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Abstract

Background/Objectives: The Comprehensive Assessment of Long-term Effects of Reducing
Intake of Energy Phase 2 (CALERIE) study showed that individuals who are non-obese were able
to undergo significant calorie restriction (CR), yet the time course changes in adherence, weight,
and appetite are unknown. This analysis aimed to investigate the time course changes in
adherence, body weight, and appetite during the CALERIE study.

Subjects/Methods: Overall, 143 participants (body mass index: 21.9-28.0 kg/m?) were
randomized to a CR group that aimed to achieve 25% CR for 2 years. Throughout the intervention,
body weight was measured, and appetite was assessed through visual analogue scales. Algorithms
were utilized with body weight measurements to calculate adherence percentile score. Participants
targeted an adherence percentile score of 50, though being between 80 (lowest acceptable
adherence) and 10 (highest acceptable adherence) was adequate. Polynomial regression analyses
were used to assess time course changes.

Results: Polynomials indicated that adherence percentile score increased above 50 after
approximately week 20, although adherence remained acceptable (adherence percentile score less
than 80) (R2 = 0.89; P < 0.001). Weight loss occurred until approximately week 60 and then
plateaued (R2 > 0.92; P < 0.001). Hunger and thirst increased (R = 0.30; P< 0.001), but the total
increase in scale scores were less than 10 mm throughout the intervention.
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Conclusions: In individuals who are non-obese, adherence to 25% CR declines after 20 weeks,
but two years of CR that stimulates a meaningful reduction in weight, promotes aging-related
benefits and negligibly affects appetite is viable.

Introduction

Methods

Calorie restriction (CR) is the only known intervention that attenuates the rate of biological
aging and improves lifespan in animals (1). In humans, individuals who self-impose CR
exhibit numerous biological adaptions linked to lower cardiometabolic disease risk and
reduced age-related comorbidities (1).

Over two years, the Comprehensive Assessment of Long-term Effects of Reducing Intake of
Energy Phase 2 (CALERIE) study showed that prolonged CR causes 10% weight loss
during the first year and essentially maintained weight loss over the second year (2).
However, these observations were derived from clinical assessment visits conducted once
every 6 months, meaning the precise time course changes in body weight during CALERIE
are unknown. It is likewise unknown how adherence shifted during the intervention. Doubly
labelled water measurements were used to assess adherence during CR over the two years
(2), but these data were again collected once every 6 months and thus fail to capture
fluctuations that may arise between measurement points. Elucidating these fluctuations with
more frequent measurements would identify periods where individuals require additional
resources to augment adherence and maximize the benefits of prolonged CR.

Generally, in response to energy deficits, appetite increases (3-5), although changes are not
always seen (6). Anton et al.(7) showed CR did not alter subjective appetite ratings in
individuals who are non-obese, yet this study was performed over 6 months, meaning the
prolonged influence of CR on appetite ratings is unstudied in individuals who are
exclusively non-obese. We recently reported that hunger changes in CALERIE were
negligible (8); however, further parameters of appetite such as fullness, prospective food
consumption (PFC), general satisfaction, satisfaction with foods and thirst have not been
examined.

Accordingly, the aim of the current analysis was to investigate the time course changes in
adherence, body weight and appetite perceptions in participants who are non-obese and
undergoing prolonged CR.

2.1. Ethics and trial registration

CALERIE (clinicaltrials.gov registration: NCT00427193) was performed according to the
principles in the Declaration of Helsinki, and received approval from the institutional review
boards at Pennington Biomedical Research Center, Washington University, Tufts University,
and Duke University (9). Participants provided written informed consent before partaking in
the study, and a data and safety monitoring board provided oversight of the study.

This study was a 2-year randomized controlled trial conducted from January 2007 to March
2012. Participants were randomized to a CR group or an ad libitum control group in a 2:1
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ratio in favor of CR (Supplementary Figure 1). A permuted block randomization technique
was employed to achieve this desired ratio and treatment assignment was completed using a
telephone-based voice-response system (2).

2.2. Participants

Study recruitment, the screening process and exclusion criteria are detailed elsewhere (10).
Briefly, healthy participants with a body mass index (BMI) of 22.0 to 28.0 kg/m?2 and an age
of 20-50 years (male) and 20-47 years (female) were considered. Participants received a
telephone interview and completed three screening visits to determine eligibility.

2.3. Intervention

Details of the intervention have been reported elsewhere (11). In short, participants in the
CR group targeted an immediate and sustained 25% reduction in energy intake from energy
requirements determined at baseline, while the control group were instructed to maintain
habitual energy intake levels (12). Participants in the CR group attended individual and
group sessions that provided nutritional and behavioral strategies focused on optimizing
compliance (11). Conversely, the control group did not receive any intervention and
counselling sessions (11).

2.4 Computer tracking system

The computer tracking system (CTS) was employed to track participants in the CR group to
individually tailor the intervention and provide support based on the participant’s needs
(11,13). Information stored by the CTS was used as a barometer of compliance by
documenting session attendance, self-monitoring, adherence, and body weight (11).
Furthermore, toolbox algorithms adapted from previous regimens (14) guided counsellors in
providing suitable and specific strategies that assisted participants in reaching their energy
intake and weight loss goals.

All data derived from the CTS were input at dated individual and group counselling sessions
throughout the intervention. During the first 26 weeks, participants attended weekly
sessions, alternating between individuals and group sessions. Both individual and group
sessions continued to occur twice monthly until month 12 and then monthly unless
compliance to the intervention was compromised and more sessions were required (11). At
counselling sessions, participants’ body weight was measured using calibrated scales (Scale
Tronix 5200; Welch Allyn; NY) and recorded into the CTS. The CTS simultaneously
utilized weight loss algorithms and body weight measures to supply adherence percentile
scores, which served as an estimate of CR adherence (15). Described elsewhere (15), these
algorithms were created using inputs based on body weight, weight loss data from a
previous CR study (16), measurements of total daily energy expenditure at baseline and BMI
(15). They also take account of the curvilinear changes in weight typically seen during
weight loss regimens (15) A greater adherence percentile score is indicative of a lower
percent CR achieved, while a lower adherence percentile score denotes a higher percent CR
attained (15). Participants aimed to reach the 501" adherence percentile score, although to
account for inter-individual variability, being between the 80t percentile (lowest acceptable
weight loss) and the 10t percentile (highest acceptable weight loss) was considered
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acceptable, meaning that participants were considered adherent at less than 25% CR (11).
These percentile limits were illustrated, providing a zone within which weight loss and
compliance to CR was satisfactory (Supplementary Figure 2) (11).

The CTS was used to obtain participants’ subjective appetite and thirst perceptions at each
counselling session during the two-year intervention period (11). This was achieved by
participants completing a single set of 1200-mm visual analogue scales (\VAS) that obtained
participants appetite ratings during the previous week. Specifically, measures of hunger,
fullness, satisfaction, PFC, satisfaction with type of food (STF), satisfaction with amount of
food (SAF) and thirst over the previous week were measured (17). Though we did not
enforce any standardization stipulations prior to ratings, retrospective VAS are uniformly in
agreement with daily appetite ratings (18).

2.5. Anthropometry

At baseline, month 6, month 12, month 18 and month 24, participants completed assessment
visits where body weight was obtained. Calibrated scales standardized across study sites
(Scale Tronix 5200; Welch Allyn; NY; USA) were used to measure participants body
weight. Body weight measurements occurred in the morning after an overnight fast (= 8 h),
with participants only wearing a pre-weighed hospital gown.

2.6. Energy intake and percent CR

Energy intake was calculated using the intake balance method, which estimated energy
intake through doubly labelled water-determined energy expenditure and the change in body
composition (12). Energy intake values were then used to calculate percent CR at months 6,
12, 18 and 24 in the CR group.

Statistical analysis—The present study is an exploratory analysis of secondary data;
therefore, the sample size obtained in the CR group was used (9). Adherence percentile
scores, weight loss and appetite rating values were averaged to yield a biweekly mean value.
Data collected up to week 96 were considered in all analyses, since very few subjects
attended sessions beyond this point. Repeated measures analysis of variance assessed time-
course changes in outcome measures at 12-week intervals irrespective of normality (19). If
data were aspherical, a Greenhouse-Geisser correction was applied for epsilon < 0.75,
whereas the Huynh Feldt correction was utilized for lower levels of asphericity (> 0.75).
Polynomial regression analyses were used to fit trend lines for the intervention (2 years).
Week was represented in the model through linear (week), quadratic (week squared) and
cubic (week cubed) terms. The term that best represented the data was determined using the
lowest Akaike Information Criteria (AIC) (20), although polynomial regressions models
greater than the third-order were not applied to avoid over-parameterization. Each model fit
examined the main effect of the week parameter (week, week squared, week cubed) and
comprised of the average line of best fit and 95% confidence limits. Unless otherwise stated,
data were presented as mean (£SEM), while descriptive data were displayed as mean (£SD).
Data were analyzed through SAS version 9.3 (SAS Institute, Cary, NC, USA). Statistical
significance was set at £< 0.05 for all analyses.
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Results

3.1 Participant characteristics

Overall, 145 participants were randomized to the CR group, although two dropped out prior
to the start of the intervention, meaning 143 participants began the trial and were analyzed.
Most participants in the CR group were female (69.2%), and the mean (£SD) age and BMI
of the CR group were 38.0 (7.3) y and 25.2 (1.8 kg/m?), respectively (Supplementary Table
1). These and additional baseline characteristics of the CR group are detailed in
Supplementary Table 1.

3.2 Weight loss and percent CR at assessment visits

Data from clinic visits showed weight loss from baseline to month 6, 12, 18 and 24 was
9.9% (0.3%), 11.5% (0.4%), 11.4% (0.4%) and 10.4% (0.4%), respectively. The CR group
achieved an average CR of 11.7% (0.7%) over the two years. Mean (xSEM) percent CR
attained at month 6, month 12, month 18 and month 24 was 19.5% (0.8%), 10.8% (0.7%),
8.7% (0.8%) and 8.0% (0.9%), respectively.

3.3 Computer tracking system data

Table 1 shows changes in CTS-derived outcome measures at 12-week intervals. There was a
main effect of time for adherence percentile score, weight loss and percent weight loss (P <
0.001). Furthermore, subjective perceptions of hunger and thirst changed during the protocol
(P=<0.022), though no changes in ratings of fullness, satisfaction, PFC, SAF and STF were
observed (P= 0.225).

Figure 1A, 1B and 1C display the mean (xSEM) adherence percentile score, weight loss
from baseline and percent weight loss from baseline, respectively, while Table 2 documents
the results of the modelled trajectories for these endpoints. The trajectory of the adherence
percentile score was best fit with a third-order polynomial (R% = 0.89; £< 0.001). This
showed that adherence percentile score was increasing after approximately week 20 of the
intervention, indicating adherence to the prescribed CR was decreasing (Figure 2A).
Adherence percentile score increased until approximately week 60, with a steady plateau
thereafter (Figure 2A). Weight loss over the two years was best represented with a second-
order polynomial (R? = 0.93; £< 0.001), illustrating that body weight declined rapidly
within the first 40 weeks and then more steadily until it began to plateau after approximately
week 60 (Figure 2B). A second-order polynomial regression was similarly the best fit for
percent weight loss (RZ = 0.92; < 0.001), with the line of best fit showing the greatest
decline during the first 26 weeks before plateauing after approximately week 60 (Figure 2C).

Mean (xSEM) VAS ratings during the intervention are shown in Figures 3A, 3B, 2C, 3D,
3E, 3F and 3G; modelled trajectories for VAS ratings are documented in Table 2. Hunger
values increased over the CR intervention, with the best-fit regression showing a linear
increase of 0.056 mm every 2 weeks (R? = 0.30; A< 0.001; Figure 4A). Likewise, the best-
fit regression for ratings of thirst was linear, indicating that thirst perceptions increased by
0.058 mm every 2 weeks during the intervention (R = 0.35; £< 0.001; Figure 4G). There
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were, on the contrary, no changes in subjective ratings of fullness, satisfaction, PFC, STF
and SAF during the intervention (R2 < 0.07; £> 0.07; Figure 4).

Discussion

In the present study, we observed that adherence to a two-year CR intervention decreased
within 20 weeks and then continued to fall to week 60. However, an acceptable degree of CR
was still evident relative to baseline, and we showed that body weight declined within the
first 60 weeks of the intervention before plateauing. Furthermore, hunger and thirst VAS
ratings increased in a linear fashion, but there were no changes in other appetite parameters.

The CALERIE study induced a reduction in oxidative damage (21), improved
cardiometabolic disease risk factors (22) and did not alter quality of life (23) in the CR
group. Our novel findings showed a rise in adherence percentile score during CALERIE
from the intercept (50t percentile) at approximately week 20, with a continual increase until
roughly week 60, indicating that percent CR continued to fall until this point. These results
imply that compliance to 25% CR is challenging and are consonant with our energy intake
measures at clinic visits, which showed percent CR decreased to 10.8% by the end of year 1
and then further lowered to 8.0% CR at the end of the intervention (2). Given greater CR has
been associated with greater benefits to longevity (24), further innovative strategies may be
needed to bolster percent CR and age-related improvements, particularly after 20 weeks.
However, participants were experiencing CR relative to baseline and were generally within
the trials acceptable limits (adherence percentile score between 80 and 10), which were
implemented to account for diverse adherence between participants (9,11). The plateau in
adherence percentile score at approximately week 60 suggests that participants reached a
percent CR that is more sustainable. Indeed, at present, for individuals in obesogenic
environments who are non-obese and looking to adopt CR as a means of improving
longevity, average CR at approximately 8-10% represents an achievable and safe degree of
energy restriction over two years.

Our regression models suggest that weight loss peaked at approximately 12% at week 60
and then plateaued. This extends our clinic measures which showed that the CR group
displayed 8.3 kg of weight loss during the first 52 weeks prior to plateauing to 7.6 kg weight
loss at the end of the trial (2). Though weight loss in the first year would have been greater
had compliance (percent CR) not declined, participants were notably within acceptable
boundaries of weight loss (between the 80" and 10t percentile), and our data shows that
individuals who are non-obese are able to lose and maintain clinically significant weight loss
beyond one year. The maintenance of weight in year 2, in particular after week 60, suggests
that the CR group reached a new equilibrium where energy intake met energy expenditure
and weight was relatively stable (25). That is, despite the reduction in CR adherence, energy
intake after week 60 was: 1) still lower than baseline, 2) relatively stable, and 3)
commensurate with lower energy expenditure values reported previously (2).

The weight loss achieved in CALERIE was impressive, particularly due to the inclusion of
normal weight participants. In individuals who are overweight or obese, a meta-analysis
showed body weight decreased by 5% after 26 weeks in response to diet interventions, with
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weight loss maintained at 4.6% and 4.4% at weeks 52 and 104, respectively (26). Some also
see significant weight regain at year 2 of weight loss trials (27,28), and this has been
attributed to body weight set points that initiate biological processes to defend body weight
once it falls below a particular threshold (29). The weight changes seen in our group of
individuals without obesity are an ostensible contradiction to this set point hypothesis. More
in line with alternative models of weight control that underscore the importance of
environment as well as inherent biology (30), our findings potentially imply that conserved
mechanisms of weight control can be overcome by rigorous lifestyle interventions (29).
Such interventions could have included the evidence-based sessions supplied throughout the
trial that aimed to promote goal setting, enlist social support, improve calorie estimations,
limit portion size, increase self-monitoring and prevent relapse (11). It is, however,
noteworthy that our model proposed an upswing at weight at the end of the two-year CR
period. Although it is difficult to predict the weight loss changes if CALERIE had been
extended, these data could imply that marked weight regain may have occurred if the trial
had been lengthened.

The stability of appetite perceptions is crucial in attenuating weight regain and maintaining
dietary regimens within obesogenic environments (31). Our data indicates that hunger and
thirst increased in the CR group, yet the mean increase was only 0.056 mm and 0.058 mm
every 2 weeks, respectively, which equates to an increase of ~3 mm over the course of the
intervention. Researchers have suggested that a change of 10% (10 mm) in VVAS scores is
meaningful and reasonable in the context of appetite (17,32); thus, it is likely that the rise in
hunger and thirst seen in the CR group has little clinical relevance. We additionally saw no
change in fullness, satisfaction, PFC, STF and SAF, affirming that the CR group experienced
trivial changes in appetite and satisfaction with food. This supports Anton et al. (7) who
documented that appetite VAS ratings were not significantly altered during 6 months of CR
in individuals who were non-obese. These also corroborate our findings from clinic visits
that show that hunger changes, examined with the food craving-state questionnaire and
eating inventory, were negligible in the CR group compared to the ad libitum group (8). It is
particularly striking that appetite perceptions were not meaningfully altered in the first 12
months when weight loss was greatest. Indeed, 12 months of weight loss has been shown to
decrease concentrations of tonic appetite suppressant leptin (33) and increase the orexigenic
hormone ghrelin (34), potentially leading to a rise in appetite and weight regain in
individuals with obesity (5). While our findings may indicate that appetite perceptions are
differentially altered during CR because of obesity status, it is equally possible that the
implementation of strategies that assisted the CR group manage hunger, satiety and food
cravings are implicated in our findings (11). This included recommending diets rich in
protein and fiber, which have been effective in ameliorating elevations in appetite (35,36)
and should be considered in controlling appetite during prolonged energy deficits. Further, it
is viable that rises in appetite were blunted by the general decline in adherence and therefore
additional work is needed to determine how changes in appetite are related to fixed changes
in energy intake during prolonged CR regimens.

The CALERIE trial was an extensive study with high quality outcome measures, but this
work is a secondary analysis and limitations are present. Though our goal was to examine
appetite in the preceding week using validated measures, a potential limitation of our study
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was that we did not standardize the timing of appetite measurements. We must also
acknowledge that our weight loss algorithms were derived from only one year of CR, which
means our weight loss projections in the second year are more hypothetical (2). In addition,
the current analysis did not contain data from the ad libitum control group, as ratings were
principally used to monitor the CR group, and the control group were not provided any
interventional sessions during the trial, rendering consistent appetite measurements difficult.
Although it is possible the rigorous nature of the CR intervention lessened the need for a
control group, appetite has been shown to increase in CR and control groups during short-
term CR studies (7). This suggests our analyses would have benefited from the control group
and additional randomized controlled trials are needed. Finally, given our data was averaged
biweekly, our time course analyses did not incorporate a true baseline value.

In conclusion, in humans who are non-obese, a well-assisted CR intervention induces
significant weight loss for just over a year and maintains weight loss without triggering
meaningful changes in appetite. Adherence to a 25% CR diet is attainable for approximately
20 weeks, with continued reductions until 8-10% CR. While these findings indicate that
25% CR is challenging in obesogenic environments, a tailored CR protocol can stimulate a
reduction in body weight that does not increase appetite and leads to health benefits related
to longevity. Longer follow-ups are now required to determine if these changes are
maintained beyond two years of CR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Adherence percentile score (A), weight loss (B) and percentage weight loss along with the
accepted upper (80t percentile) and lower (10t percentile) boundaries of percent weight
loss (C) and in the calorie restriction group during CALERIE. Values are mean + SEM. Bold
line indicates mean values, dashed lines indicate 10t and 80t percentile.
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Figure2.

Modelled regression curves for adherence percentile score (A), weight loss (B) and
percentage weight loss (C) during CALERIE. Bold line indicates best fit, shaded area

indicates 95% confidence limits.
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Figure 3.

Hunger (A), fullness (B), satisfaction (C), prospective food consumption (D), satisfaction
with type of food (E), satisfaction with amount of food (F) and thirst (G) in the calorie
restriction group during CALERIE. Values are mean = SEM.
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