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Abstract 21 

Background & Aims: Rapid weight loss (WL) has been associated with a larger loss of fat free mass and a 22 

disproportional reduction in resting metabolic rate (RMR), but the evidence is inconclusive. We aimed to 23 

evaluate the impact of WL rate on body composition and compensatory mechanisms activated with WL 24 

(reduced RMR, increased exercise efficiency (ExEff) and appetite), both during negative and neutral 25 

energy balance (EB). 26 

Methods: Thirty-five participants with obesity were randomized to lose a similar weight rapidly (4 weeks) 27 

or gradually (8 weeks), and afterwards to maintain it (4 weeks). Body weight and composition, RMR, 28 

ExEff (10, 25 and 50 watts), appetite feelings and appetite-regulating hormones (active ghrelin, 29 

cholecystokinin, total peptide YY (PYY), active glucagon-like peptide-1 and insulin), in fasting and every 30 

30 minutes up to 2.5 hours, were measured at baseline and after each phase. 31 

Results: Changes in body weight (≈9%) and composition were similar in both groups. With WL, RMR 32 

decreased and ExEff at 10 watts increased significantly in the rapid WL group only. However, fasting 33 

hunger increased significantly with gradual WL only, while fasting and postprandial prospective food 34 

consumption, and postprandial hunger decreased (and postprandial fullness increased) significantly with 35 

rapid WL only. Basal total PYY, and basal and postprandial insulin decreased significantly, and similarly 36 

in both groups. After weight stabilization and no ketosis no differences between groups were found. 37 

Conclusions: Despite differences while under negative EB, WL rate does not seem to have a significant 38 

impact on body composition or on compensatory mechanisms, once EB is reestablished. 39 

Keywords: Rate of weight loss; appetite; energy expenditure; weight loss; weight maintenance. 40 
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Introduction 41 

The worldwide prevalence of obesity has nearly doubled between 1980 and 2008 (1). Although 42 

significant weight loss (WL) can be achieved by a combination of dietary restriction and increased 43 

physical activity (PA) (2), only approximately 15% of individuals with obesity succeed in maintaining 44 

WL in the long-term (3). 45 

The problem of weight relapse is likely to be due, among other factors, to the activation of compensatory 46 

metabolic responses triggered by WL (4, 5). These include a reduction in both resting and non-resting 47 

energy expenditure (6). The latter is thought to be driven mainly by an increase in exercise efficiency 48 

(ExEff) (7). Moreover, an increase in the drive to eat has also been reported with WL (5). The increased 49 

hunger and decreased fullness observed after WL are driven, at least partially, by changes in the plasma 50 

concentrations of appetite-regulating hormones (8). It has been demonstrated that concentrations of 51 

anorexigenic hormones such as cholecystokinin (CCK), peptide YY (PYY), glucagon-like peptide-1 52 

(GLP-1), and insulin decrease with WL, whereas the concentration of the orexigenic hormone ghrelin 53 

increase (9, 10). 54 

International guidelines regarding obesity management recommend gradual WL (0.5-1 kg/week) (2). 55 

There is a common belief that losing weight rapidly is associated with poorer outcomes, namely a greater 56 

loss of fat free mass (FFM) (11), a reduction in RMR greater than predicted (12), and more weight regain 57 

in the long-term (13). However, these assumptions suffer from several methodological limitations, such as 58 

lack of randomization and/or not controlling for magnitude of WL (14, 15). In fact, the potential 59 

advantage of losing weight gradually has been recently questioned (16), and losing weight fast, with very 60 

low calorie diets (VLCD), has been associated with better (17) or similar (18, 19) WL maintenance in the 61 

long-term. Moreover, no studies have evaluated if WL rate has an impact on the strength of compensatory 62 

mechanisms activated with WL, so more studies are required. 63 

This study aimed to explore the impact of WL rate (rapid vs gradual) on body composition and 64 

compensatory mechanisms (RMR, ExEff and appetite).  65 
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Materials and Methods 66 

Participants 67 

Adults (18-65 years old) with obesity (30<BMI<45 kg/m2) were recruited. The study was approved by the 68 

local Regional Ethics Committee (Midt-Norway, Trondheim, Norway). All participants provided written 69 

informed consent before enrolling in the study. The study was registered in clinicaltrial.gov 70 

(NCT01912742). 71 

Participants had to be weight stable over the past 3 months (+/- 2 kg) and have a sedentary lifestyle. 72 

Women were required to have a regular menstrual cycle (28+/-2 days). Persons with clinical significant 73 

illness, including diabetes, with previous WL surgery and/or those taking medication known to affect 74 

appetite or induce WL were excluded. 75 

Sample size estimation 76 

Sixteen participants would be needed to detect a difference of 6.5 pM x hour/L in the area under the curve 77 

(AUC) for GLP-1 between the two groups, assuming a standard deviation of 6.2 pM x h/L, at a power of 78 

80%, and a significance level of 5%. 79 

Study Design 80 

Participants were randomized to one of two intervention groups: (1) rapid or (2) gradual WL with the 81 

sequence determined using a web-based randomization system (WebCRF). Allocation concealment was 82 

enforced. Both interventions were designed to achieve a similar WL (9-10% WL). Participants were 83 

asked not to change their PA levels throughout the study. 84 

Detailed Protocol 85 

 Weight loss phase 86 

The rapid WL group was provided with a commercial VLCD (550 and 660 kcal/day for women and men, 87 

respectively) (Allévo, Karo Pharma AB, Sweden) for 4 weeks. 88 
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The gradual WL group was provided with a low calorie diet (LCD) (1200 and 1500 kcal/day for women 89 

and men, respectively) using meal replacements (Allévo, Karo Pharma AB, Sweden) plus conventional 90 

foods for 8 weeks (see Tables S1 and S2 in Supplementary Tables). The macronutrient composition of the 91 

diets was matched (% energy provided by each macronutrient): 38.9% protein, 16.4% fat, 40.0% 92 

carbohydrates (CHO), 5.9% fiber (VLCD 550 kcal/day: 54 g protein, 10 g fat, 55 g CHO, 16 g fiber; 93 

VLCD 660 kcal/day: 64 g protein, 12 g fat, 66 g CHO, 20 g fiber, and LCD 1200 kcal/day: 117 g protein, 94 

22 g fat, 120 g CHO, 35 g fiber; LCD 1500 kcal/day: 146 g protein, 27 g fat, 150 g CHO, 44 g fiber). 95 

 Weight loss maintenance phase 96 

After WL, participants were prescribed an individual diet plan by a dietitian based on their energy 97 

requirements (measured, RMR x PAL (1.4)), with a macronutrient composition of 15-20% protein, 20-98 

30% fat, 50-60% CHO, aiming at weight stabilization for 1 month. 99 

Compliance 100 

Diet: All participants kept daily food records and were monitored weekly by a dietitian. Food diaries were 101 

analyzed using Mat på data version 5.1 (Mattilsynet og Helsedirektoratet, Norway). Urine acetoacetic 102 

acid concentration was measured weekly, using Ketostix reagent strips, as a measure of compliance in the 103 

rapid WL group. 104 

Physical Activity: SenseWear (Body Media, Pittsburg, USA) devices were worn for one week, at 105 

baseline, weeks 2+4 and 4+8 for the rapid and gradual WL groups, respectively, and again (for both 106 

groups) at the last week of the WL maintenance. Data was considered valid if participants wear the 107 

armbands for ≥4 days, including at least 1 weekend day, on more than 95% of the time (20). 108 

Data collection 109 

Testing was performed at baseline, after WL (weeks 5 and 9 for rapid and gradual WL groups, 110 

respectively), and after WL maintenance (weeks 9 and 13 for rapid and gradual WL groups, respectively). 111 

Body weight and composition 112 
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Air displacement plethysmography (Bod Pod Life Measurement, Inc., Concord, CA, USA) was used. 113 

RMR 114 

RMR was measured using indirect calorimetry (Vmax Encore 29, Care Fusion, Germany) using standard 115 

reference method procedures (21). 116 

Exercise efficiency 117 

ExEff was measured by graded cycle ergometry, immediately after blood sampling. Participants pedaled 118 

at 60 rpm against graded resistance to generate 10, 25 and 50 watts of power in successive 4 minutes 119 

intervals. Gas exchange was measured continuously using a metabolic cart (Monark, Eromedic 839E, 120 

GIH, Sweden). ExEff was expressed as net efficiency (NE) (7). 121 

Appetite measurements 122 

In fasting and every 30 minutes after a standard breakfast, for a period of 2.5 hours, appetite feelings 123 

(hunger, fullness, desire to eat, and prospective food consumption (PFC)) were measured using a 124 

validated 10 cm visual analogue scale (22), and blood samples were collected. A standard breakfast 125 

containing 600 kcal (17% protein, 35% fat, 48% CHO) was consumed within 20 minutes. Plasma samples 126 

were analyzed for active ghrelin (AG), total PYY, active GLP-1, and insulin, using an Human Metabolic 127 

Hormone Magnetic Bead Panel (LINCOplex Kit, Millipore), and CCK, using an “in-house’’ RIA method 128 

(23). 129 

Statistical analysis 130 

Data was analyzed using SPSS version 21 (SPSS Inc., Chicago, IL). Attrition was low (1 per group) so 131 

analysis was conducted in completers only. Results are expressed as mean ± SEM and significance level 132 

was assumed at P<0.05, unless otherwise stated. Data were analyzed using linear mixed-effects models 133 

(LMM), with restricted maximum-likelihood estimation of the parameters. The LMM included time and 134 

group, as well as their interaction, as fixed factors. Bonferroni correction was used for post hoc pairwise 135 
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comparisons for the fixed effects, with a significant level P<0.017. AUC for appetite feelings and appetite 136 

hormones was calculated using the trapezoid rule from 0 to 150 minutes postprandially. 137 

 138 

Results 139 

Participants 140 

Thirty-five subjects entered the study with 18 randomized to the rapid and 17 to the gradual WL group 141 

(see Figure 1). Baseline characteristics are shown in Table 1. There were no significant differences 142 

between groups at baseline for any of the variables studied. 143 

Compliance 144 

Diet: Significant differences between groups were found in total energy intake and macronutrient 145 

composition (% and g) of the diets in the last week of the WL phase. The % energy provided by fat and 146 

CHO was significantly lower in the rapid WL group (fat, P<0.001 and CHO, P<0.001), and the % energy 147 

provided by protein and fiber was significantly higher in the rapid WL group (protein, P=0.001 and fiber, 148 

P<0.001). Regarding absolute amount of macronutrients (g/day), intake of protein, fat, CHO and fiber 149 

was significantly higher in the gradual WL group (P<0.001) (see Supplementary Table S3). 150 

The mean acetoacetic acid concentration in the urine, during the WL phase in the rapid WL group, was 151 

2.1±2.9 mmol/L. 152 

Physical activity: All participants were sedentary and there were no significant changes over time in any 153 

PA variable studied within or between groups (see Supplementary Table S4). 154 

Body weight and composition 155 

Both groups lost a significant and similar amount of weight (≈9%, P<0.001 for both groups, P=0.160 156 

between groups), fat mass (FM) (kg and %, P<0.001 for both) and FFM (kg, P<0.001 for both), and 157 

increased their FFM (%, P<0.001 for both) with WL, with no significant differences between groups. The 158 
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rapid WL group lost weight at a rate of 2.2±0.1 kg/week and the gradual at a rate of 1.2±0.1 kg/week, 159 

with significant differences between groups (P<0.001). 160 

Both groups were able to maintain their body weight during WL maintenance, without significant 161 

differences between groups. However, the rapid WL group experienced a significant increase in FFM (kg) 162 

with WL maintenance (P<0.001), with significant differences between groups (P=0.010). However, no 163 

significant differences between groups were found between baseline and WL maintenance for body 164 

weight or composition (see Table 2). 165 

RMR 166 

Groups differed significantly in RMR at the end of WL (P=0.008) and at end of WL maintenance 167 

(P=0.001), even after adjusting for FFM (kg) (P=0.010 and P=0.005, respectively). RMR decreased 168 

significantly with WL in the rapid group only (P<0.001), and increased significantly with WL 169 

maintenance in this group only (P=0.010). No significant differences, within or between groups, were 170 

seen when comparing RMR at the end of WL maintenance with baseline (see Table 2). 171 

Exercise efficiency 172 

The rapid WL group experienced a significant increase in NE at 10 watts (P=0.001), and a trend towards 173 

an increase at 25 watts (P=0.018) with WL. Differences between groups at the end of WL were 174 

significant for 10 and 25 watts (P=0.002 and P=0.003, respectively). With WL maintenance, NE at all 175 

levels increased significantly in the gradual WL group (P=0.006, P=0.001, P<0.001 for 10, 25, and 50 176 

watts, respectively), and differences between groups were significant (P=0.002, P=0.004, P=0.008 for 10, 177 

25, and 50 watts, respectively). However, no significant differences between groups were found when 178 

comparing changes in NE from baseline to end of WL maintenance (see Table 2). 179 

Appetite feelings 180 

A significant increase in fasting hunger was observed with WL in the gradual group only (P=0.011), with 181 

significant differences between groups (P=0.004) (see Figure 2). During WL maintenance, there was a 182 
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significant increase in fasting hunger in the rapid WL group only (P<0.001). However, differences 183 

between groups were not significant. When comparing baseline with WL maintenance, both groups 184 

experienced a significant and similar increase in fasting hunger (rapid, P=0.006 and gradual, P<0.001). 185 

The rapid WL group experienced a significant decrease in fasting PFC with WL (P=0.003) and 186 

differences between groups were significant (P=0.003). During WL maintenance, a significant increase in 187 

fasting PFC was observed in the rapid WL group only (P=0.003), with no significant differences between 188 

groups. Changes in fasting PFC from baseline to end of WL maintenance were not significantly different, 189 

either within or between groups. 190 

Postprandial hunger decreased and postprandial fullness increased significantly with WL in the rapid WL 191 

group only (P=0.003 and P<0.001, respectively), and differences between groups were significant 192 

(P=0.007 and P=0.016, respectively). After WL maintenance, no significant differences were seen, within 193 

or between groups, in postprandial hunger or fullness, either when comparing with end of WL phase or 194 

with baseline. Both postprandial desire to eat and PFC decreased significantly with WL in the rapid WL 195 

group only (P=0.004 and P=0.001, respectively), and there was a tendency for the postprandial desire to 196 

eat (P=0.022) to be lower and postprandial PFC significantly lower (P=0.007) when compared with 197 

gradual WL group. After WL maintenance there were no significant differences in postprandial desire to 198 

eat or PFC within or between groups, either when comparing with end of WL phase or with baseline. 199 

Appetite-regulating hormones 200 

There were no significant differences in basal AG, CCK, and active GLP-1 over time within or between 201 

groups (see Figure 3). Both groups experienced a significant and similar reduction in basal total PYY 202 

with WL (P=0.016 and P=0.003 for the rapid and gradual WL groups, respectively). After WL 203 

maintenance, basal total PYY increased in the gradual WL group (P=0.007) only, but with no significant 204 

differences between groups. Basal insulin was significantly and similarly reduced with WL in both groups 205 

(P<0.001 for both). With WL maintenance, basal insulin increased significantly only in the rapid WL 206 

group (P=0.016), but with no significant differences between groups. No significant differences, within or 207 
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between groups, were seen when comparing basal total PYY or insulin at the end of WL maintenance 208 

with baseline. 209 

There was a tendency towards a decrease in postprandial AG with WL in the rapid group only (P=0.017), 210 

but with no significant differences between groups. However, after WL maintenance, the rapid WL group 211 

experienced a significant increase in postprandial AG (P<0.001), and differences between groups were 212 

significant (P=0.001). Postprandial CCK decreased significantly with WL in the rapid WL group only 213 

(P=0.001), but with no significant differences between groups. With WL maintenance, postprandial CCK 214 

increased significantly in the rapid WL group only, (P=0.001), but with no significant differences 215 

between groups. No significant differences, within or between groups, were seen when comparing 216 

postprandial AG and CCK at the end of WL maintenance with baseline. 217 

There were no significant differences in postprandial total PYY or active GLP-1 over time within or 218 

between groups. 219 

Both groups experienced a significant and similar decrease in postprandial insulin with WL (P<0.001 for 220 

both). With WL maintenance, no significant difference in postprandial insulin was seen within or between 221 

groups. However, postprandial insulin was significantly and similarly lower in both groups at the end of 222 

WL maintenance when compared with baseline (P<0.001 for both groups). 223 

Discussion 224 

In this study, changes in body composition were not significantly different after a similar WL (≈9%) 225 

achieved either rapidly or gradually. Losing weight gradually, however, prevented the reduction in RMR 226 

and the increase in ExEff, observed with rapid WL. On the other hand, changes in appetite were more 227 

favorable in the rapid WL group during negative energy balance (EB). However, these differences were 228 

no longer apparent after weight stability. 229 

In contrast to the majority of the literature (11, 15, 19), a larger loss of FFM with rapid WL was not 230 

observed in this study. In their systematic review, Chaston et al. (2007) concluded that WL rate had a 231 
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significant impact on the amount of weight lost as FFM (11). However, this needs to be interpreted with 232 

caution, given the heterogeneity of studies included and the fact that the amount of WL was not 233 

controlled. Coxon et al. (1989) designed an intervention to achieve a WL of 1.9 vs 1.1 kg/week, over 8 234 

weeks (24). As expected, the rapid WL group lost a larger amount of weight, and, thus, had also a larger 235 

reduction in FFM. However, after adjusting for WL, differences between groups disappeared. More 236 

recent studies designed to look at the impact of WL rate on long-term WL maintenance have produced 237 

contradictory findings (18, 19). Purcell et al. (2014) reported no differences in FFM loss after rapid (1.2 238 

kg/week) or gradual WL (0.4 kg/week) (18), while Vink et al. (2016) showed a significantly higher 239 

FFM% loss with rapid WL (1.8 vs 0.6 kg/week) (19). Differences in WL rate may account for some of the 240 

discrepancies. 241 

Ketogenic diets are known to lead to a large loss of total body water (TBW) due to glycogen depletion 242 

(25), which may bias body composition results. It is possible that part of the reduction in FFM seen in our 243 

rapid WL group reflects loss of TBW and, as such, that losing weight fast may be associated with a lower 244 

loss of lean tissue. The significant increase in FFM seen during the refeeding period, in the rapid WL 245 

group only may, again, partially reflect the increase in TBW that follows glycogen repletion. 246 

The dietary protocol chosen to induce a rapid WL did not cover the daily protein recommendations of the 247 

European Food Safety Authority to prevent muscle mass loss (75 g/day) (26). However, the daily protein 248 

intake in this group (57 g/day) was, apparently, enough to prevent significant differences in muscle mass 249 

loss when compared with the other group, which had a protein intake of more than double (122 g/day). 250 

Losing weight rapidly was associated with a significant reduction in RMR, even after adjusting for FFM. 251 

Knowing that FFM is the main determinant of RMR (27), and that in the present study no significant 252 

differences between groups were seen in FFM loss, the difference in RMR between groups was 253 

unexpected. Thus, the decrease in RMR noticed only in the rapid WL group suggests a metabolic 254 

adaptation to rapid WL (28). Similarly, Valtueña and colleagues (1995) also reported that the drop in 255 

RMR observed after 1 month VLCD was larger than the loss of FFM (12). Contrary to our findings, 256 

Coxon and colleagues (1989) found a significant reduction in RMR after rapid WL, but not after adjusting 257 
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for FFM loss (24). The duration of dietary restriction may play a role, given that our rapid WL group was 258 

on diet for 4 weeks, while in Coxon et al. (1989), subjects were on diet for 8 weeks. Moreover, RMR 259 

recovered in our rapid WL group after a period of refeeding, and this recovery was significantly different 260 

between groups, even after adjusting for FFM. Foster et al. (1990) reported similar findings, with RMR 261 

normalized to FFM partially recovering after a refeeding period (29). 262 

An increase in ExEff with diet-induced WL has been previously reported (30). A significant increase in 263 

ExEff at 10 and a trend towards an increase at 25 watts were seen with WL in the rapid group only, while 264 

with WL maintenance, an increase in ExEff at all levels was seen in the gradual group only. Even though 265 

the reasons for these differences are unknown, macronutrient composition may play a role (31). The 266 

isocaloric substitution of CHO by protein was previously shown to increase exercise-induced energy 267 

expenditure (31). In the present study, the gradual group had a higher protein intake (g/day) compared 268 

with the other group, which might have prevented the increase in ExEff after WL seen in participants who 269 

lost weight rapidly. After WL maintenance, the gradual WL group had a marked reduction in protein 270 

intake, which might have contributed to the increase in ExEff seen during that phase. 271 

Diet-induced WL has been shown to be associated with a compensatory increase in hunger (32), and 272 

concomitant changes in appetite-mediating hormones (33, 34), which encourage weight regain (4, 5). 273 

Changes in subjective appetite were more favorable in our rapid WL group. This is in line with the 274 

findings from Purcell et al. (2014), where feelings of PFC increased with WL (15%) in the gradual (WL 275 

over 36 weeks), but not rapid (WL over 12 weeks) group (18). The more favorable changes in appetite in 276 

our rapid WL group are likely to be due to the appetite suppressant effect of ketosis (35, 36). This is 277 

further strengthened by the fact that after WL maintenance (and no ketosis) fasting hunger feelings were 278 

significantly higher compared with baseline in both groups. Moreover, all the differences between groups 279 

in appetite, measured at the end of WL, disappeared after refeeding and weight stabilization. Adding to 280 

this, the study of Sumithran et al. (2013), where people with obesity underwent an 8-week ketogenic 281 

VLCD (10% WL), followed by 2 weeks of gradual refeeding, reported, similarly to us, a significant 282 

increase in fasting hunger with refeeding (36). 283 
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The significant increase in fasting hunger noticed in our gradual WL group follows what is expected with 284 

non-ketogenic diet-induced WL (4). Doucet and colleagues (2000) reported an increase in fasting hunger, 285 

desire to eat and PFC with a 15-week energy restriction (-700 kcal/day) inducing a 10% WL (37). The 286 

fact that we have not found in our gradual WL group differences in other appetite feelings besides hunger 287 

might be related to differences in the duration of the WL intervention between studies (8 vs 15 weeks, 288 

respectively). 289 

In this study, WL rate did not affect the concentration of appetite-regulating hormones. Our results reflect 290 

those by Sumithran et al. (2013), who reported no significant changes in basal or postprandial AG with 291 

WL, but a significant increase with refeeding (36). Further, they also observed that basal and postprandial 292 

PYY and insulin, and basal CCK and GLP-1 concentrations decreased significantly with WL, and did not 293 

change with WL maintenance (36). The slightly different outcomes may be due to the fact that our group 294 

had 4 weeks of WL maintenance while Sumithran’s had 2 only, which might not have been long enough 295 

to induce hormonal changes. The fact that differences between groups in subjective feelings of appetite 296 

were seen in the absence of differences in appetite-related hormones is not completely unexpected, given 297 

that previous research has shown that these two variables are not always correlated (38). 298 

The absence of differences in the activation or strength of compensatory mechanisms between groups, 299 

once EB was reestablished, is in line with previous RCTs that show that WL rate has no impact on long-300 

term WL maintenance (18, 19). 301 

The main strength of this study is its design, randomized clinical trial. Second, compliance was monitored 302 

over time and was excellent. Third, with an intervention period of either 4 or 8 weeks, all women were 303 

tested in the same phase of the menstruation cycle, preventing a potential impact of menstrual cycle phase 304 

on RMR and appetite (39, 40). Forth, measurements were taken both, immediately after WL, and after 305 

WL maintenance, enabling us to look at the impact of WL rate independently of negative EB and ketosis. 306 

Fifth, reference methods were used to measure all variables. Finally, both groups lost a similar amount of 307 

weight. However, both groups lost weight relatively fast, so the gradual WL group was not within the 308 

present recommendations (0.5-1 kg/week). Moreover, a relatively low number of participants is a 309 
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potential relevant limitation, given that trends for differences in age and gender among the two groups did 310 

not reach statistical significance likely because of limited sample size. Finally, the short follow-up period 311 

might have not been enough to identify possible differences between groups during the WL maintenance 312 

phase. 313 

In conclusion, WL rate does not seem to have a significant impact on body composition, metabolism or 314 

appetite, once participants are in EB and not ketotic. However, gradual WL prevented the acute reduction 315 

in RMR and increase in ExEff observed with rapid WL, even though acute changes in appetite were more 316 

favorable in the rapid WL group, probably related to the fact that this group followed a ketogenic diet. In 317 

clinical practice, and given that rate of WL has also been shown not to have a significant impact on long-318 

term WL maintenance (18, 19), participants could potentially be advised to follow a diet with the rate that 319 

is for them easier to comply with. Still, more RCT’s, with larger sample sizes and different rates of WL, 320 

including the present recommendations are needed. 321 
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Figure 1. Study diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BMI: body-mass index; RMR: resting metabolic rate; ExEff: exercise efficiency; VLCD: very low calorie 

diet; LCD: Low calorie diet. 

Recruitment 
44 potential participants 
interviewed 

9 Excluded 
6 taking drugs known to 
impact on body weight 
3 BMI <30 kg/m2 

35 participants tested and randomized 

Baseline measurements: 

- Body weight and composition (Bod Pod) 

- RMR and ExEff at 10, 25 and 50 watts (both by indirect 
calorimetry) 

- Subjective feelings of appetite (visual analogue scale (VAS)) 
and blood sampling in fasting and every 30 minutes after a 
standard breakfast, for a period of 2.5 hours 

18 randomly assigned to the 
rapid weight loss group 

(commercial VLCD for 4 weeks) 

17 randomly assigned to the 
gradual weight loss group 

(LCD for 8 weeks) 

1 withdrew 
(personal reasons) 

Start of weight loss 

phase 

1 withdrew 
(cancer diagnostic) 

17 participants tested end of weight 
loss phase (week 5) 
- same tests as at baseline 

16 participants tested end of weight 
loss phase (week 9) 
- same tests as at baseline 

Start of weight loss 

maintenance phase 

Diet plan aimed to stabilize the weight for a period of 1 
month 

17 participants tested end of weight loss 
maintenance phase (week 9) 
- same tests as at baseline 

16 participants tested end of weight loss 
maintenance phase (week 13) 
- same tests as at baseline 
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Table 1. Baseline characteristics of the participants who completed the intervention 

 Rapid WL group 
(N=17) 

Gradual WL group 
(N=16) 

P-value 

Age (years) 42.2±10.0 36.2±8.7 0.115 

Gender ratio (women : men) 14 : 3 10 : 6 0.219 

Body weight (kg) 96.6±12.2 99.4±12.1 0.523 

BMI (kg/m2) 33.4±3.0 33.5±2.6 0.811 

Fat Mass (kg) 42.8±8.1 43.2±6.2 0.906 

Fat Mass (%) 44.2±4.7 43.6±4.7 0.675 

Fat Free Mass (kg) 53.7±7.1 56.3±9.0 0.386 

Fat Free Mass (%) 55.8±4.7 56.5±4.7 0.675 

RMR (kcal/day) 1319±179 1359±201 0.687 
Data presented as mean ± SD. WL: weight loss; BMI: body-mass index; RMR: resting metabolic rate. P-values for comparison 

between groups at baseline. 
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Table 2. Changes in anthropometric measurements, RMR, and exercise efficiency in the rapid and gradual weight loss groups 

 
Rapid WL group Gradual WL group 

Baseline to 
end of WL 

phase 

P-
value 

End of WL 
phase 

to end of WL 
maintenance 

phase 

P-
value 

Baseline 
to end of WL 
maintenance 

phase 

P-
value 

Baseline to 
end of WL 

phase 

P-
value 

End of WL 
phase 

to end of WL 
maintenance 

phase 

P-
value 

Baseline 
to end of  WL 
maintenance 

phase 

P-
value 

Weight (kg) -8.9±0.5 <0.001 -0.6±0.5 0.261 -9.4±0.5 <0.001 -9.3±0.5 <0.001 -1.0±0.5 0.044 -10.3±0.5 <0.001 

FM (kg) -6.6±0.4 <0.001 -1.9±0.4 <0.001 -8.5±0.4 <0.001 -7.6±0.4 <0.001 -1.3±0.4 0.003 -8.9±0.4 <0.001 

FM (%) -3.2±0.4 <0.001 -2.0±0.4 <0.001 -5.2±0.4 <0.001 -4.0±0.4 <0.001 -1.1±0.4 0.011 -5.1±0.4 <0.001 

FFM (kg) -2.2±0.3 <0.001 1.3±0.3a <0.001 -0.9±0.3 0.005 -1.7±0.3 <0.001 0.3±0.3a 0.427 -1.5±0.3 <0.001 

FFM (%) 3.2±0.4 <0.001 2.0±0.4 <0.001 5.2±0.4 <0.001 4.0±0.4 <0.001 1.0±0.4 0.013 5.1±0.4 <0.001 

RMR (kcal/day) -129.4±31.6b; 1 <0.001 87.5±33.1c; 2 0.010 -41.9±33.1 0.210 -23.9±32.6b; 1 0.465 -57.4±33.3c; 2 0.091 -81.3±33.3 0.018 

NE 10 watts 0.009±0.002d 0.001 -0.003±0.002e 0.224 0.006±0.002 0.025 -0.001±0.002d 0.732 0.007±0.002e 0.006 0.006±0.002 0.014 

NE 25 watts 0.009±0.004f 0.018 -0.001±0.004g 0.838 0.008±0.004 0.038 -0.005±0.004f 0.143 0.013±0.004g 0.001 0.008±0.004 0.045 

NE 50 watts 0.002±0.004 0.580 0.004±0.004h 0.342 0.006±0.004 0.141 -0.004±0.004 0.307 0.017±0.004h <0.001 0.013±0.004 0.002 

Data presented as mean ± SEM. WL: weight loss; FM: fat mass; FFM: fat free mass; RMR: resting metabolic rate; NE: net efficiency. P-values are for changes in anthropometric 

measurements, in RMR, and in exercise efficiency between time points within groups. Data were analyzed using linear mixed-effect models, and Bonferroni correction was used 

for post hoc pairwise comparisons. Significance level was assumed at P-values<0.017. 

Means sharing the same superscript letter denote significant differences between groups: a, b, g, h P<0.05; c, d, e, f P<0.01. 

1 After adjusting for FFM (in kg) at the end of WL phase (RMRFFM (kcal/day / kg FFM)), there continued to be a significant difference in RMR between groups (P=0.010). 

2 After adjusting for FFM (in kg) at the end of WL maintenance phase (RMRFFM (kcal/day / kg FFM)), there continued to be a significant difference in RMR between groups 

(P=0.005). 
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Figure 2a. Fasting and postprandial ratings of hunger over time in both groups 

 

 

 

 

 

 

 

 

 

 

Ratings were based on a visual-analogue scale ranging from 0 to 10 cm. Higher numbers indicate greater hunger. WL: weight 

loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and end of weight loss maintenance phase for both 

groups. 
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Figure 2b. Fasting and postprandial ratings of fullness over time in both groups 

 

 

 

 

 

 

 

 

 

Ratings were based on a visual-analogue scale ranging from 0 to 10 cm. Higher numbers indicate greater fullness. WL: weight 

loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and end of weight loss maintenance phase for both 

groups. 
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Figure 2c. Fasting and postprandial ratings of desire to eat over time in both groups 

 

 

 

 

 

 

 

 

 

 

Ratings were based on a visual-analogue scale ranging from 0 to 10 cm. Higher numbers indicate greater desire to eat. WL: 

weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and end of weight loss maintenance phase for 

both groups. 
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Figure 2d. Fasting and postprandial ratings of prospective food consumption over time in both groups 

 

 

 

 

 

 

 

 

 

 

Ratings were based on a visual-analogue scale ranging from 0 to 10 cm. Higher numbers indicate greater prospective food 

consumption. WL: weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and end of weight loss 

maintenance phase for both groups. 
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Figure 3a. Basal and postprandial plasma concentrations of active ghrelin over time in both groups 

 

 

 

 

 

 

 

 

 

Plasma concentrations (pmol/l) of active ghrelin over time (min) in both groups. In fasting and every 30 minutes after a standard 

breakfast, for a period of 2.5 hours. WL: weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and 

end of weight loss maintenance phase for both groups. 

  

Breakfast 



2 
 

0

1

2

3

4

-30 0 30 60 90 120 150

C
C

K
 p

la
sm

a
co

n
ce

n
tr

at
io

n
s 

(p
m

o
l/

l)

Time (min)

Figure 3b. Basal and postprandial plasma concentrations of CCK over time in both groups 

 

 

 

 

 

 

 

 

 

Plasma concentrations (pmol/l) of CCK over time (min) in both groups. In fasting and every 30 minutes after a standard breakfast, 

for a period of 2.5 hours. WL: weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and end of 

weight loss maintenance phase for both groups. 
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Figure 3c. Basal and postprandial plasma concentrations of total PYY overtime in both groups 

 

 

 

 

 

 

 

 

 

 

Plasma concentrations (pmol/l) of total PYY over time (min) in both groups. In fasting and every 30 minutes after a standard 

breakfast, for a period of 2.5 hours. WL: weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and 

end of weight loss maintenance phase for both groups.  
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Figure 3d. Basal and postprandial plasma concentrations of active GLP-1 over time in both groups 

 

 

 

 

 

 

 

 

 

Plasma concentrations (pmol/l) of active GLP-1 over time (min) in both groups. In fasting and every 30 minutes after a standard 

breakfast, for a period of 2.5 hours. WL: weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and 

end of weight loss maintenance phase for both groups. 
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Figure 3e. Basal and postprandial plasma concentrations of insulin over time in both groups 

 

 

 

 

 

 

 

 

 

Plasma concentrations (pmol/l) of insulin overtime (min) in both groups. In fasting and every 30 minutes after a standard 

breakfast, for a period of 2.5 hours. WL: weight loss. Data presented as mean (± SEM) at baseline, end of weight loss phase, and 

end of weight loss maintenance phase for both groups. 
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Table S1. Dietary plan for the rapid weight loss group 

Meal Women (550 kcal/day) Men (660 kcal/day) 
Breakfast 1 Shake 1 Shake 

Lunch 
1 Soup 
+ 
Max. 50 g of low-starch vegetables 

1 Soup 
+ 
Max. 50 g of low-starch vegetables 

Snack 1 Shake 1 Shake 

Dinner 
1 Soup 
+ 
Max. 50 g of low-starch vegetables 

1 Soup + 1 Shake 
+ 
Max. 50 g of low-starch vegetables 

Snack 1 Shake 1 Shake 
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Table S2. Dietary plan for the gradual weight loss group 

Meal Women (1200 kcal/day) Men (1500 kcal/day) 
Breakfast 1 Milkshake (Product) 1 Milkshake (Product) 

Lunch 

1 Soup (Product) 
+ 
1 toast 
+ 
15g low fat cheese (9%) or 15 g ham 

1 Soup (Product) 
+ 
1 Cereal bar (Product) 

Snack 1 Cereal bar (Product) 1 Cereal bar (Product) 

Dinner 

200 g of low fat fish or meat or 3 eggs 
+ 
50g of cooked pasta/rice or 80 g of raw 
potatoes or 30 g of bread 
+ 
165 g of low-starch vegetables 
(described above) 
+ 
1 (medium size) fruit (pear, apple, 
orange, peach) 

250 g of low fat fish or meat or 3 eggs 
+ 
50 g of cooked pasta/rice or 80 g of raw 
potatoes or 30 g of bread 
+ 
165 g of low-starch vegetables 
(described above) 
+ 
1 (medium size) fruit (pear, apple, 
orange, peach) 

Snack 

200 ml of low fat milk (0.1%) or 125 g 
of low fat yogurt 
+ 
1 toast 
+ 
15 g low fat cheese (9%) or 15 g ham  

200 ml of low fat milk (0.1%) or 125 g 
of low fat yogurt 
+ 
2 toasts 
+ 
45 g low fat cheese (9%) or 45 g ham 
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Table S3. Energy intake and macronutrient composition of the diet in the rapid and gradual weight loss 

groups 

 
Rapid WL group Gradual WL group 

P-value* 

2nd week 
4th week 

(end of WL phase) 
P-value 4th week 

8th week 
(end of WL phase) 

P-value 

Energy 
(kcal/day) 

590.0±23.8 593.1±23.8 0.762 1332.1±24.6 1318.0±24.6 0.191 <0.001 

Protein (g) 57.6±2.7 57.1±2.7 0.698 122.3±2.7 121.6±2.7 0.591 <0.001 

Protein (%) 39.1±0.3 38.5±0.3 0.099 36.9±0.3 37.0±0.3 0.689 0.001 

Fat (g) 9.9±0.9 10.0±0.9 0.942 27.1±0.9 26.2±0.9 0.360 <0.001 

Fat (%) 15.1±0.4 15.1±0.4 1.000 18.1±0.4 17.5±0.4 0.265 <0.001 

CHO (g) 59.0±2.1 57.8±2.1 0.443 136.5±2.2 135.5±2.2 0.545 <0.001 

CHO (%) 40.0±0.3 39.0±0.3 0.016 41.1±0.4 41.4±0.4 0.525 <0.001 

Fiber(g) 17.2±0.7 17.9±0.7 0.082 24.5±0.7 23.0±0.7 0.001 <0.001 

Fiber (%) 5.8±0.1 6.0±0.1 0.002 3.7±0.1 3.5±0.1 0.009 <0.001 

Data presented as mean ± SEM. P-values are for changes in energy intake and macronutrient composition of the diet between 

time points within groups. WL: weight loss; CHO: carbohydrates. *P-values for comparison between groups at the end of WL 

phase. Data were analyzed using linear mixed-effect models (LMM), with restricted maximum-likelihood estimation. The LMM 

included time, group, and their interaction as well as fixed factors. 
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Table S4. Changes in physical activity levels in the rapid and gradual weight loss groups 

 
Rapid WL group Gradual WL group 

Baseline to 
end of WL 

phase 

P-
value 

End of WL 
phase 

to end of WL 
maintenance 

phase 

P-
value 

Baseline 
to end of WL 
maintenance 

phase 

P-
value 

Baseline to 
end of WL 

phase 

P-
value 

End of WL 
phase 

to end of WL 
maintenance 

phase 

P-
value 

Baseline 
to end of WL 
maintenance 

phase 

P-
value 

Sedentary (min) 33.3±34.0 0.401 -113.3±46.7 0.018 -80.0±44.3 0.076 -26.3±31.0 0.505 -1.5±32.4 0.491 -27.8±31.0 0.333 

Light (min) 10.5±12.0 0.386 6.3±17.0 0.345 16.8±16.2 0.306 1.6±10.6 0.433 12.2±11.2 0.282 13.8±10.6 0.202 

Moderate (min) -8.8±7.1 0.221 23.3±9.7 0.019 14.5±9.2 0.119 -6.8±6.5 0.297 7.8±6.8 0.257 0.9±6.5 0.382 

Vigorous & Very 
vigorous (min) 

-1.3±0.7 0.049 -0.5±0.9 0.367 -0.8±0.8 0.397 0.8±0.6 0.216 0.2±0.6 0.350 1.0±0.6 0.128 

Steps/day -517.9±639.3 0.458 392.4±892.6 0.333 -125.4±849.1 0.546 -512.5±576.4 0.523 773.1±604.4 0.208 260.6±576.4 0.417 

Data presented as mean ± SEM. P-values are for changes in physical activity levels over time within each group or differences between groups. WL: weight loss. Data were 

analyzed using linear mixed-effect models (LMM), with restricted maximum-likelihood estimation. The LMM included time, group, and their interaction as well as fixed factors. 

Bonferroni correction was used for post hoc pairwise comparisons. Significance level was assumed at P-values<0.017. 


