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Metabolic adaptation is associated et

with less weight and fat mass loss in response
to low-energy diets
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Abstract

Background: The practical relevance of metabolic adaptation remains a controversial issue. To the best of our
knowledge, no study has properly evaluated the role of metabolic adaptation in modulating weight loss outcomes.
Therefore, the aim of this study was to determine the association between metabolic adaptation, at the level of rest-
ing metabolic rate (RMR), and weight and fat mass (FM) loss after low-energy diets (LED), after adjusting for dietary
adherence and other confounders.

Methods: 71 individuals with obesity (BMI: 346+ 34 kg/mz; age: 454 482 years; 33 males) were randomized to one
of three 1000 kcal/day diets for 8 weeks. Body weight, FM and fat-free mass (FFM) (air displacement plethysmogra-
phy), RMR (indirect calorimetry) and physical activity level (PAL) (armbands) were measured at baseline and at week

9. Metabolic adaptation at week 9 was defined as measured RMR minus predicted RMR at week 9. An equation to
predict RMR was derived from baseline data of all participants that were part of this analysis and included age, sex,

FM and FFM as predictors. Dietary adherence was calculated from RMR, PAL and body composition changes. Linear
regression was used to assess the potential role of metabolic adaptation in predicting weight and FM loss after adjust-
ing for dietary adherence, average PAL, sex, baseline FM and FFM and randomization group.

Results: Participants lost on average 14 44 kg of body weight (13 £ 3%) and presented with metabolic adapta-

tion (—92 4110 kcal/day, P<0.001). Metabolic adaptation was a significant predictor of both weight (3 =—0.009,
P<0.001) and FM loss (B =—0.008, P<0.001), even after adjusting for confounders (R>=0.88, 0.93, respectively,
P<0.001 for both). On average, an increase in metabolic adaptation of 50 kcal/day was associated with a 0.5 kg lower
weight and FM loss in response to the LED.

Conclusion: Inindividuals with obesity, metabolic adaptation at the level of RMR is associated with less weight and
FM loss in response to LED.

Trial registration ID: NCT02944253.
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Background

Metabolic adaptation, a reduction in energy expenditure

below predicted levels in response to weight loss, has
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balance (EB) status of the participants [8]. Despite being
significant during negative EB (on average 100 kcal/d),
metabolic adaptation is of minor magnitude (on average
50 kcal/day) when measurements are done under condi-
tions of weight stability following weight loss [8, 9]. This
is in line with previous findings showing that the exist-
ence or not of metabolic adaptation depends on study
design, with cross-sectional studies, comparing obese-
reduced individuals to body mass index (BMI)-matched
controls, not reporting metabolic adaptation [10-14],
while longitudinal studies report metabolic adaptation
[15-20], likely because measurements are taken during
negative EB.

Despite the abundance of studies, discussed above, on
the existence and magnitude of metabolic adaptation, less
is known regarding its clinical relevance. Even though
several studies have suggested that metabolic adaptation
could be a potential explanatory mechanism for resist-
ance to weight loss and/or an important driver of long-
term weight regain (relapse) [1-5], no study has, to our
knowledge, shown metabolic adaptation to be associated
with less weight loss or more weight regain. In fact, we [8,
9] and others [18] have reported metabolic adaptation, at
the level of RMR, not to be a risk factor for weight regain.
However, we have also recently shown in premenopausal
women with overweight, that metabolic adaptation with
a 16% weight loss increases the length of time necessary
to achieve weight loss goals [21]. Taken together, these
results suggest that metabolic adaptation during negative
EB may be relevant to weight loss success.

However, it remains to be investigated if metabolic
adaptation is associated with worse weight loss out-
comes. Therefore, the primary aim of the present analy-
sis was to determine if metabolic adaptation, at level of
RMR, was associated with weight and/or fat mass (FM)
loss, after adjusting for dietary adherence and other con-
founders, in a population of individuals with obesity. We
hypothesized that metabolic adaptation would be asso-
ciated with less weight and FM loss in response to low-
energy diets (LED).

Methods

Participants

Participants in this analysis are part of a large weight loss
study (ASKED - Ketosis and Appetite Suppression), aim-
ing to identify the maximum carbohydrate (CHO) intake
still associated with appetite suppression in a LED.

The original study enrolled adult (18-65 years old)
healthy volunteers, men and women, with obesity
(BMI>30 kg/m?), weight stable (<2 kg variation in
weight within the last 3 months), not currently dieting
to lose weight and not using any medications known to
affect body weight, appetite or metabolism. Given that
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both RMR and appetite of normally ovulating women
has been shown to vary across the menstrual cycle [22,
23], but not in those who take oral contraception [24],
we only included post-menopausal women, women tak-
ing oral contraceptives or those with a normal menstrual
cycle (28 +2 days) in the study. This was done to ensure
that all measurements were taken in the same phase of
the menstrual cycle.

The study was approved by the local ethical commit-
tee (REK Midt-Norge, Norway) and all participants pro-
vided informed consent before participation. The trial
was registered on the 25 October 2016, in Clinicaltrials.
gov (NCT02944253), https://clinicaltrials.gov/ct2/show/
NCT02944253.

Study design

This weight loss study was a randomized control trial
with repeated measurements. All participants, both
men and women, were randomized to one of three iso-
caloric 1000 kcal/day LEDs containing varying amounts
of CHO (70, 100, and 130 g CHO in each group) and a
fixed amount of protein (75 g/day). Participants were
provided with modular products built specifically for this
study (Food Innovation, Oslo, Norway), including shakes
and soups, and were encouraged to consume up to 100 g/
day of low-starch vegetables and were allowed ad libi-
tum consumption of non-caloric beverages. Participants
followed this diet for 8 weeks at the Regional Center for
Obesity Research and Innovation (ObeCe) in Trondheim,
Norway. For more details about the intervention, please
see Martins et al. 2020 [8]. A flowchart of the study can
be seen in Fig. 1.

Data collection

Measures of compliance

Diet For the entire duration of the trial, participants
attended weekly individual 20-min consultations with
study personnel to monitor food intake, body weight
(SECA 877 body weight scale, SECA, Hamburg, Ger-
many) and ketosis in urine (acetoacetic acid concentra-
tion in urine measured using Ketostix reagent strips
(Ascensia Diabetes Care, Basel, Switzerland) and blood
(B-hydroxybutyrate concentration in blood measured
using FreeStyle Precision Neo (Abbott Laboratories, Que-
bec, Canada)).

Participants were asked to fill out and submit paper-
based food diaries every week detailing all they had con-
sumed each day and to note any side effects they might
have experienced. Weekly food diaries obtained from all
participants at weeks 2, 5 and 8 of the study were plot-
ted into an online diet planner, Kostholdsplanleggeren
(Norwegian Directorate of Health and the Norwegian
Food Safety Authority, Oslo, Norway) to estimate actual
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Assessed for eligibility (n=127)

Randomization Study 1 (n=101)

Baseline assessment (n=99)

Week 9 (n=71)

Excluded (n=26)

- Did not meet inclusion criteria (n=10)
- Decline to participate (n=13)

- Other reasons (n=3)

Did not come to baseline assessment (n=2)

Dropouts (n=12)

- Could not adhere to the diet (n=6)
- Intolerance to the diet (n=1)

- Personal reasons (n=5)

No RMR data at week 9 (n=12)

No PAL data at week 9 (n=4)

Fig. 1 Flowchart of the study. RMR: resting metabolic rate, PAL: physical activity level

daily average energy and macronutrient intake during the
weight loss phase of the trial.

Physical activity Participants were asked not to change
their physical activity (PA) levels during the study. To
check for compliance, participants were asked to wear
armbands (SenseWear) for 7 days at baseline (week before
the start of the study) and at week 8. These data were
considered valid if the participants wore the device for
>4 days, including at least one weekend day, more than
95% of the time [25]. Information on physical activity level
(PAL) was extracted from the armbands and provided an
indication of an individual’s daily physical activity (< 1.40
indicates extremely inactive, 1.40—1.69 indicates seden-
tary, 1.70-1.99 indicates moderately active, 2.00-2.40,
indicates vigorously active and >2.40 indicates extremely
active).

Outcome variables

The following measurements were conducted at baseline
and week 9 (W9) (immediately after weight loss, in nega-
tive energy balance), while the participants were in the
fasting state and immediately after they had voided in the
morning:

Body weight, fat mass and fat-free mass

Body weight and composition (fat mass (kg) and fat-free
mass (kg)) were determined by whole body air displace-
ment plethysmography (BOD POD, COSMED, Albano
Laziale, Italy).

Resting metabolic rate

RMR was measured by indirect calorimetry (Vmax
Encore 29 N; Care Fusion, Baesweiler, Germany) using a
canopy system and standard operating procedures [26].

Adherence to diet

Dietary adherence was estimated using a modified ver-
sion of the original protocol proposed by del Corral and
colleagues [27]. First, total energy expenditure (TEE))
was calculated for each individual participant using two
methods: (1) RMR x PAL derived from armbands and
(2) RMR x 1.4. The results from these two methods were
averaged to derive one TEE value for each individual.
The reason for this approach is that individuals are likely
to increase their PA levels when they wear monitoring
devices [28]. TEE at baseline and week 9 was calculated
(as described above) and the average of both (TEE base-
line and TEE week 9) used. The expected daily kilocalorie
loss was calculated as average TEE (baseline and week 9
for each individual)—actual daily average energy pro-
vided by the diet (food diaries). Second, to convert losses
of FM and FFM (from BOD POD) to energy (i.e. kilocalo-
ries lost), we used energy coefficients of 9.3 and 1.1 keal/g,
respectively [29, 30]: actual daily kilocalorie loss=[FM
lost (g) x 9.3 kcal/g] + [FFM lost (kg) x 1.1 kcal/g]. Third,
knowing the actual daily kilocalorie loss and the expected
daily kilocalorie loss, we calculated the daily kilocalorie
discrepancy, an index of dietary adherence: daily kilocal-
orie discrepancy =actual daily kilocalorie loss—expected
daily kilocalorie loss. A daily kilocalorie discrepancy
of zero represents 100% adherence. A positive number
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would indicate a greater than expected daily kilocalorie
loss, whereas a negative number would suggest less than
expected daily kilocalorie loss. Fourth, we expressed die-
tary adherence in relative terms: percent daily kilocalorie
adherence = (actual daily kilocalorie loss/expected daily
kilocalorie loss) x 100.

Statistical analysis

Only participants with data available at baseline and W9
were included in this analysis.Statistical analysis was per-
formed with SPSS version 22 (SPSS Inc., Chicago, IL),
data presented as mean=+SD and statistical significance
set at P<0.05. Changes in body weight and composition
over time were assessed with paired t-tests. The pres-
ence of metabolic adaptation was tested by paired t-tests,
comparing measured RMR (RMRm) and predicted RMR
(RMRp) at the same time points. An equation to predict
RMR was derived from baseline data of all participants
that were part of this this analysis and included age, sex,
FM and FFM as predictors.

RMRp (kcal/d) = 505.945 + [110.894 x sex (1 for females
and 2 for males)] + [0‘402 x Age (years)}
+ [5.616 x EM (kg)] + [15.213 x FFM (kg)].

R? =0.79; P < 0.001

Linear Regression models were used to estimate the
relationship between weight and FM loss (in kg) at week
9 and metabolic adaptation, after adjusting for diet group
(70, 100 and 130 g CHO/day, as a categorical variable)
and varaiables known to modulate weight and FM loss
outcomes, such as adherence to the diet [27], average
PAL [31], sex and baseline body composition (FM and
FFM in kg) [32].

Additional analysis, including interaction terms for
age, sex and BMI, was performed by introducing an
interaction between metabolic adaptation and each
of the variables in model, in addition to the other vari-
ables (metabolic adaptation, age, sex, BMI, carbohydrate
group, PAL, dietary adherence and FFM). FM had to be
removed from this model, as FM and BMI are highly cor-
related and, therefore, their regression coefficients might
cancel each other out (multicollinearity).

Results
Seventy-one adult participants (38 males, 54%) with obe-
sity were included in the present analysis, with an average
age of 45+ 8 years and an average BMI of 35+ 3 kg/m? at
baseline (see Table 1).

Participants lost, on average 14.1£0.4 kg of body
weight (13.2+2.8%). FM and FFM (kg) were both
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Table 1 Participant characteristics at baseline and week 9

Baseline Week 9 P value
Age (years) 454482
Weight (kg) 1040+ 146 90.1£11.6 <0.001
BMI (kg/m?) 346+34 303+£30 <0.001
FM (kg) 433491 324486 <0.001
FFM (kg) 60.0+109 576499 <0.001
PAL 1.50£0.16 148+0.14 0.369
RMRm (kcal/day) 1856 £ 249 1654 £ 204 <0.001
RMRp (kcal/day) 1856+ 221 1746+ 193 <0.001
RMRm-p (kcal/day) —0014+113 —91.5£17710.4%%*

Data presented as mean = SD. P value for the comparison between baseline and
week 9. BMI: body mass index, FM: fat mass, FFM: fat-free mass, PAL: physical
activity level, RMR: resting metabolic rate. ***P <0.001 for the comparison
between RMRm and RMRp

Table 2 Regression models for predicting weight and fat mass
loss at week 9

Model B R? adjusted P

Weight loss at week 9 88% <0.001
Intercept 21.669 <0.001
Metabolic adaptation —0.009 <0.001
Adherence to the diet —0.069 <0.001
Average PAL —6.141 <0.001
Sex —0.304 0.711
FM at baseline —0.093 <0.001
FFM at baseline —0.277 <0.001
CHO group 1.490 <0.001

Fat mass loss at week 9 93% <0.001
Intercept 19.275 <0.001
Metabolic adaptation —0.008 <0.001
Adherence to the diet —-0.079 <0.001
Average PAL —6.023 <0.001
Sex —1.932 <0.001
FM at baseline —0.088 <0.001
FFM at baseline —0.120 <0.001
CHO group 1111 <0.001

Sex: 1 females; 2 males. PAL: physical activity level; CHO: carbohydrate; FM: fat
mass; FFM: fat-free mass

significantly reduced at W9 compared with base-
line (43.3+9.1 vs 32.448.6 kg and 60.0+10.9 vs
58.3+10.1 kg, respectively, P <0.001 for both compari-
sons). RMRm was significantly lower than RMRp after
weight loss (W9), resulting in a metabolic adaptation of
-91.54+110.4 kcal/day (P <0.001) (see Table 1).
Metabolic adaptation after weight loss was a signifi-
cant predictor of both weight (B=-0.009, P<0.001)
and FM loss (p=—0.008, P<0.001), even after adjust-
ing for dietary adherence, average PAL, and other
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confounders (R* adjusted =0.88 and 0.93, respectively,
P <0.001 for both) (see Table 2).

The interaction between metabolic adaptation and age,
sex and baseline BMI were not significant either in the
model to predict weight or fat mass loss.

Discussion

The present findings represent the first study examining
if metabolic adaptation, at the level of RMR, is associated
with the magnitude of weight and FM loss in response to
LED. We found that the larger the metabolic adaptation
(RMRm-RMRp) in absolute terms, the smaller the weight
and FM loss seen, independently of age, sex and BMI, and
after adjusting for variables known to modulate weight
loss responses, namely adherence to the diet, average
PAL, sex and baseline body composition. This suggests
that metabolic adaptation may worsen weight loss out-
comes during LEDs.

In the present analysis, individuals with obesity who
had lost an average of 14+4 kg (13%) of body weight,
over 8 weeks on a LED, presented with a metabolic adap-
tation of approximately —90 kcal/day at week 9. Our
regression model showed that even after adjusting for
adherence to the diet, average PAL, sex, baseline body
composition, and randomisation group, metabolic adap-
tation was still a significant predictor of both weight and
FM loss. On average, for each 50 kcal/day increase in
metabolic adaptation, weight and FM loss were reduced
by 0.5 kg. This might not seem of clinical relevance, given
that the average metabolic adaptation was only approxi-
mately —90 kcal/day at week 9. However, in face of the
large inter-individual variation in metabolic adapta-
tion seen in the present analysis, ranging from —337 to
+ 352 kcal/day, that would mean that those with the larg-
est metabolic adaptation (RMRm-RMRp=—337 kcal/
day) would lose 3 kg less of body weight and 2.7 kg of
FM, compared with those with no metabolic adapta-
tion (RMRm-RMRp =0 kcal/day). This probably helps to
explain some of the variation in weight (—28 to —7 kg)
and FM (—19 to —6) loss seen in response to the LED.

It needs to be taken into consideration that we have
only looked at metabolic adaptation at the level of RMR
and several studies have shown that metabolic adapta-
tion might in fact be of a larger magnitude at the level of
non-resting energy expenditure [15, 16]. This suggests
that overall, metabolic adaptation (regarding TEE) might
have an even larger contribution to weight and FM loss in
response to LEDs.

From our knowledge only one study has previously
reported an association between metabolic adapta-
tion and weight loss outcomes in response to energy
restricted diets. Goele and colleagues [33] reported that
metabolic adaptation, at the level of RMR, explained
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38% of the difference between measured and predicted
weight loss in 22 out of the 48 women with overweight
and obesity who experience metabolic adaptation after a
1000 kcal/day diet [33]. However, this study suffers from
several important methodological limitations. First, the
association was only seen in a subgroup who experienced
metabolic adaptation. Second, metabolic adaptation was
defined as a reduction in RMR/ kg of FEM. Despite FEFM
being the main determinant of RMR, FM also contributes
to RMR and should be included in the prediction model.
Third, no adjustments were done for dietary adherence
or PAL of the participants, both important determinants
of weight loss outcomes in response to dietary inter-
ventions. The present findings confirm the preliminary
findings by Goele and colleagues [33] and expand them
further, by showing that metabolic adaptation modulates
weight loss outcomes in both men and women with obe-
sity, even after adjusting for dietary adherence and other
important confounders. Moreover, we have recently
shown that metabolic adaptation, at the level of RMR,
increases the length of time necessary to achieve weight
loss goals (BMI <25 l(g/m2), in premenopausal women
with overweight [21].

The evidence previously discussed, together with the
present findings, suggest that metabolic adaptation might
be of clinical relevance. Despite the lack of association
between metabolic adaptation and increased risk for
weight regain [8, 9, 18], this phenomenon seems to be of
clinical relevance in modulating weight loss in the short-
term, in response to lifestyle interventions. Clinicians
need to be aware of inter-individual variations in meta-
bolic adaptation in response to negative EB when evalu-
ating success to weight loss interventions and not assume
that differences between measured and predict outcomes
result only from “cheating” (reduced compliance to the
intervention).

Our study has both strengths and limitations. The
main strength is the fact that we have adjusted for
important variables known to modulate weight loss
outcomes following energy restricted diets, namely
dietary adherence [27], PAL [31], as well as sex and
body composition at baseline [32]. Second, this analy-
sis includes a heterogeneous sample of both males and
females with obesity, with a wide range of BMI (30—
43 kg/m?) and age (26—62 years), which is important
for generalization purposes. The main limitation of our
study is the fact that our estimation of dietary adher-
ence was based on the assumption that energy needs
equal RMR x PAL, which is not 100% acurate. However,
the error associated with not having taken into account
exercise economy is likely minor, as the SD of exercise
economy in sedentary individuals has been shown to
be around 12% of the mean value [34], meaning that in
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the present study differences in economy would only
account for an average difference of 40 kcal/day in the
estimated TEE. Future studies should use TEE data
from doubly labeled water to provide a more accurate
estimate of energy needs.

Conclusion

In conclusion, in individuals with obesity, metabolic
adaptation at the level of RMR during a 13% weight
reduction is associated with less weight and FM loss in
response to LEDs. This effect is independent of potential
confounders, namely sex and initial body composition, as
well as adherence to diet and PAL.
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