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ABSTRACT
Background: Evidence in humans is equivocal in regards to whether
resting energy expenditure (REE) decreases to a greater extent than
predicted for the loss of body mass with weight loss, and whether
this disproportionate decrease in REE persists with weight-loss
maintenance.
Objectives: We aimed to 1) determine if a lower-than-predicted REE
is present in a sample of successful weight-loss maintainers (WLMs)
and 2) determine if amount of weight loss or duration of weight-
loss maintenance are correlated with a lower-than-predicted REE in
WLMs.
Design: Participants (18–65 y old) were recruited in 3 groups: WLMs
(maintaining ≥13.6 kg weight loss for ≥1 y, n = 34), normal-weight
controls [NCs, body mass index (BMI; in kg/m2) similar to current
BMI of WLMs, n = 35], and controls with overweight/obesity (OCs,
BMI similar to pre–weight-loss maximum BMI of WLMs, n = 33).
REE was measured (REEm) with indirect calorimetry. Predicted REE
(REEp) was determined via 1) a best-fit linear regression developed
with the use of REEm, age, sex, fat-free mass, and fat mass from our
control groups and 2) three standard predictive equations.
Results: REEm in WLMs was accurately predicted by equations
developed from NCs and OCs (±1%) and by 3 standard predictive
equations (±3%). In WLMs, individual differences between REEm

and REEp ranged from −257 to +163 kcal/d. A lower REEm

compared with REEp was correlated with amount of weight lost
(r = 0.36, P < 0.05) but was not correlated with duration of weight-
loss maintenance (r = 0.04, P = 0.81).
Conclusions: We found no consistent evidence of a significantly
lower REE than predicted in a sample of long-term WLMs based
on predictive equations developed from NCs and OCs as well as 3
standard predictive equations. Results suggest that sustained weight
loss may not always result in a substantial, disproportionately low
REE. This trial was registered at clinicaltrials.gov as NCT03422380.
Am J Clin Nutr 2018;108:658–666.
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INTRODUCTION

Metabolic adaptations occur during weight loss that result in
both an increase in hunger and a decrease in energy requirements
(1). The resulting “energy gap” (discrepancy between energy
desired and energy required) is thought to contribute to the
propensity for weight regain (1–6), and subsequent poor long-
term weight-loss maintenance (7). Adaptive thermogenesis (AT),
defined as a decrease in resting energy expenditure (REE) beyond
what is predicted from changes in body mass and composition
(5, 8, 9), is one such metabolic adaptation. Studies in rodents
have provided consistent evidence that weight reduction is
accompanied by suppression in REE [adjusted for fat-free mass
(FFM)], that this suppression in REE is sustained during weight-
loss maintenance, and that it has a significant impact on the risk
of weight regain (10–14).

However, evidence for AT in humans is equivocal. Several
studies have suggested that REE after weight loss is reduced
to a greater extent than predicted (9, 15–19) and that this
disproportionate reduction in REE persists long-term (1–6 y) (9,
20, 21). For example, a recently published study (9) evaluated
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14 contestants from “The Biggest Loser,” a televised weight-
loss competition. Using contestants’ baseline data to develop
predictive equations for REE, Fothergill et al. (9) reported that
mean REE after 6-y follow-up was ∼500 kcal/d lower than
predicted. These data have been interpreted by some to suggest
that weight-loss maintenance is a futile undertaking given this
substantial metabolic penalty imposed by a lower-than-predicted
REE (22, 23). However, other studies in weight-reduced humans
have found no evidence of AT or suggest that it resolves during
sustained weight-loss maintenance (24–29). Furthermore, there
may be individual-specific factors (such as amount of weight loss
or duration of weight-loss maintenance) that determine the extent
to which metabolic adaptation occurs during weight reduction
(5, 9, 20). It is possible that individuals for whom this adaptive
response is minimal, absent, or resolves with time, may be more
likely to successfully maintain weight loss.

We conducted a case-control study (NCT03422380) to 1)
evaluate whether evidence of a lower-than-predicted REE exists
in a unique group of successful weight-loss maintainers (WLMs,
maintaining weight loss of ≥13.6 kg for ≥1 y) and 2) explore
whether amount of weight loss or weight-loss maintenance
duration are correlated with the degree of AT, if present. The
magnitude of AT was determined by comparing measured REE
(REEm) with predicted REE (REEp) via 4 different predictive
equations. We hypothesized that the magnitude of adaptation
would be positively correlated with the amount of weight loss and
inversely correlated with the duration of weight-loss maintenance
(i.e., resolution of the adaptive response over time), and that these
parameters could explain the wide range of individual variability.

METHODS

This case-control study was conducted between October 2009
and August 2012 at the University of Colorado Anschutz Medical
Campus and was approved by the Colorado Multiple Institutional
Review Board.

Subject recruitment

Subjects were recruited through e-mail announcements and
campus-wide flyers. To enhance recruitment of WLMs, we sent
a letter to members of the National Weight Control Registry
(NWCR) living in the Denver Metro area, inviting them to
participate in the study. The NWCR was established in 1994
as a prospective cohort study to better understand successful
long-term weight-loss maintenance. NWCR entry criteria include
maintenance of ≥13.6 kg weight loss for ≥1 y (30). Interested
individuals were screened by telephone to determine if they met
preliminary eligibility criteria for 1 of 3 study groups: 1) WLMs
[maintaining ≥13.6 kg (30 lb) weight loss for ≥1 y]; 2) normal-
weight controls (NCs, BMI similar to the current BMI of the
WLMs), and 3) controls with overweight/obesity (OCs, BMI
similar to the maximum BMI of the WLMs). The NC and OC
groups self-reported not maintaining a >13.6 kg weight loss.
A nested subject selection procedure was used to obtain similar
distributions for age (categories <36, 36–49, and ≥50 y) and sex
(male compared with female) across all 3 groups. It was also
designed to ensure similar distribution for BMI between NCs’
and WLMs’ current BMI (kg/m2; categories <22, 23–25, and 26–
30) and similar distribution for BMI between OCs’ and WLMs’

pre–weight-loss maximum BMI (categories 26–30, 31–35, 36–
40, and ≥41).

Eligible individuals were invited to attend an in-person
screening visit. After providing informed written consent,
participants completed a health history, weight-loss history, and
a physical exam with the study physician. Participants were
excluded if they had any physical or medical condition that
restricted physical activity (including diabetes, cardiovascular
disease, cancer, and/or significant musculoskeletal, neurologic,
or psychiatric disorders), if they had bariatric surgery, were
currently taking weight-loss medications or other medications
known to affect appetite or metabolism, were smokers or had quit
smoking within the past 6 mo, were not weight stable (>5 kg
fluctuation in body weight over the past 6 mo), or were pregnant
or lactating. Eligible participants were invited to participate in the
study and scheduled for a 1-wk free-living monitoring period.

Body weight and composition

Weight was measured with a calibrated digital scale (to the
nearest 0.2 lb; Tanita, BWB-800) and height with a wall-mounted
stadiometer to the nearest 0.1 cm. Weight was collected at
screening, and on days 1 and 8 during the free-living monitoring
period. Waist circumference was measured just over the iliac
crests at screening with the use of a tape measure. Body
composition was measured by dual-energy X-ray absorptiometry
(Delphi-W version 13.1.0, Hologic Inc., Bedford, MA) at
screening. One OC participant’s supine body width exceeded
the scan window dimensions, so fat mass (FM) and FFM were
determined from bioelectrical impedance analysis (Tanita, TBF-
105).

REEm

REE was measured through the use of standard indirect
calorimetry (Truemax 2400, ParvoMedics, Salt Lake City, UT)
with the ventilated hood technique. Before each test was
performed, the metabolic cart gas analyzers and flow meter were
calibrated per the manufacturer’s recommendations. Participants
were instructed to fast for 12 h overnight, which was confirmed
by study staff upon arrival in the clinic. Upon arrival (∼0700),
participants rested supine, awake, and lightly clothed in a
thermoneutral (20–23◦C), dimly lit, quiet room for 30 min.
Respiratory gas exchange was measured for 15 min, using the
last 10 min to average REE. Criteria used to determine if
the REE measurement was acceptable included stability (CV
of the final 10 min <5%) and average metabolic equivalents
(<1.10). REE measurements that did not meet these criteria were
considered invalid and excluded from the analysis. REE was
measured on days 1 and 8 of the free-living monitoring period,
and averaged to produce a single value for REEm (intraclass
correlation coefficient = 0.96).

REEp

Data from 1) NCs only, 2) OCs only, and 3) NCs and OCs
combined were used to generate least squares best-fit linear
regression equations for REE as a function of FFM (kg), FM (kg),
age (years), and sex. These are the same predictor variables used
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by Fothergill et al. (9) to develop a predictive equation for REE in
“The Biggest Loser” contestants. We then applied the predictive
equations to WLMs, using their corresponding FFM, FM, age,
and sex to calculate REEp. The resulting predictive equations
(REEp) were as follows:

1) NCs (n = 35):
a. REE = 561.5 + 19.4 (FFM) + 1.4 (FM) − 2.4

(age) + 100 (sex∗) (R2 = 0.93)
2) OCs (n = 33):

a. REE = 749.8 + 15.0 (FFM) + 9.4 (FM) − 5.8
(age) + 134 (sex∗) (R2 = 0.89)

3) NCs + OCs (n = 68):
a. REE = 650.8 + 16.9 (FFM) + 7.6 (FM) − 4.5

(age) + 132 (sex∗) (R2 = 0.92)
∗F = 0, M = 1.
To compare REEm with REEp within all 3 study groups, REEp

was also determined through the use of 4 previously published
predictive equations: 1) Harris and Benedict (31), based on a
sample of “normal” men (n = 136) and women (n = 247) “of
widely different ages” studied in 1918; 2) Mifflin et al. (32),
derived from 498 healthy adults (251 men, 247 women), aged
19–78 y, including individuals of normal weight (n = 264) and
individuals with obesity (n = 234); 3) a predictive equation based
on tissue-specific metabolic rates (brain, skeletal muscle, adipose
tissue, bone, and residual mass) that was validated in 154 healthy
adults (74 men, 80 women; mean ± SD age: 33.8 ± 8.6 y, BMI:
24.4 ± 4.1), through the use of methods described previously
(33, 34); and 4) a least squares best-fit linear regression equation
for REE as a function of baseline FFM, FM, age, and sex from
16 contestants in “The Biggest Loser”, a televised weight-loss
competition (mean ± SD age: 34.9 ± 10.3 y, BMI: 49.5 ± 10.1),
published by Fothergill et al. (9).

Statistics

Statistical analyses were performed with the use of SAS
version 9.4 (SAS System for Microsoft, SAS Institute Inc., Cary,
NC), with the type I error rate fixed at 0.05 (2-tailed). Fisher’s
exact tests compared categoric demographic characteristics (sex,
ethnicity, and race) across the 3 groups. Normality of outcome
measures was checked with the Shapiro-Wilk test. For variables
where Shapiro-Wilk P < 0.05, data transformations were used. A
natural log transformation was used for weight, minimum weight,
maximum BMI, maximum weight ever lost, FFM, and REEm.
A square root transformation was used for maximum weight.
Untransformed means ± SDs are presented in the tables and
figures.

Differences between REEm and REEp were determined and
compared via a paired-samples t test. ANOVA (PROC GLM,
SAS) and 1-factor ANCOVA were used to test the null hypothesis
that 1) REEm, 2) REEm adjusted for FFM only, 3) REEm

adjusted for FFM and FM, 4) REEp, and 5) the difference
between REEm and REEp, in the 3 groups are drawn from
populations with the same mean values. A significant difference
between REEm and REEp that was <0 would provide evidence
of AT. Omnibus F test P values are reported, followed by
between-group pairwise comparisons. Pearson correlations were
used to determine whether maximum weight, maximum BMI,
maximum weight lost, and duration of weight-loss maintenance

were correlated with the difference between REEm and REEp,
predicted from NCs, in WLMs. Results are presented as
mean ± SD unless otherwise stated. Results were not corrected
for multiple comparisons. There was no a priori power analysis
for the outcome variables in this secondary analysis.

RESULTS

Study enrollment and subject characteristics

A total of 114 participants were screened, and 107 completed
the study. Subjects with ≥1 valid REEm (day 1 or day 8) were
included in the final analysis. Five subjects (WLMs: n = 1, NCs:
n = 1, OCs: n = 3) did not have a valid day 1 or day 8 REEm

and were excluded. Thus, 102 subjects were included in the final
analysis (34 WLMs, 35 NCs, 33 OCs; Figure 1). Of these,
14/102 (14%) had only 1 valid REEm (WLMs: n = 2, NCs:
n = 7, OCs: n = 5). Change in weight (day 1 – day 8) was
not significantly different from 0 in any subject group (WLMs:
0.09 ± 0.73, NCs: 0.07 ± 0.74, OCs: 0.29 ± 1.06 kg; P > 0.05).
In addition, day 1 and 8 weights had low variation, with a within-
individual CV of 0.63% ± 0.50%.

The nested subject selection procedures successfully achieved
similar group means for age, sex, and BMI (i.e., BMI of NCs
similar to WLMs’ current BMI, and BMI of OCs similar to
WLMs’ pre–weight-loss maximum BMI) (Table 1). Current BMI
of WLMs (24.0 ± 2.2) was not different from current BMI of
NCs (22.8 ± 1.9). Current BMI of OCs (33.1 ± 4.7) was not
different from the pre–weight-loss maximum BMI of WLMs
(33.0 ± 4.6, P = 0.90). WLMs reported maintaining a weight
loss of 26.7 ± 10.5 kg for a median of 6.0 y (IQR 3–12 y).

REEm

Day 1 and 8 REEm had low variation (within-individual
CV = 3.09% ± 1.99%). Unadjusted REEm was lower in WLMs
and NCs compared with OCs (Table 2). After adjusting for FFM,
both WLMs and NCs had significantly lower REEm compared
with OCs (Table 2). However, after adjusting for differences
in FFM and FM, there were no significant differences between
groups (Table 2).

REEm compared with REEp

We compared REEm with REEp in WLMs based on the
predictive equations developed from our control groups. There
were no significant differences between REEm and REEp

(Table 3). For additional analyses, we chose to rely on the NCs-
only equation because this equation 1) is based on a sample
of individuals that are most similar to our WLM sample and
2) had the highest R2 of the 3 predictive equations. Individual
differences between REEm and REEp, predicted from NCs,
ranged from −257 to +163 kcal/d (Figure 2). In WLMs, a
lower-than-predicted REE (predicted from NCs) was positively
correlated with maximum weight, maximum BMI, and maximum
weight lost (r = 0.51, r = 0.45, r = 0.36, respectively; P < 0.05),
but was not correlated with duration of weight-loss maintenance
(Figure 3A−D).

We also compared REEm with REEp in all 3 study groups
through the use of 3 standard predictive equations (31, 32, 34) as
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FIGURE 1 Study CONSORT diagram. CONSORT, Consolidated Standards of Reporting Trials; REE, resting energy expenditure.

well as the equation published by Fothergill et al. (9), developed
from “The Biggest Loser” contestants’ baseline data (Table 4).
When using the Harris and Benedict equation (31), REEm was
significantly lower than REEp in both WLMs and NCs, but not in
OCs, with no between-group differences in REEm − REEp. When
using the Mifflin equation (32), REEm was significantly higher
than REEp in all 3 groups, with no between-group differences
in REEm − REEp. Using the Mifflin equation (32), the ranges
of the difference between REEm and REEp were as follows:
WLMs, −124 to 214 kcal/d; NCs, −117 to 205 kcal/d; and
OCs, −156 to 264 kcal/d. When using the organ-size equation
(34), REEm was not significantly different from REEp in WLMs
and NCs but was significantly greater than REEp in OCs; the
difference between REEm and REEp in OCs was significantly
greater than the difference between REEm and REEp in both
WLMs and NCs. When using “The Biggest Loser” equation (9),
REEm was significantly lower than REEp in all 3 groups with
OCs having a significantly smaller difference between REEm

and REEp compared with both WLMs and NCs. The accuracy
with which REEm was predicted from REEp, calculated via the 4
equations, within each study group is shown in Table 4.

DISCUSSION

Although strong biological pressures toward weight regain
after weight loss have been identified (35, 36), our case-control
study suggests that a substantial, disproportionately lower REE
than predicted may not be a universal part of the biological
pressure to regain weight after weight loss in all humans. Our
primary findings are: 1) after adjusting for FFM and FM, REEm

in WLMs was not different than REEm in either control group;
2) on average, REEm in WLMs was accurately predicted by
equations determined from our weight-stable controls (±<1%)
and by 3 standard predictive equations (±2–3%); 3) in WLMs,
there was substantial interindividual variability in REEm – REEp,
suggesting that some WLMs exhibit a lower REE than predicted,
whereas other WLMs exhibit a higher REE than predicted; and
4) WLM with greater weight loss were more likely to exhibit a
lower-than-predicted REE.

We found no significant differences in REEm between WLMs
and controls after adjusting for FFM and FM, indicating that
body composition is a primary driving force for the between-
group differences in unadjusted REEm. All 3 predictive equations
developed from our controls accurately predicted mean REEm
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TABLE 1
Baseline characteristics of study participants1

Characteristic
WLMs
(n = 34)

NCs
(n = 35)

OCs
(n = 33)

P value,
omnibus

F test
P value,

WLMs:NCs
P value,

WLMs:OCs
P value,
NCs:OCs

Age, y 43.8 ± 11.3 45.6 ± 13.5 47.2 ± 10.7 0.50 0.52 0.24 0.59
Anthropometric measures

Weight,2 kg 68.3 ± 10.0 64.6 ± 11.5 93.2 ± 18.8 <0.01∗ 0.14 <0.01∗ <0.01∗
Height, cm 168.3 ± 9.32 167.6 ± 10.3 167.3 ± 9.7 0.90 0.77 0.66 0.88
BMI, kg/m2 24.0 ± 2.2 22.8 ± 1.9 33.1 ± 4.7 <0.01∗ 0.11 <0.01∗ <0.01∗
Waist circumference,3 cm 83.0 ± 6.9 82.4 ± 7.7 104.5 ± 12.8 <0.01∗ 0.80 <0.01∗ <0.01∗
Maximum weight,4 kg 93.5 ± 14.8 69.0 ± 12.0 99.5 ± 21.3 <0.01∗ <0.01∗ 0.17 <0.01∗
Minimum weight,2,5 kg 63.1 ± 10.4 55.5 ± 1.2 65.4 ± 15.4 0.02∗ 0.04∗ 0.61 0.01∗
Maximum BMI,2 kg/m2 33.0 ± 4.6 24.4 ± 2.0 35.3 ± 5.6 <0.01∗ <0.01∗ 0.03∗ <0.01∗
Maximum weight ever lost,2 kg 26.7 ± 10.5 6.1 ± 5.0 12.3 ± 7.8 <0.01∗ <0.01∗ <0.01∗ <0.01∗
Weight-loss maintenance duration,6 y 9.1 ± 9.2 n/a n/a n/a

Sex, male, n (%) 8 (24) 10 (29) 6 (18) 0.60
Ethnicity, n (%) 0.43

Hispanic/Latino 1 (3) 4 (11) 3 (9)
Not Hispanic/Latino 33 (97) 31 (89) 30 (91)

Race, n (%) 0.02∗
Caucasian 34 (100) 29 (83) 29 (88)
Black/African American 0 (0) 2 (6) 4 (12)
Asian 0 (0) 3 (8) 0 (0)
Not reported 0 (0) 1 (3) 0 (0)

DXA scan measures
Fat mass, kg 17.9 ± 4.7 17.7 ± 4.4 37.1 ± 9.7 <0.01∗ 0.93 <0.01∗ <0.01∗
Fat mass, % 26.9 ± 6.8 28.3 ± 6.8 40.2 ± 5.3 <0.01∗ 0.36 <0.01∗ <0.01∗
Fat-free mass,2 kg 49.1 ± 9.5 45.8 ± 10.7 54.7 ± 11.3 <0.01∗ 0.12 0.03∗ <0.01∗
Fat-free mass, % 73.1 ± 6.8 71.7 ± 6.8 59.9 ± 5.4 <0.01∗ 0.36 <0.01∗ <0.01∗

1Values are means ± SDs unless otherwise indicated. Chi-square or Fisher’s exact test was used for categoric variables; continuous variables were
analyzed via 1-factor ANOVA. ∗Significant P values (α < 0.05). DXA, dual energy X-ray absorptiometry; NC, normal-weight control; n/a, not applicable;
OC, control with overweight/obesity; WLM, weight-loss maintainer.

2Analyzed with the use of log (natural base) transformation, but untransformed means ± SDs are presented.
3n = 34 for NCs and n = 32 for OCs.
4Excluding pregnancy. Analyzed via square root transformation, but untransformed means ± SDs are presented.
5After age 18 y and excluding illness.
6Calculated as the difference between baseline visit year and the year the participant lost ≥13.6 kg.

in WLMs within ±1% (7–14 kcal/d), providing no evidence of
a lower-than-predicted REE. In addition, no consistent pattern
emerged from the use of 3 standard predictive equations to
compare REEm with REEp in WLMs. Consistent with previous

studies (37), the Harris and Benedict equation overestimated
REEm in WLMs by ∼2%. The Mifflin equation underestimated
REEm in WLMs by ∼3%. The organ size equation most
accurately estimated REEm in WLMs (within 1%). Of note,

TABLE 2
Comparison of resting energy expenditure across subject group1

Outcome, n WLMs
(n = 34)

NCs
(n = 35)

OCs
(n = 33)

P value,
omnibus F

test
P value,

WLMs:NCs
P value,

WLMs:OCs
P value,
NCs:OCs

REEm,2 kcal/d 1442.7 (1359.1, 1526.4) 1390.6 (1308.2, 1473.1) 1668.2 (1583.3, 1753.1) <0.01∗ 0.24 <0.01∗ <0.01∗
REEm,2 kcal/d,

adjusted for
FFM

1457.5 (1421.0, 1494.0) 1474.0 (1437.2, 1510.9) 1564.6 (1526.2, 1602.9) <0.01∗ 0.96 <0.01∗ <0.01∗

REEm,2 kcal/d,
adjusted for
FFM and FM

1485.4 (1445.3, 1525.5) 1500.7 (1460.7, 1540.6) 1507.5 (1453.7, 1561.3) 0.49 0.93 0.27 0.25

1Values are least square means (95% CIs) unless otherwise indicated. Results from 1-factor ANOVA or 1-factor ANCOVA. ∗Significant P values (α <

0.05). FFM, fat-free mass; FM, fat mass; NC, normal-weight control; OC, control with overweight/obesity; REEm, measured resting energy expenditure;
REEp, predicted resting energy expenditure; WLM, weight-loss maintainer.

2Analyzed with the use of log (natural base) transformation, but untransformed means and 95% CIs are presented.
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TABLE 3
Difference between REEm and REEp in weight-loss maintainers predicted with the use of control group data1

Predictive equation REEm, kcal/d REEp, kcal/d Difference, kcal/d (95% CI)
P value,

difference

NCs + OCs 1442.7 ± 192.7 1449.7 ± 202.6 − 6.9 ± 87.6 (−37.5, 23.6) 0.65
NCs only 1442.7 ± 192.7 1456.7 ± 217.9 − 13.9 ± 100.9 (−49.1, 21.2) 0.43
OCs only 1442.7 ± 192.7 1431.1 ± 187.3 11.6 ± 86.3 (−18.5, 41.7) 0.44

1Value are means ± SDs unless otherwise indicated. Results from paired-samples t test; total n = 34. NC, normal-weight control; OC, control with
overweight/obesity; REEm, measured resting energy expenditure; REEp, predicted resting energy expenditure.

the organ size equation underestimated REEm by ∼9% in OCs,
potentially because this equation was validated in a sample
of relatively normal-weight individuals (BMI 24.4 ± 4.1) and
may not be generalizable to individuals with overweight/obesity.
When REEp is within ±10% of REEm, the predictive equation is
considered accurate (37), thus, all standard predictive equations
accurately predicted REEm in all subject groups.

We also considered whether a lower-than-predicted REE might
be present in a subset of WLMs. Interindividual differences in
REEm – REEp (predicted from NCs) in WLMs ranged from
−257 to +163 kcal/d (−16% to +12%). This variability is
greater than the expected error in the accuracy of standard
predictive equations for REE (±10%) (37), which suggests
that some WLMs indeed exhibit a lower REE than predicted,
whereas other WLMs exhibit a higher REE than predicted. A
lower-than-predicted REE in WLMs was correlated with higher

maximum lifetime BMI and greater maximum weight loss, but
not with weight-loss maintenance duration. These correlations
are consistent with previous longitudinal studies (9, 20, 38, 39)
and reviews of AT (5, 40). Although the NCs-only equation
explained a high degree (93%) of variance in REEm, correlations
should be interpreted with caution because results could be due to
the limitations of predictive equations. Future large prospective
studies should explore additional factors that may contribute
to interindividual differences in AT such as genetics, rate and
method of weight loss, sex, race/ethnicity, physical activity level,
and/or hormonal/metabolic profiles.

In contrast to the relative accuracy we observed for equations
developed from our control groups as well as the 3 standard
predictive equations, the predictive equation developed from
“The Biggest Loser” contestants’ baseline data (9) substantially
overestimated REEm (by 16–26%) in all 3 subject groups. Results
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FIGURE 2 Individual variability in difference between REEm and REEp in WLMs. Bar chart of individual data for difference between REEm and REEp,
predicted via the NCs-only equation in WLMs (n = 34). NC, normal-weight control; REEm, measured resting energy expenditure; REEp, predicted resting
energy expenditure; WLM, weight-loss maintainer.
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FIGURE 3 Correlation between adaptive thermogenesis and other factors in WLMs: (A) maximum weight, (B) maximum BMI, (C) maximum weight
loss, (D) weight-loss duration. Scatter plot displaying results determined through the use of Pearson correlation to examine which factors were correlated with
AT (calculated as REEp – REEm) in WLMs (n = 34), with REEp predicted from NCs-only equation. A positive value on the x axis is indicative of AT. (A)
Positive correlation between AT and maximum weight (i.e., those with a higher maximum weight exhibited a greater degree of AT). (B) Positive correlation
between AT and maximum BMI (i.e., those with a higher maximum BMI exhibited a greater degree of AT). (C) Positive correlation between AT and maximum
weight lost (i.e., those with greater weight loss exhibited a greater degree of AT). (D) No correlation between AT and duration of weight-loss maintenance.
AT, adaptive thermogenesis; NC, normal-weight control; REEm, measured resting energy expenditure; REEp, predicted resting energy expenditure; WLM,
weight-loss maintainer.

from the current study differ from results from Fothergill et al.
(9) in which “The Biggest Loser” contestants were observed to
have a substantial and sustained reduction in REEm − REEp

(−499 ± 207 kcal/d) at 6-y follow-up (9). This discrepancy may
be due to several differences between the 2 studies including
factors related to study design (case-control study of successful
WLMs compared with longitudinal study of individuals par-
ticipating in a televised weight-loss competition) as well as
differences between study participants in regards to pre–weight
loss BMI (33.0 ± 4.6 compared with 49.5 ± 10.1), amount of
weight lost (26.7 ± 10.5 compared with 58.3 ± 24.9 kg), and rate
of weight loss. It should also be noted that the intent of Fothergill
et al. (9) was not to develop a generalizable predictive equation
for REE.

Our results provide a more optimistic picture for individual
obesity treatment. The resulting media coverage from “The
Biggest Loser” study (22, 23) may instill a sense of futility
of efforts to produce long-term weight loss. Although strong
metabolic adaptations toward weight regain after weight loss
likely exist (35, 36), our results suggest that a disproportionately
low REE is not observed in all weight-reduced individuals.
Further, despite our finding that a subset of WLMs do exhibit
a lower-than-predicted REE, these individuals were still able
to maintain a reduced body weight. Therefore, the existence
of AT does not necessarily preclude successful achievement
of long-term weight-loss maintenance. In addition, given the
overwhelming evidence that suggests extremely high recidivism
rates in obesity treatment (41), future research should explore
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TABLE 4
Difference between REEm and REEp, predicted from 4 predictive equations1

WLMs (n = 34)
NCs

(n = 35)
OCs

(n = 33)

P value,
omnibus F

test
P value,

WLMs:NCs
P value,

WLMs:OCs
P value,
NCs:OCs

Harris and Benedict (31)
REEm, kcal/d 1442.7 ± 192.7 1390.6 ± 261.8 1668.2 ± 275.3 <0.01∗ 0.24 <0.01∗ <0.01∗
REEp, kcal/d 1475.3 ± 190.3 1437.3 ± 225.3 1707.0 ± 299.9 <0.01∗ 0.52 <0.01∗ <0.01∗
Difference, kcal/d − 32.6 ± 84.4 − 46.6 ± 86.5 − 38.8 ± 116.1 0.83 0.55 0.79 0.74
P value, difference 0.03∗ <0.01∗ 0.06

Mifflin et al. (32)
REEm, kcal/d 1442.7 ± 192.7 1390.6 ± 261.8 1668.2 ± 275.3 <0.01∗ 0.24 <0.01∗ <0.01∗
REEp, kcal/d 1397.1 ± 202.4 1355.1 ± 248.8 1613.7 ± 274.1 <0.01∗ 0.48 <0.01∗ <0.01∗
Difference, kcal/d 45.7 ± 84.0 35.5 ± 88.7 54.5 ± 97.0 0.69 0.65 0.69 0.39
P value, difference 0.03∗ 0.02∗ <0.01∗

Hayes et al. (organ size) (34)
REEm, kcal/d 1442.7 ± 192.7 1390.6 ± 261.8 1647.2 ± 251.4 <0.01∗ 0.24 <0.01∗ <0.01∗
REEp, kcal/d 1430.7 ± 230.1 1363.2 ± 271.2 1500.0 ± 249.2 0.09 0.27 0.27 0.03∗
Difference, kcal/d 12.0 ± 125.5 27.4 ± 80.5 147.2 ± 137.4 <0.01∗ 0.58 <0.01∗ <0.01∗
P value, difference 0.58 0.05 <0.01∗

Fothergill et al. (“The Biggest
Loser” equation) (9)
REEm, kcal/d 1442.7 ± 192.7 1390.6 ± 261.8 1668.2 ± 275.3 <0.01∗ 0.24 <0.01∗ <0.01∗
REEp, kcal/d 1820.1 ± 306.0 1751.6 ± 363.5 1927.2 ± 323.9 0.10 0.39 0.19 0.03∗
Difference, kcal/d − 377.3 ± 159.4 − 360.9 ± 137.2 −259.0 ± 143.0 <0.01∗ 0.64 <0.01∗ 0.01∗
P value, difference <0.01∗ <0.01∗ <0.01∗

1Values are means ± SDs unless otherwise indicated. Results are based on paired-samples t test for examining the difference between REEm and REEp

within subject groups and 1-factor ANOVA for examining differences between subject groups. ∗Significant P values (α < 0.05). NC, normal-weight control;
OC, control with overweight/obesity; REEm, measured resting energy expenditure; REEp, predicted resting energy expenditure; WLM, weight-loss
maintainer.

2One participant in the OC group did not have a dual-energy X-ray absorptiometry scan completed, so n = 32 for OCs.

additional metabolic or behavioral adaptations that occur in
response to weight loss (e.g., changes in appetite/eating behavior,
work efficiency, or thermic effect of food) (1), which may provide
alternative drivers of weight regain.

Our study has several limitations. Because of the case-control
study design, we were unable to examine within-person changes
in REE longitudinally. Estimates of amount of weight loss and
weight-loss maintenance duration in WLMs were based on self-
reported data, which may have been overestimated. However,
given that the maximum weight loss reported (∼26 kg) was
twice the amount of the minimum entry criterion (13.6 kg) for
WLMs, it is unlikely that our results were affected. Our sample
did not include many individuals with BMI ≥ 40 and thus our
findings are not generalizable to individuals with morbid obesity.
Furthermore, our sample of 34 WLMs may have only included
individuals who did not experience a significant degree of AT,
which may in part explain their success. It is also possible that
AT exists in WLMs but that these changes were masked by
behavioral strategies (e.g., high levels of physical activity) that
are commonly observed in successful WLMs (42). Future studies
should explore factors that contribute to the success of WLMs
such as whether chronically high levels of physical activity
augment REE. Given our relatively homogeneous WLM sample
(76% female, 100% Caucasian), our results are not generalizable
to other populations. Our sample size was small and thus our
study may lack power to detect a clinically meaningful difference.
However, the 95% CI for REEm − REEp (predicted from NCs)
in WLMs indicates that the possible value of the mean difference
ranges from −49.1 to +21.2 kcal/d with 95% confidence
(43). Although differences of this magnitude appear relatively

small, they may be clinically important when extrapolated
over time.

In conclusion, predictive equations developed from our control
groups as well as 3 standard predictive equations accurately
predicted REE in WLMs (within ±3%), indicating no consistent
evidence of a lower-than-predicted REE in successful WLMs
who have maintained a weight loss of 26.7 ± 10.5 kg over an
average of 9.1 ± 9.2 y. However, there was large interindividual
variability (REEm – REEp range: −257 to +163 kcal/d), sug-
gesting that weight-reduced individuals may be a heterogeneous
group, with some who experience AT and others who may not.
Results from the current study suggest that sustained weight loss
may not always result in a substantial, disproportionately low
REE that inexorably predisposes individuals to regain weight.
Future research should explore underlying reasons for individual
variability in AT, additional metabolic adaptions that may drive
the high recidivism rates in obesity treatment, and behavioral
strategies to help counter these adaptations and prevent weight
regain.
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