous cohort studies, without interventions, individuals with baseline MHO are less 346 

likely to develop type 2 diabetes than those with baseline MUO, although those with MHO 347 

are at increased type 2 diabetes risk than healthy individuals with normal body weight (5, 7, 348 

33). Our study is the first to compare type 2 diabetes incidence after a long-term lifestyle 349 

intervention and we found that participants with MHO still had lower type 2 diabetes risk. 350 

For individuals with MUO, a review suggested that 10% weight loss is necessary to move 351 

from MUO to MHO (34). However, in the present study some participants with MUO (four 352 
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in ten), with 10% weight loss after the low-energy diet, failed to convert to MHO. Compared 353 

with non-converters, converters had greater weight loss (10.5%), a higher proportion of men, 354 

and lower age and baseline BMI, although the difference in weight loss between converters 355 

and non-converters was small. Regarding individuals with MHO, conversion from MHO to 356 

MUO with aging has been found by several large observational studies (8-10). The 357 

conversion from MHO to MUO based on the PREVIEW database will be investigated in the 358 

future. 359 

Our findings suggest that risk stratification may be important and individualized type 2 360 

diabetes or CVD prevention may be needed. For long-term type 2 diabetes or CVD 361 

prevention, traditional lifestyle interventions failed to show more favorable or at least similar 362 

effects in individuals with MUO compared with those with MHO. Individuals with MUO 363 

(with metabolic syndrome) might need more intensive lifestyle interventions (e.g. high-364 

intensity physical activity and energy-restricted diets) or even pharmacologic 365 

therapy/bariatric surgery than those with MHO. Also, our findings support the Edmonton 366 

Obesity Staging System and the obesity classification based on metabolic status (35). 367 

Individuals with obesity or obesity might need to be classified. For obesity-related chronic 368 

disease (e.g. type 2 diabetes), intensive obesity treatments (e.g. all psychological 369 

interventions and pharmacological and surgical treatment options ) are needed (35).  370 

Notably, currently there is no universally accepted definition of MHO, although the 371 

definition of metabolic syndrome is used in most previous studies. The cut-off points of each 372 

metabolic syndrome components are not always the same in different studies (e.g. a cut-off 373 
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point of 5.6 or 6.1 or 7.0 mmol·L-1 for fasting plasma glucose) (5, 36). The diversity of the 374 

definition may cause conflicting findings. The present analysis used the harmonized MHO 375 

definition proposed by the BioShare-EU project (37) and used 6.1 mmol·L-1 as the cut-off 376 

point of fasting plasma glucose. This cut-off point enabled us to have similar numbers of 377 

participants in each metabolic subgroup and have a large enough sample size to conduct a 378 

complete-case analysis. 379 

The present analysis is exploratory and the findings need to be interpreted with caution. 380 

The higher-than-expected attrition rate at the end of the study should be regarded as a 381 

limitation. A high percentage of missing data at the end of the study may cause selection bias. 382 

To minimize the bias, we imputed the missing data and conducted a complete-case analysis. 383 

Furthermore, the sample was mostly Caucasian (87%), which may limit the generalizability 384 

of the present results for other ethnicities. Finally, in the present analysis participants with 385 

MUO had significant lower baseline BMI than those with MHO. To minimize this limitation, 386 

we included baseline BMI as a confounder in the statistical models. We also did a sensitivity 387 

analysis based on MHO (with higher baseline BMI) and MUO (with lower baseline BMI) 388 

subgroups and the results were similar. In addition, given that the magnitude of changes in 389 

outcomes from baseline may be correlated to baseline values, we adjusted for baseline 390 

outcomes of interest.  391 

In conclusion, individuals with baseline MUO had greater improvements in 392 

cardiometabolic risk factors during the low-energy diet phase, but had smaller improvements 393 

during a 3-year lifestyle intervention than those with baseline MHO, despite similar weight 394 
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change between the two obesity phenotypes throughout the study. Risk stratification 395 

according to obesity phenotypes might be important and individualized CVD prevention in 396 

individuals with overweight or obesity might be needed. 397 

 398 
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Table 1. Participant characteristics at baseline 564 

 
All participants 

(n=2165) 
MHO 

(n=1012) 
MUO 

(n=1153) 
Socio-demographics    
Age range, years 25 to 70 25 to 70 25 to 70 
Age, years 55 (43, 61) 51 (41, 60) 55 (44, 62) 
Sex    
 Women 1469 (67.9%) 731 (72.2%) 738 (64.0%) 
 Men 696 (32.1%) 281 (27.8%) 415 (36.0%) 

Anthropometry and body 
composition 

   

Body weight, kg 96.8 (84.7, 110.8) 93.0 (81.8, 105.8) 100.5 (88.2, 114.4) 
Height, m 1.67 (1.61, 1.74) 1.67 (1.61, 1.73) 1.68 (1.62, 1.75) 
BMI, kg·m-2 33.9 (30.7, 38.5) 32.9 (29.8, 37.4) 35.0 (31.7, 39.2) 
Waist circumference, cm 110.4 (14.7) 106.4 (14.7) 114.0 (13.7) 
Fat mass, kg 40.9 (33.5, 50.4) 39.0 (31.9, 48.1) 42.5 (34.8, 51.5) 
Fat-free mass, kg 54.0 (47.7, 64.1) 51.9 (46.6, 61.2) 56.3 (48.7, 66.4) 

Glucose metabolism    
Fasting plasma glucose, mmol·L-1 6.2 (0.7) 5.8 (0.6) 6.4 (0.7) 
2-hour plasma glucose, mmol·L-1 7.7 (2.2) 7.0 (1.9) 8.2 (2.3) 
Fasting insulin, mU·L-1 11.5 (8.4, 16.4) 9.9 (7.1, 13.9) 13.3 (9.8, 18.7) 
HOMA-IR 3.2 (2.2, 4.6) 2.6 (1.8, 3.7) 3.8 (2.7, 5.4) 
HbA1c, % 5.5 (0.4) 5.4 (0.3) 5.6 (0.4) 
HbA1c, mmol·mol-1 36.7 (4.0) 35.6 (3.4) 37.7 (4.2) 

Lipid metabolism    
Fasting triglycerides, mmol·L-1 1.3 (1.0, 1.8) 1.1 (0.9, 1.4) 1.7 (1.2, 2.1) 
Triglyceride-glucose index 9.5 (0.5) 9.2 (0.4) 9.7 (0.4) 
Total cholesterol, mmol·L-1 5.2 (1.0) 5.1 (1.0) 5.3 (1.0) 
HDL cholesterol, mmol·L-1 1.2 (1.1, 1.4) 1.4 (1.2, 1.5) 1.2 (1.0, 1.3) 
LDL cholesterol, mmol·L-1 3.2 (2.6, 3.8) 3.2 (2.6, 3.7) 3.2 (2.7, 3.8) 

Blood pressure    
Systolic blood pressure, mmHg 129 (16) 123 (14) 135 (15) 
Diastolic blood pressure, mmHg 79 (71, 85) 75 (68, 81) 82 (75, 89) 

Data are mean (SD), median (25th, 75th percentiles), or n (%). HbA1c, haemoglobin A1c; HDL cholesterol, high-565 
density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; LDL 566 
cholesterol, low-density lipoprotein cholesterol; MHO, metabolically healthy overweight/obesity; MUO, 567 
metabolically unhealthy overweight/obesity. 568 
  569 
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Figure 1. Changes in cardiometabolic risk factors (n=2165). Values are estimated marginal mean (95% CI) in 570 

changes in fasting plasma glucose (A), 2-hour plasma glucose (B), HOMA-IR (C), HbA1c (D), diastolic blood 571 

pressure (D), triglycerides (F), HDL cholesterol (G), and LDL cholesterol (H) from baseline. Analyses were 572 

performed using a linear mixed model adjusted for age, sex, ethnicity, baseline BMI, smoking, alcohol drinking, 573 

and physical activity, time-varying change in physical activity from baseline, baseline outcomes, intervention 574 

group, time by metabolic phenotype interaction, and time as fixed covariates and participant identifier and 575 

intervention site as random effects. *Statistically significantly different, P<0.05. HbA1c, haemoglobin A1c; HDL 576 

cholesterol, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin 577 

resistance; LDL cholesterol, low-density lipoprotein cholesterol; MHO, baseline metabolically healthy 578 

overweight/obesity; MUO, baseline metabolically unhealthy overweight/obesity. 579 

Figure 2. Conversion from metabolically unhealthy to healthy overweight/obesity (n=1153). Values are 580 

estimated marginal mean (95% CI) in percentage weight change from baseline and the proportion of converters 581 

to non-converters in participants with MUO at baseline. Analyses were performed using a linear mixed model 582 

adjusted for age, sex, ethnicity, baseline BMI, smoking, alcohol drinking, and physical activity, time-varying 583 

change in physical activity from baseline, baseline outcomes, intervention group, time by metabolic phenotype 584 

interaction, and time as fixed covariates and participant identifier and intervention site as random effects. * 585 

Statistically significantly different, P<0.05. MHO, baseline metabolically healthy overweight/obesity; MUO, 586 

baseline metabolically unhealthy overweight/obesity. 587 

Figure 3. Cumulative incidence of type 2 diabetes (n=2165). Values are cumulative incidence of diabetes in 588 

participants with MUO vs MHO at each time point. Cumulative incidence was calculated using the Kaplan–589 
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Meier method, without adjustment. The incidence of diabetes was compared between participants with MUO vs 590 

MHO using a Cox proportional hazards regression model adjusted for age, sex, ethnicity, baseline smoking 591 

status, baseline alcohol consumption, baseline BMI, baseline physical activity, changes in physical activity from 592 

baseline, intervention arm and intervention site as covariates. MHO, baseline metabolically healthy 593 

overweight/obesity; MUO, baseline metabolically unhealthy overweight/obesity. 594 
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