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ABSTRACT

Background: Dynamic changes in body composition which occur during weight loss may
have an influential role on subsequent energy balance behaviours and weight.

Objective: The aim of this paper is to consider the effect of proportionate changes in body
composition during weight loss on subsequent changes in appetite and weight outcomes at 26
weeks in individuals engaged in a weight loss maintenance intervention.

Design: A sub-group of the Diet Obesity and Genes (DiOGenes) study (n=209) were
recruited from three European countries. Participants underwent an 8-week low-calorie diet
(LCD) resulting in >8% body weight loss, during which changes in body composition (by
dual-energy x-ray absorptiometry) and appetite (by visual analogue scale appetite perceptions
in response to a fixed test meal) were measured. Participants were randomised into 5 weight
loss maintenance diets based on protein and glycaemic index content and followed up for 26
weeks. We investigated associations between the proportionate loss of fat free mass
(%FFML) during weight loss and (1) weight outcomes at 26 weeks and (2) changes in
appetite perceptions.

Results: During the LCD, participants lost a mean (SD) of 11.2 (3.5) kg of which 30.4% was
fat-free mass. Following adjustment, there was a tendency for %FFML to predict weight
regain in the whole group ($=0.041 (-0.001, 0.08), p=0.055) which was significant in males
(B=0.09 (0.02, 0.15), p=0.009) but not females (=0.01 (-0.04, 0.07), p=0.69). Associations
between %FFML and change in appetite perceptions during weight loss were inconsistent.
The strongest observations were in males for hunger (r=0.69, p=0.002) and desire to eat
(r=0.61, p=0.009), with some tendencies in the whole group and no associations in females.

Conclusions: Our results suggest that composition of weight loss may have functional
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importance for energy balance regulation, with greater losses of fat-free mass (FFM)
potentially being associated with increased weight regain and appetite.
Key words: Fat-free mass, fat mass, body composition, appetite, weight loss, weight regain,

obesity, low-calorie diet, DiOGenes
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1. Introduction

While weight regain following weight loss is common, there is still a great deal to
understand regarding factors that facilitate the maintenance of weight loss or drive weight
regain. Weight loss is known to influence components of energy intake (EI) and energy
expenditure (EE) in a manner which promotes weight regain (1). One frequently reported
consequence of weight loss is an increase in appetite (2—4) (with some exceptions; (5)), which
may lead to greater EI and weight regain. The potential physiological mechanisms by which
weight loss affects appetite are not fully understood, but may include changes in appetite-
related peptides, oro-sensory sensations, reward sensitivity and neuroendocrine systems (2).
Weight loss is comprised of reductions in both fat mass (FM) and fat-free mass (FFM)
compartments both of which may exert different effects on appetite and EI.

The adipostatic theory of energy balance regulation propose that leptin is a key
hormone mediating changes in appetite and energy intake (6) through its action on hunger and
satiety related hypothalamic neurons (7). In addition, studies have shown a strong and robust
positive association between absolute FFM and EI based on cross-sectional data in
individuals at approximate energy balance (8—14) with comparatively less variance in EI
explained by FM. The assumption therefore is that a ‘tonic’ signal exists linking FFM and EI
(15,16) potentially mediated by the energetic requirements of FFM (9).

During energy deficits there is some evidence that greater loss of FFM is associated
with a greater elevation of EI. Dulloo et al’s (1997) re-analysis of the Minnesota Starvation
Experiment suggested that the prior depletion of both FM and of FFM were interdependently
associated a subsequent hyperphagic response indicating that dynamic changes in the

proportion of FM:FFM of the body during extreme energy deficits may impact subsequent EI
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(17) . The positive association between FFM and EI at approximate energy balance, and the
association between greater proportionate loss of FFM and EI subsequent to severe energy
deficits have been termed as passive and active influences on EI respectively (15,16). The
passive role may by mediated by energetic demands of the body, whereas the active role is
hypothesised to cause a more pronounced “drive” to increase EI in response to loss of FFM
during energy deficits, in a manner driven by reductions in organ and skeletal muscle mass
(i.e. body protein) (16).

To date, evidence that proportionate FFM changes are associated with hyperphagia
subsequent to weight loss comes from small, select studies during relatively extreme energy
deficits (18,19). It is unclear if such effects are apparent in those with overweight or obesity in
voluntary weight loss programmes. One recent study reported that greater fractional loss of
FFM (%FFML) was predictive of subsequent weight regain, although the mechanisms of
action were not investigated (20). A previous meta-analysis in 2 379 individuals with
overweight and obesity who lost and regained weight suggested that reductions in FM and
FFM during weight loss better predict subsequent weight change than weight loss alone (21).
The aims of this exploratory, post-hoc analysis were to 1) test the relationships of changes in
body composition experienced during an 8-week LCD in individuals losing >8% body weight
on follow-up weight at 26 weeks, and 2) to test the effect of these body composition changes
on appetite perceptions. We hypothesised that greater proportionate reduction in FFM (in
comparison to FM) would result in (1) greater weight regain at follow-up and (2) greater

increases in appetite perceptions.

2. Methods
2.1 Study design

The present study was a post-hoc analysis of the data collected as part of the Diet, Obesity
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and Genes (DiOGenes) study (http://www.diogenes-eu.org/) (22). The DiOGenes study was a
European multi-centre randomised control trial designed primarily to test the effect of five
diets (low-protein, low-glycemic index (LPLGI), high-protein, low-glycemic index (HPLGI),
low-protein high-glycemic index (LPHGI), high-protein, high-glycemic index (HPHGI) and a
control group (CON)) on weight loss maintenance outcomes over the 26-week weight loss
intervention following at least 8% reduction in body weight over an 8-week period achieved
by low calorie diet (LCD) (Modifast; Nutrition et Sante, Revel, France). The DiOGenes study
protocol and primary results have previously been published elsewhere (22,23). The present
sub-study is concerned with data collected at clinical investigation day (CID) 1 which
occurred prior to weight loss intervention; CID2 at the end of 8 weeks immediately following
the LCD and weight change at CID3, after 26 weeks of the weight loss maintenance
intervention. The primary aim of this post-hoc analysis was to test the effect of proportionate
changes in body composition incurred during an 8-week LCD on follow-up weight at 26
weeks and, secondarily, to test the effect of these body composition changes on weight

change in appetite perceptions.

2.2 Participants

All participants were recruited to the DiOGenes study between November 2005 and April
2007 from eight European centres, of which three had the necessary data available for the
present analysis and were located in Copenhagen, Denmark; Cambridge, UK; Potsdam,
Germany. Participants had either overweight or obesity (body mass index (BMI) between 27
and 45 kg/m?) and were between 18 and 65 years old. Further information on inclusion and
exclusion criteria can be found elsewhere (22). In the present study, to test hypothesis (1),
only participants who completed the 8-week LCD with at least 8% weight loss (set originally

by the DiOGenes study) and had dual-energy x-ray absorptiometry (DEXA) measurements at
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CID1 and CID2 and a measurement of body weight at CID3 were included. To test
hypothesis (2), those eligible for (1) and had additional measurements of appetitive ratings
during a standardised test-meal at CID1 and CID2 were included. A participant flow diagram
is given in figure 1. Procedures followed in the DiOGenes study were in accordance with the
Declaration of Helsinki and approved by local ethics committees in all participating countries.

Written informed consent was obtained from all participants.

[insert figure 1]

2.3 Anthropometric measures
Body weight, waist circumference and body composition were measured as described
previously (22). Body composition was measured using a 2-compartment model (i.e. FM and

FFM) by DEXA.

[insert table 1]

2.4 Standardised test meal and appetite ratings

Full details of the test-meal protocol are provided elsewhere (5). Briefly, a homogenous
pasta-based test meal providing 1.6 MJ of energy, of which 61% of carbohydrate, 26% was
fat and 13% was protein was given around lunch time at CID1 and CID2. Participants were
requested to fast overnight before each test meal and could drink a maximum of 1 dl water
before the test. Participants were instructed to consume all of the test meal and were free to
drink water ad libitum. Visual analogue scale (VAS) ratings were obtained at 15 minutes
before and then at 15, 30, 60, 90, 120, 150, and 180 min after the start of the test meal. The

VAS for appetite measurement consisted of a series of 100 mm horizontal lines anchored with
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extreme appetite perceptions on both ends of each line (e.g. not at all hungry-very hungry).
They were used to answer each of the following 4 questions: how hungry are you? (not at all
hungry-very hungry), how full do you feel? (not at all full-very full), how strong is your
desire to eat? (not at all strong-very strong), how much food do you think you can eat? (none

at all-a large amount) (24).

2.5 Statistical analyses

Mean and standard deviations (SD) for participant characteristics and key variables are
provided in table 1. All variables reported were assessed for normality by visual inspection of
QQ plots and histograms. Analyses were run for all participants and separately for each sex
due to known differences in body composition dynamics between sexes. Proportionate change
in body composition was represented by the term %FFML which represents an integrated
change in both compartments and not simply a change in FFM (i.e. proportionate fat mass
loss (%FML) = 100 - %FFML). Percentage FFML was calculated as the change in FFM
during weight loss divided by total weight loss (i.e. (AFFM/Aweight)*100) (20,25).
Percentage FFML values above 80% (n=5) were removed due to this being the greatest
reported %FFML which was observed under conditions of semi-starvation in lean individuals
(26), therefore were considered erroneous measures. Absolute weight loss was chosen over
relative weight loss as we were investigating relative body composition and therefore using
absolute weight improves interpretability of body composition changes. Student’s t-tests and
chi-squared tests were conducted to test differences between sexes for continuous and
categorical variables respectively. We also examined the associations between baseline body
fat and %FFML for both sexes in line with previous observations (26,27) which can be found
in supplementary figure 1.

Next, Pearson correlations were conducted between predictor, outcome and covariate
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variables related to initial and changes in body composition and weight. Pearson correlation
was chosen based on visual inspection of the distribution of the variables through histogram
and Q-Q plots which were deemed to be parametric (28). Next, univariate linear regressions
were conducted to investigate crude associations between predictor and the outcome
variables. Beta coefficients were reported as unstandardized estimates and 95% confidence
intervals, representing the estimate and confidence of 1-unit change in predictor variable per
1kg change in weight outcomes at 26 weeks. Next, multivariate linear regression models were
generated for all individuals and by gender. The models were adjusted for dietary arm and
trial centre due to previously observed effects on weight loss maintenance (22,29). Further
adjustments were made for the amount of weight lost (as strong associations between weight
lost and regained has been shown previously; (21)), as well as initial body weight and body
fat, as proportionate changes in body composition are known to be influenced by initial body
size (26,27) and FFM loss may be more pronounced in leaner individuals, with potential
effects exerted on energy balance regulation (17). Lastly, we probed for interaction effects
between sex and the primary predictor (%FFML) in these multivariate models. Collinearity
and multicollinearity were tested by examining the variance inflation factors (VIF) of the
model variables which are reported in supplementary table 6 (of which none were deemed to
be highly covaried). Scatterplots were produced to visualise main effects.

To test whether differences in the composition of weight loss were associated with
changes in appetite measured over the duration of a standardized test meal, we calculated the
total area under the curve (AUC) using the trapezoid method (31) consistent with a previous
analysis of this data (5). Change in total AUC for hunger, fullness, desire to eat and
prospective consumption between CID1 and CID2 (i.e. CID2 — CID1) were calculated.
Lastly, the association between %FFML and change in appetite perceptions was assessed

using Pearson correlation following visual inspection of QQ plots and histograms by which
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10

they were deemed parametric. In a final step, we considered the effect of appetitive changes
in the available group of weight change at 26 weeks by Pearson correlation. This sub-analysis
is documented in supplementary analysis 1 with results provided in supplementary table 4.
In addition to examining proportionate change in body composition, we also considered
independent relative change in both FM and FFM compartments from baseline and used these
variables to predict both (1) weight regain at 26 weeks and (2) changes in appetite
perceptions. The specifics of this analysis are expanded in supplementary analysis 2 and
results are provided in supplementary table 5 and supplementary figure 2-3. Since the
present study is a post-hoc exploratory analysis, adjustment for the testing of multiple
outcomes was not employed (30). All significance testing, unless otherwise stated, was
performed using an alpha level of 0.05. All statistical analyses were conducted in R version

3.5.1 (www.r-project.org).

3. Results
3.1 Participant Characteristics

Baseline characteristics are reported in table 1. A total of 209 participants were included
in the primary analysis, of which 132 were females. There was no difference in age between
sexes. Males were heavier and had greater FFM than females at baseline, and females had
greater FM than males. Males lost greater amounts of absolute (13.0 (4.0) vs 10.1 (2.7) kg,
p<0.001) and relative (12 (3.3) vs 10.7 (2.4) %, p=0.002) weight than females, of which a
greater proportion was FFM (35.3 (16.3) vs 27.5 (15.8) %, p<0.001). Lastly, males regained
more weight during the 26-week follow up period than females (2.9 (4.7) vs 0.8 (4.7) kg,

p=0.001).

[insert table 1]
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3.2 Weight change at 26 weeks

Pearson correlations between predictor, covariates and weight change at 26-week follow-
up are provided in supplementary tables 1-3 for all participants, males and females
respectively. Univariate regression results predicting weight change at 26 weeks are provided
in table 2. In the total group, the amount of weight lost ($=0.267 (0.086, 0.448) kg, R?=3.3%)
significantly predicted weight change, and the fraction of weight lost as FFM tended towards
a significant association (=0.038 (-0.001, 0.078) %, R?=1.8%). In males, the amount of
weight (B=0.401 (0.148, 0.654) kg, R?>=11.4%) and %FFM (p=0.070 (0.006, 0.134) %,
R2=4.6%) lost during weight loss were significantly associated with subsequent weight
change. In females, weight loss (B=0.544 (0.264, 0.824) kg, R?>=10.0%) but not %FFM
(B=0.002 (-0.049, 0.052) %, R*=0.1%) lost was associated with subsequent weight regain.
The relationship between %FFML and subsequent weight change at 26 weeks is shown in

figure 2.

[Insert table 2]
[Insert figure 2]

Results from a multivariate linear model are reported in table 3. Following adjustment,
weight loss (B=0.57 (0.36, 0.77) kg) was associated with weight change at follow-up and
%FFML showed a tendency towards significance (p=0.041 (-0.001, 0.08) %, R’>=1.8%). In
males, both weight loss (f=0.65 (0.40, 0.90) kg) and %FFML (=0.09 (0.02, 0.15) %,
R?=6.5%) were positively associated with weight change. In females, weight loss (B=0.56
(0.20, 0.92) kg) but not %FFML affected subsequent weight outcomes ($=0.01 (-0.04, 0.07)
%, R?>=0.1%). As a final step, we entered the interaction term (sex x %FFML) into the full

model, which showed a tendency towards a sex interaction (p=0.056).

11
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3.3 Changes in appetite

Changes in subjective appetite in response to a standardised test meal before and after
weight loss are reported in table 4 which were indicative of an overall decrease in appetite.
Associations between changes in appetite and %FFML during weight loss are illustrated in
figure 3. In the total group, there was evidence of a weak positive association with %FFML
and change in hunger (r=0.28, p=0.07) and a weak negative association with change in
fullness (r=-0.30, p=0.054). Associations between %FFML and desire to eat (r=0.20, p=0.20)
or prospective consumption (r=0.09, p=0.71) were non-significant. In males, there was a
significant positive association between %FFML and change in hunger (r=0.69, p=0.002) and
desire to eat (r=0.61, p=0.009) and a weaker association with change in prospective
consumption (r=0.34, p=0.17). Lastly in males, a strong negative association with change in
fullness (r=-0.55, p=0.02) was observed. In females, non-significant associations between
%FFML and change in hunger (r=0.25, p=0.24) and fullness (r=-0.25, p=0.26) were observed.
No significant associations between %FFML and change in desire to eat (r=0.18, p=0.39) or

prospective consumption (r=0.02, p=0.94) were observed in females.

[insert figure 3]
4. Discussion

This study observed a positive association between %FFML and subsequent weight
change at 26 weeks, which was significant in males but not females. Positive associations
between %FFML and changes appetite collected during a test meal before and after weight
loss were inconsistent overall though stronger in males.

Body composition has long been associated with energy balance regulation, although

primarily as a key determinant of EE that explains up to 93% of the variance in RMR when

the size and composition of functional body compartments are determined (32). The

12
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interaction between dynamic changes in body composition during weight loss and regain has
not been well studied. While evidence suggests FFM and EI are positively associated in
individuals in approximate energy balance, weight loss decreases FFEM but usually increases
appetite (4,33).

To explain this paradox, Dulloo et al (2017) proposed two discrete homeostatic
control systems that operate through FFM and act on EI: a passive or ‘tonic’ positive
relationship which provides homeostatic matching of EI and EE via energy requirements; and
an active drive, triggered by reductions in the size and structural integrity of FFM
(specifically, protein from muscle and organs) which increases EI (16) (17). Evidence to
support this contention is sparse, stemming from the Minnesota starvation study (18), and
more recently from Vink et al. who reported an association between %FFML after 8-9kg
weight loss, and subsequent weight regain after 9 months (20). Also, a recent meta-regression
reported that integrated changes in FFM and FM explained greater variance in subsequent
weight response than weight loss alone (29% vs 40%, respectively) (21) suggesting functional
roles of both compartments above that of weight alone.

In the present study, we found evidence of longitudinal associations between %FFML
and subsequent weight change in males but not females. Sex differences may be because
%FFML was lower in females than in males (35% vs 27% respectively), potentially due to
the significant negative association which between %FFML and initial body fat
(supplementary figure 1) (27). The hypothetical ‘active drive’ in EI (and hence weight regain)
generated by reductions in FFM would be more pronounced in leaner individuals and males
due to higher %FFML with weight loss (34). After adjusting for total weight loss, initial
weight and body fat, addition of %FFML explained an additional 6.4% (p=0.009) of the
variance in weight regain in men and 1.2% (p=0.055) in the total group, but no effect was

seen in females. Weight loss was positively associated with weight regain in all analyses,

13
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however, the composition of this loss (specifically, %FFML) also seemed to explain
additional variance, suggesting a functional role of FFM in energy balance regulation.
Another interpretation of the present results is that greater %FML is associated with less
weight regain which is inconsistent with models suggesting that reduction in adipose tissue is
the primary determinant of weight regain via neuroendocrine adaptations (35). However,
when we examined the independent change in FFM and FM compartments from baseline
values during the LCD (see supplementary analysis 2), change in FM from baseline was not
associated with weight or appetitive outcomes, though change in FFM from baseline showed
a tendency towards weight and appetite effects in some cases (again only in male
participants).

The mechanism by which %FFML may be predictive of weight regain is unclear.
Greater loss of protein tissues (e.g. muscle and organs) causes greater reductions in EE, but
the effect of these changes on appetite and EI are less understood. Increased appetite
following weight loss is observed in some (4,36,37), but not all studies (5,38). Indeed, in a
previous analysis of the test meal VAS data used in the DiOGenes trial, post-prandial appetite
in response to the test meal was decreased in response to weight loss (5). Possible
explanations included: (i) participants were still in a negative energy balance at the time of the
second measure; (i1) reductions in gastrointestinal transit time following the 8-week LCD;
(iii) psychological habituation to smaller portion sizes, resulting in greater satiety from the
test-meal following the LCD.

Similar to Andreissen et al., we observed an overall decrease in appetite during weight
loss in our sub-sample. Sex differences in the relationship between %FFML and appetite were
evident, with stronger correlations in males and weak-to-no correlations in females,
potentially driven by the greater %FFML observed in male participants or the smaller overall

change in appetite between visits in females. To our knowledge only one study has considered

14
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the effect of FFML on change in EI during extreme weight loss in lean individuals (17). The
current study suggests that the effect of %FFML on subsequent appetite is evident (albeit
relatively weak) in individuals with overweight and obesity undergoing therapeutic weight
loss. It has been suggested that signals released from protein tissue such as organ and skeletal
muscle (referred to as proteinstats) during weight and FFM loss may act on higher centres to
produce this effect (34). In a further step, we examined whether change in appetite predicted
weight change at 26 weeks (supplementary analysis 1). All correlations were generally in a
direction representative of increased weight change in response to greater increases in
appetite, however, most were non-significant, potentially due to the small sample sizes
available.

The fraction of weight lost as FFM is known to be affected by the magnitude of the
energy deficit, with diets such as VLCDs producing proportionately larger reductions in FFM
than less severe caloric restrictions (25). The mean %FFML in the present study (30.4%) was
comparable to that reported by several other studies (31-37%) in which weight reduction was
achieved by LCD or VLCD in similar populations with similar weight losses (39—42). In the
present study we observed large deviations from the mean, with many individuals losing over
50% of their weight as FFM, and some gaining FFM during weight loss (a phenomenon also
observed by Vink et al. (2016)). We removed individuals with %FFML > 80% (n=5) due to
this being the greatest recorded %FFML [26], assuming measurement error or substantial
water flux might explain these observations. Removing these outliers decreased apparent
effects of the relationships between %FFML and weight regain reported here. Furthermore,
there was a negative association between %FFML and weight loss. This can be explained by
the rapid losses of FFM in the initial phase of weight loss which slows over time, as described
previously (43,44). However, as we adjusted for both changes in body composition and total

weight loss this association does not confound the observed effect.
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It is hypothesised that the functional effect of FFM on El is activated by a threat to the
structure of organ and skeletal muscle tissue (i.e. protein) by prolonged negative energy
balance. Early work by Dulloo was based on FFM measurements which were adjusted for
hydration and relative bone mass (45). However, 2-compartment models of body composition
fail to differentiate between protein, water, mineral, carbohydrate and other components of
FFM. In the first few weeks of weight loss, changes in total body water are likely to
contribute disproportionately to FFML (44). Therefore, it is difficult to relate changes in 2-
compartment models to the functional properties of specific components of these
compartments. To further understand the functional role of body composition in various states
of energy balance, higher resolution body composition models should be used to estimate the
fractional contribution of water and protein to FFML and estimate change in individual organ
weights and mineral mass (46). Such models, longitudinally aligned with repeated
measurements of appetite, EI or EE may allow cause-effect relationships between changes in
body structure and components of energy balance that resist weight loss or promote weight
regain to be determined.

We were limited to individuals with overweight and obesity. It is likely that a similar
percentage of weight loss in a sample with healthy weight would have led to a greater
%FFML, which may have had a more pronounced impact on appetite and weight regain.
Further, we used repeated VAS scores during a fixed test meal to assess appetite, however,
further research using ad libitum EI may provide greater mechanistic insight. We were limited
in sample size for the analysis relating to appetite which was therefore constrained to basic
correlative associations and meant we were unable to examine whether changes in appetite
perceptions mediated the relationship between %FFML and weight change. Models may have
been better informed by inclusion of physical activity measurements during the weight loss

and maintenance phases due to interactions between activity, weight and body composition,
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though no accurate and consistent measure was available. Moreover, information on loss to
follow-up and withdrawal were unavailable in this specific sub-sample and may have affected
observed outcomes. A range of unmeasured physiological, cognitive and behavioural factors
may also have affected the observed outcomes though we were unable to adjust for these in
our models. Lastly, a 2-compartment model to assess longitudinal changes in body
composition, used change in FFM as a proxy for change in skeletal muscle and organ weights
which are likely to be the functional component of FFM.

These data suggest that the composition of weight loss may contribute to
physiological resistance to weight loss via appetitive responses, but under the conditions of
this study the effect was small and variable. In the whole population and males and females
separately, the amount of weight loss was a predictor of weight regain. Functional effects of
%FFML on subsequent appetite and weight regain were evident in males, but not in females.
These data are consistent with Dulloo’s model of an active drive from %FFML elevating
appetite (34). Relationships between changes in functional body composition, (measured
using more advanced methods and models) and energy balance behaviours warrant further

investigation.

Acknowledgements

The author’s responsibilities were as follows - WHMS and AA designed the DiOGenes
clinical study. JT designed and led the present study; JT and RJS were involved in
conceptualisation and hypothesis generating; JT and ROD implemented all statistical
analyses; JT and RIS wrote the paper; JT, RJS, GF, MH, NC, CD, TML, MAvVB JM were
involved in editing the manuscript; all authors approved the final manuscript; JT had primary
responsibility for the final content.

We also thank all individuals involved in the collection of data and trial maintenance at The

17



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

18

Universities of Maastricht, Cambridge and Copenhagen.

Funding: The Diogenes project was supported by a grant (FP6-2005513946) from the
European Commission of Food Quality and Safety Priority of the sixth Framework Program.
Local sponsors made financial contributions to the shop centres, which also received a
number of foods free of charge from food manufacturers. A full list of these sponsors can be
seen at www.diogenes-eu.org/sponsors/. Other sources of support included the University of
Copenhagen, the MH CZ 1t DRO (Institute of Endocrinology it EU 00023761) and MEYS CR
(OP RDE, Excellent research i ENDO.CZ), Hochschule fr Angewandte Wissenschaften
Hamburg, University of Leeds, German Institute of Human Nutrition, Maastricht University,
University of Navarra, and the National Medical Transport Institute. The funding bodies had
no involvement in: the design; the collection, analysis or interpretation of data; the writing of

the report; or in the decision to submit the paper for publication.

Data described in the manuscript, code book, and analytic code will be made available

upon request pending application to the DiOGenes trial

Conflicts of interest

Prof.Arne Astrup reports grants from European Community Contract no. FP6-2005513946,
during the conduct of the study; personal fees from Global Dairy Platform, personal fees
from McDonalds, USA, personal fees from McCain Foods, USA, personal fees from Lucozade
Ribena Suntory, UK, personal fees from Weight Watchers, USA, personal fees from NestIE

Research Center, Switzerland, personal fees from Gelesis, USA, personal fees from Swedish

18



424

425

426

427

428

19

Dairy, outside the submitted work. Prof. Thomas Meinert Larsen reports personal fees from
Sense Kost outside the submitted work. Prof James Stubs. consults for Slimming World UK,
through Consulting Leeds, a wholey-owned subsidiary of the University of Leeds. This
consultancy played no role in the funding or production of this paper. All other authors have

no conflicts of interest to declares.

19



References

1.

Franz MJ, VanWormer JJ, Crain AL, Boucher JL, Histon T, Caplan W, Bowman JD,
Pronk NP. Weight-Loss Outcomes: A Systematic Review and Meta-Analysis of
Weight-Loss Clinical Trials with a Minimum 1-Year Follow-Up. J Am Diet Assoc.
2007;107:1755-67.

Hintze LJ, Mahmoodianfard S, Auguste CB, Doucet E. Weight Loss and Appetite
Control in Women. Curr Obes Rep. 2017;6:334-51.

Sayer RD, Peters JC, Pan Z, Wyatt HR, Hill JO. Hunger, Food Cravings, and Diet
Satisfaction are Related to Changes in Body Weight During a 6-Month Behavioral
Weight Loss Intervention: The Beef WISE Study. Nutrients. Multidisciplinary Digital
Publishing Institute (MDPI); 2018;10.

Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A, Kriketos A, Proietto
J. Long-Term Persistence of Hormonal Adaptations to Weight Loss. N Engl J Med.
2011;17365:1597-604.

Andriessen C, Christensen P, Vestergaard Nielsen L, Ritz C, Astrup A, Meinert Larsen
T, Martinez JA, Saris WHM, van Baak MA, Papadaki A, et al. Weight loss decreases
self-reported appetite and alters food preferences in overweight and obese adults:
Observational data from the DiOGenes study. Appetite. 2018;125:314-22.

Friedman JM. Leptin and the regulation of body weigh. Keio J Med. 2011;60:1-9.
Andermann ML, Lowell BB. Toward a Wiring Diagram Understanding of Appetite
Control. Neuron. 2017;95:757-78.

Weise CM, Thiyyagura P, Reiman EM, Chen K, Krakoff J. Fat-free body mass but not
fat mass is associated with reduced gray matter volume of cortical brain regions
implicated in autonomic and homeostatic regulation. Neuroimage. NIH Public Access;

2013;64:712-21.



10.

11.

12.

13.

14.

15.

21

Hopkins M, Finlayson G, Duarte C, Whybrow S, Ritz P, Horgan GW, Blundell JE,
Stubbs RJ. Modelling the associations between fat-free mass, resting metabolic rate
and energy intake in the context of total energy balance. Int J Obes. 2016;40:312-8.
Blundell JE, Caudwell P, Gibbons C, Hopkins M, Nislund E, King NA, Finlayson G.
Body composition and appetite: fat-free mass (but not fat mass or BMI) is positively
associated with self-determined meal size and daily energy intake in humans. Br J
Nutr. 2012;107:445-9.

Vainik U, Konstabel K, Litt E, Miestu J, Purge P, Jiirimée J. Diet misreporting can be
corrected: confirmation of the association between energy intake and fat-free mass in
adolescents. Br J Nutr. 2016;116:1425-36.

McNeil J, Lamothe G, Cameron JD, Riou M—E, Cadieux S, Lafreniere J, Goldfield G,
Willbond S, Prud’homme D, Doucet E. Investigating predictors of eating: is resting
metabolic rate really the strongest proxy of energy intake? Am J Clin Nutr.
2017;106:ajcn153718.

Cameron JD, Sigal RJ, Kenny GP, Alberga AS, Prud’homme D, Phillips P, Doucette S,
Goldfield G. Body composition and energy intake — skeletal muscle mass is the
strongest predictor of food intake in obese adolescents: The HEARTY trial. Appl
Physiol Nutr Metab. NRC Research Press; 2016;41:611-7.

Jang BY, Bu SY. Total energy intake according to the level of skeletal muscle mass in
Korean adults aged 30 years and older: an analysis of the Korean National Health and
Nutrition Examination Surveys (KNHANES) 2008-2011. Nutr Res Pract.
2018;12:222.

Stubbs RJ, Hopkins M, Finlayson GS, Duarte C, Gibbons C, Blundell JE. Potential
effects of fat mass and fat-free mass on energy intake in different states of energy

balance. Eur J Clin Nutr. Nature Publishing Group; 2018;72:698—709.

21



16.

17.

18.

19.

20.

21.

22.

23.

22

Dulloo AG, Jacquet J, Miles-Chan JL, Schutz Y. Passive and active roles of fat-free
mass in the control of energy intake and body composition regulation. Eur J Clin Nutr.
Nature Publishing Group; 2017;71:353-7.

Dulloo AG, Jacquet J, Girardier L. Poststarvation hyperphagia and body fat
overshooting in humans: a role for feedback signals from lean and fat tissues. Am J
Clin Nutr. 1997;65:717-23.

Keys A, Brozek J, Henschel A, Mickelsen O, Taylor H. The Biology of Human
Starvation. Minnesota: University of Minnesota; 1950.

Friedl KE, Moore RJ, Hoyt RW, Marchitelli LJ, Martinez-Lopez LE, Askew EW.
Endocrine markers of semistarvation in healthy lean men in a multistressor
environment. J Appl Physiol. 2000;88:1820-30.

Vink RG, Roumans NJT, Arkenbosch LAJ, Mariman ECM, van Baak MA. The effect
of rate of weight loss on long-term weight regain in adults with overweight and
obesity. Obesity. 2016;24:321-7.

Turicchi J, O’Driscoll R, Finlayson G, Beaulieu K, Deighton K, Stubbs RJ.
Associations between the rate, amount, and composition of weight loss as predictors of
spontaneous weight regain in adults achieving clinically significant weight loss: A
systematic review and meta- regression. Obes Rev. John Wiley & Sons, Ltd (10.1111);
2019;0br.12849.

Larsen TM, Dalskov S-M, Van Baak M, Jebb SA, Papadaki A, Pfeiffer AFH, Martinez
JA, Handjieva-Darlenska T, KuneSova M, Stender S, et al. Diets with High or Low
Protein Content and Glycemic Index for Weight-Loss Maintenance A bs tr ac t
[Internet]. N Engl J Med. 2010.

Moore CS, Lindroos AK, Kreutzer M, Larsen TM, Astrup A, van Baak MA,

Handjieva-Darlenska T, Hlavaty P, Kafatos A, Kohl A, et al. Dietary strategy to

22



24.

25.

26.

27.

28.

29.

30.

31.

32.

23

manipulate ad libitum macronutrient intake, and glycaemic index, across eight
European countries in the Diogenes Study. Obes Rev. 2010;11:67-75.

Flint A, Raben A, Blundell JE, Astrup A. Reproducibility, power and validity of visual
analogue scales in assessment of appetite sensations in single test meal studies. Int J
Obes Relat Metab Disord. 2000;24:38-48.

Chaston TB, Dixon JB, O’Brien PE. Changes in fat-free mass during significant weight
loss: a systematic review. Int J Obes. 2007;31:743-50.

Hall KD. Body fat and fat-free mass inter-relationships: Forbes’s theory revisited. Br J
Nutr. NIH Public Access; 2007;97:1059-63.

Forbes GB. Lean body mass-body fat interrelationships in humans. Nutr Rev.
1987;45:225-31.

Ghasemi A, Zahediasl S. Normality tests for statistical analysis: a guide for non-
statisticians. Int J Endocrinol Metab. Kowsar Medical Institute; 2012;10:486-9.

Aller EEJG, Larsen TM, Claus H, Lindroos AK, Kafatos A, Pfeiffer A, Martinez JA,
Handjieva-Darlenska T, Kunesova M, Stender S, et al. Weight loss maintenance in
overweight subjects on ad libitum diets with high or low protein content and glycemic
index: the DIOGENES trial 12-month results. Int J Obes. Nature Publishing Group;
2014;38:1511-7.

Althouse AD. Adjust for Multiple Comparisons? It’s Not That Simple. Ann Thorac
Surg. Elsevier; 2016;101:1644-5.

Pruessner JC, Kirschbaum C, Meinlschmid G, Hellhammer DH. Two formulas for
computation of the area under the curve represent measures of total hormone
concentration versus time-dependent change. Psychoneuroendocrinology.
2003;28:916-31.

Heymsfield SB, Thomas DM, Bosy-Westphal A, Miiller MJ. The anatomy of resting

23



33.

34.

35.

36.

37.

38.

39.

40.

24

energy expenditure: body composition mechanisms. Eur J Clin Nutr. NIH Public
Access; 2019;73:166-71.

Fothergill E, Guo J, Howard L, Kerns JC, Knuth ND, Brychta R, Chen KY, Skarulis
MC, Walter M, Walter PJ, et al. Persistent metabolic adaptation 6 years after
&quot;The Biggest Loser&quot; competition. Obesity (Silver Spring). NIH Public
Access; 2016;24:1612-9.

Dulloo AG, Jacquet J, Montani J-P, Schutz Y. How dieting makes the lean fatter: from
a perspective of body composition autoregulation through adipostats and proteinstats
awaiting discovery. Obes Rev. 2015;16:25-35.

MacLean PS, Higgins JA, Giles ED, Sherk VD, Jackman MR. The role for adipose
tissue in weight regain after weight loss. Obes Rev. Wiley-Blackwell; 2015;16 Suppl
1:45-54.

Doucet E, Imbeault P, St-Pierre S, Alméras N, Mauriege P, Richard D, Tremblay A.
Appetite after weight loss by energy restriction and a low-fat diet-exercise follow-up.
Int J Obes Relat Metab Disord. 2000;24:906—-14.

Polidori D, Sanghvi A, Seeley RJ, Hall KD. How Strongly Does Appetite Counter
Weight Loss? Quantification of the Feedback Control of Human Energy Intake.
Obesity (Silver Spring). NIH Public Access; 2016;24:2289-95.

Iepsen EW, Lundgren J, Holst JJ, Madsbad S, Torekov SS. Successful weight loss
maintenance includes long-term increased meal responses of GLP-1 and PYY3-36.
Eur J Endocrinol. 2016;174:775-84.

Bérubé-Parent S, Prud’homme D, St-Pierre S, Doucet E, Tremblay A. Obesity
treatment with a progressive clinical tri-therapy combining sibutramine and a
supervised diet—exercise intervention. Int J Obes. 2001;25:1144-53.

Hoie LH, Bruusgaard D, Thom E. Reduction of body mass and change in body

24



41.

42.

43.

44.

45.

46.

25

composition on a very low calorie diet. Int J] Obes Relat Metab Disord. 1993;17:17-20.
Eston RG, Shephard S, Kreitzman S, Coxon A, Brodie DA, Lamb KL, Baltzopoulos V.
Effect of very low calorie diet on body composition and exercise response in sedentary
women. Eur J Appl Physiol Occup Physiol. 1992;65:452-8.

Janssen I, Ross R. Effects of sex on the change in visceral, subcutaneous adipose tissue
and skeletal muscle in response to weight loss [Internet].

Krotkiewski M. Value of VLCD supplementation with medium chain triglycerides. Int
J Obes. 2001;25:1393-400.

Heymsfield SB, Thomas D, Nguyen AM, Peng JZ, Martin C, Shen W, Strauss B,
Bosy-Westphal A, Muller MJ. Voluntary weight loss: systematic review of early phase
body composition changes. Obes Rev. John Wiley & Sons, Ltd (10.1111);
2011;12:e348-61.

Dulloo AG, Jacquet J, Girardier L. Poststarvation hyperphagia and body fat
overshooting in humans: a role for feedback signals from lean and fat tissues. Am J
Clin Nutr. 1997;65:717-23.

Miiller MJ, Geisler C, Hiibers M, Pourhassan M, Bosy-Westphal A. Body
composition-related functions: a problem-oriented approach to phenotyping. Eur J Clin

Nutr. Nature Publishing Group; 2018;1.

25



Tables

Table 1. Subject Characteristics

Age (years)
Country (%)

Denmark

UK

Germany
Diet Arm (%)

LPLGI

LPHGI

HPLGI

HPHGI

CTR
Baseline weight (kg)
Baseline FM (kg)
Baseline FFM (kg)
Baseline bodyfat (%)
Baseline FEM (%)
Weight loss (kg)
Weight loss (%)
FFML (%)

Weight change at 26 weeks (kg)

Total (n=209) Male (n=77) Female (n=132) p-value

209 77 132
42.4(5.7) 42.3(5.8) 42.5 (5.6) 0.804
0.283

95 (45.5) 38 (49.4) 57 (43.2)

51(24.2) 13 (16.9) 38 (28.8)

63 (30.1) 26 (33.8) 37 (28.0)
0.544

39 (18.7) 13 (16.9) 26 (19.7)

34 (16.3) 10 (13.0) 24 (18.2)

51(24.4) 23 (29.9) 28 (21.2)

42 (20.1) 17 (22.1) 25 (18.9)

43 (20.6) 14 (18.2) 29 (22.0)
99.58 (16.25) 108.78 (14.84) 94.21 (14.58) <0.001
40.07 (10.25) 36.12 (9.49) 42.37 (10.00) <0.001
59.05 (12.40) 72.26 (8.03) 51.34 (6.64) <0.001
40.26 (7.60) 32.84 (5.18) 44.59 (4.99) <0.001
59.74 (9.21) 67.16 (4.12) 55.41(3.11) <0.001
-11.17 (3.52) -13.04 (3.96) -10.08 (2.71) <0.001
-11.19 (2.84) -11.99 (3.30) -10.72 (2.43) 0.002
30.37 (16.38) 35.31(16.29) 27.49 (15.79) <0.001
1.57 (4.78) 2.94 (4.71) 0.77 (4.65) 0.001

Table 1 legend: Baseline characteristics collected at clinical investigation day 1. Mean (SD)

are reported for absolute values or percentages where stated. Weight loss was calculated as

the difference before and after the dietary intervention, and relative weight loss was this value



27

as a percentage of baseline weight. Percentage fat-free mass loss (%FFML) was calculated as
the fraction of weight lost as FFM (i.e. (AFFM/Aweight)*100) during the dietary intervention.
Abbreviations: control (CTR); fat-free mass (FFM), fat mass (FM); high-protein, low
glycemic index (HPLGI), high-protein, high-glycemic index (HPHGI); low-protein, low-
glycemic index (LPLGI), low-protein high-glycemic index (LPHGI); percentage fat-free mass
loss (%°FFML). P-values denote results of students t-tests for continuous variables and chi-

squared tests for categorical variables between males and females.
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Table 2. Univariate regression analyses predicting weight regain at 26 weeks

Predictor

Age (years)

Baseline weight
(kg)

Baseline FFM
(kg)

Baseline FM
(kg)

Baseline body
fat (%)

Weight loss
during LCD
(kg)

FFML (%)

All (n=209) Males (n=77) Females (n=132)
B Coefficient P-value R? B Coefficient P-value R? B Coefficient P-value R?
(95% CI) (95% CI) (95% CI)
0.091 (-0.023, 0.204) 0.119 1.2% 0.043 (-0.14, 0.226) 0.747 0.3% 0.126 (-0.014, 0.266)  0.081 2.3%
0.020 (-0.020, 0.060) 0.326 0.5% 0.031 (-0.041, 0.102) 0.263 1.6% -0.034 (-0.088, 0.021) 0.224 1.1%
0.085 (0.034, 0.136) 0.002 4.8% 0.107 (-0.024, 0.237) 0.080 3.3% -0.003 (-0.124,0.117)  0.959 0%
-0.075 (-0.138, -0.012)  0.020 2.6% -0.009 (-0.122, 0.103) 0.968 0% -0.070 (-0.149, 0.009)  0.082 2.2%
-0.160 (-0.243, -0.077)  <0.001 6.5% -0.133 (-0.337,0.071) 0.205 2.1% -0.126 (-0.285, 0.033) 0.122 1.8%
0.267 (0.086, 0.448) <0.001 3.3% 0.401 (0.148, 0.654) <0.001 11.4% 0.544 (0.264, 0.824) <0.001  10.0%
0.038 (-0.001, 0.078) 0.059 1.8% 0.070 (0.006, 0.134) 0.039 4.6% 0.002 (-0.049, 0.052)  0.949 0.1%




Table 2 legend. Univariate linear regression analyses predicting weight change at 26 months in 209 individuals following weight loss. Each
unstandardised beta-coefficient represents 1kg weight change at 26 weeks per unit of the predictor. For example, a beta value of 0.27 (0.09, 0.45)
kg for weight loss means that for every 1kg of weight regained, an average of 0.27 kg (ranging from 0.09 — 0.45kg of weight was lost). For
categorical variables these represent difference from the reference group.Weight loss was calculated as the difference before and after the dietary
intervention, and relative weight loss was this value as a percentage of baseline weight. Percentage fat-free mass loss (%FFML) was calculated as
the fraction of weight lost as FFM (i.e. (AFFM/Aweight)*100) during the dietary intervention. Abbreviations; fat-free mass (FFM), fat mass

(FM), fat-free mass loss (FFML), LCD (low-calorie diet).



Table 3. Multivariate linear regression models predicting weight regain at 26 weeks

30

Multivariate
model 2
Trial centre
Denmark *
UK
Germany
Dietary arm
Control *
LPLGI
LPHGI
HPLGI

HPHGI

Baseline
weight (kg)

All (n=209) Males (n=77) Females (n=132)

B Coefficient P-value  Adjusted R?! P Coefficient P-value Adjusted R?! B Coefficient P-value Adjusted R?!
(95% CI) (95% CI) (95% CI)

<0.001 <0.001 32.5% 0.007 11.2%
0 0 0
2.53(0.98, 4.08) 0.002 4.25 (1.64, 6.87) 0.002 1.60 (-0.40,3.61) 0.120
-0.02 (-1.51, 1.47) 0.981 -0.89 (-3.15,1.36) 0.44 0.78 (-1.45,3.01) 0.493
0 0 0
-0.61 (-2.46, 1.24) 0.519 -2.45(-5.58,0.69) 0.131 0.07 (-2.31,2.45) 0.951
-0.28 (-2.22, 1.67) 0.780 -1.69 (-4.95,1.57) 0.312 0.20 (-2.25,2.65) 0.873
0.29 (-1.43, 2.00) 0.746 -0.53 (-3.14,2.09)  0.695 0.71 (-1.61,3.04) 0.548
0.92 (-0.91, 2.74) 0.325 -0.89 (-3.70,1.92)  0.537 1.79 (-0.64, 4.22)  0.151
0.08 (0.04, 0.13) <0.001 0.14 (0.06, 0.23) 0.001 0.04 (-0.04,0.11)  0.302

30



31

Baseline body  -0.20 (-0.28,-0.11)  <0.001 -0.37 (-0.61,-0.14)  0.002 -0.05 (-0.27, 0.653

fat (%) 0.16)

Weight loss 0.57 (0.36, 0.77) <0.001 0.65 (0.40, 0.90) <0.001 0.56 (0.20,0.92)  0.003

(kg)

%FFML 0.041 (-0.001, 0.08)  0.055 1.8% 0.09 (0.02, 0.15) 0.009 6.5% 0.01 (-0.04,0.07)  0.690 0.1%

Table 3 legend. Multivariate linear regression model predicting weight change at 26 weeks. 'R2 for %FFML denotes the change in variance
explained when %FFML is added to the model. 2Model adjusted for dietary arm and trial centre. *reference group for a given categorical
variable. Each unstandardised beta-coefficient represents 1kg weight change at 26 weeks per unit of the predictor variable. For example, a beta
value of 0.57 (0.36, 0.77) kg for weight loss means that for every 1kg of weight regained, an average of 0. 57 kg (ranging from 0.36 — 0.77kg of
weight was lost). For categorical variables these represent difference from the reference group. Abbreviations; Control (CTR); fat-free mass loss
(FFML); high-protein, low glycemic index (HPLGI), high-protein, high-glycemic index (HPHGI); low-protein, low-glycemic index (LPLGI),

low-protein high-glycemic index (LPHGI)
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Table 4. Self-reported appetite perceptions measured by visual analogue scale in response to a fixed test meal

All (n=40) Males (n=17) Females (n=23)

CID1 CID2 Change p-value CID1 CID2 Change p-value CID1 CID2 Change p-value

Hunger 6144 4626 -1518 0.051 7926 6102 -1825 0.123 4876 3670 -1207 0.231
(3884) (3004) (3068) (3737) (2890) (2644) (3615) (2695) (3417)

Fullness 10876 12497 1620 0.048 9719 11320 1601 0.191 11651 13217 1566 0.150
(4106) (3115) (3695) (3950) (3008) (3653) (4182) (2986) (3874)

Desire 6725 4837 -1888 0.015 8435 5940 -2495 0.034 5531 4126 -1405 0.151
(3947) (2818) (3381) (3671) (2762) (2864) (3829) 2677) (3776)

Prospective 7071 4929 -2144 0.004 9044 6407 -2637 0.014 5640 3970 -1671 0.070
(3718) (2853) (3351) (3286) (2488) (2878) (3481) (2681) (3699)

Table 4 legend. Visual analogue scale ratings for hunger, fullness, desire to eat and prospective consumption given as mean (SD) calculated as
the total area under the curve by trapezoid method summating 8 repeated measures beginning 15 minutes before and ending 180 minutes after a
fixed pasta-based test meal. P-values denote significant differences between clinical investigation days 1 and 2 in each group as tested by
students t-test. Abbreviations; clinical investigation day 1 (CID1) (before dietary intervention); clinical investigation date 2 (CID2) (after dietary

intervention).
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Figure 1 legend. Participant flow diagram detailing recruitment and participation in clinical
investigation days. The number of participants with data available for analysis 1 (the effect of
percentage fat-free mass loss (%FFML) on weight change at 26 weeks) and 2 (the effect of
%FFML on change in appetite perceptions in response to a fixed test meal) are provided.
Abbreviations: clinical investigation day (CID); dual-energy x-ray absorptiometry (DXA);

fat-free mass loss (FFML); low-calorie diet (LCD); visual analogue scale (VAS).

Figure 2 legend. Scatterplot and unadjusted linear trendlines showing associations between
the proportion of weight lost as fat-free mass (as measured by dual-energy x-ray
absorptiometry (DXA) before and after an 8-week low calorie diet(LCD)) and subsequent
weight change at 26 weeks follow up in all participants (dashed black line), males (black
circles; solid black line) and females (grey triangles; dotted grey line). Abbreviations;

percentage fat-free mass loss (%FFML).

Figure 3 legend. Scatterplots and unadjusted linear trendlines showing associations between
the proportion of weight lost as fat-free mass during an 8-week low calorie diet (LCD) and
changes in appetite during the 8 weeks. Results are reported for hunger (red), fullness (green),
desire to eat (blue) and prospective consumption (purple). Figure (A) represented results in
the total group (n=40); (B) represents the results in males (n=17) and (C) represents the
results in females (n=23). Scores were calculated as the total difference in area under of curve
from 8 repeated measures around a fixed test meal, and change scores were calculated as the
difference between clinical investigation day 1 and 2. Abbreviations; area under curve (AUC),

percentage fat-free mass loss (%FFML);.visual analogue scale (VAS),



