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Abstract

Objective: Weight change is a dynamic function of whole-body energy balance result-
ing from the interplay between energy intake and energy expenditure (EE). Recent
reports have provided evidence for the existence of a causal effect of EE on energy
intake, suggesting that increased EE may drive overeating, thereby promoting future
weight gain. This study investigated the relationships between ad libitum energy in-
take and 24-hour EE (24-h EE) in sedentary conditions versus long-term, free-living
weight change using a mediation analysis framework.

Methods: Native American individuals (n = 61, body fat by dual-energy x-ray ab-
sorptiometry: 39.7% [SD 9.5%]) were admitted to the clinical inpatient unit and had
baseline measurements as follows: 1) 24-h EE accurately measured in a whole-room
indirect calorimeter during energy balance and weight stability; and 2) ad libitum en-
ergy intake objectively assessed for 3 days using computerized vending machines.
Free-living weight change was assessed after a median follow-up time of 1.7 years
(interquartile range: 1.2-2.9).

Results: The total effect of 24-h EE on weight change (-0.23 kg per 100-kcal/d dif-
ference in EE at baseline) could be partitioned into the following two independent
and counterbalanced effects: higher EE protective against weight gain (-0.46 kg per
100-kcal/d difference in EE at baseline) and an orexigenic effect promoting over-
eating, thereby favoring weight gain (+0.23 kg per 100-kcal/d difference in EE at
baseline).

Conclusions: The overall impact of EE on body weight regulation should be evaluated
by also considering its collateral effect on energy intake. Any weight loss intervention
aimed to induce energy deficits by increasing EE should take into account any poten-
tial orexigenic effects that promote compensatory overeating, thereby limiting the

efficacy of these obesity therapies.
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DUAL EFFECTS OF ENERGY EXPENDITURE ON WEIGHT CHANGE
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INTRODUCTION

Weight change is a dynamic function of whole-body energy balance,
i.e., energy intake and energy expenditure (EE). A straightforward
view of energy homeostasis in relation to body weight regulation as-
sumes that these two factors independently affect energy balance.
However, recent research has suggested that that these two factors
interact in contributing to daily energy balance, thereby impacting
weight change (1,2). The causal effect of energy intake on EE (i.e.,
diet-induced thermogenesis) has indeed been extensively studied in
humans (3-11). However, the causal effect of EE on energy intake
has not been fully explored, to our knowledge, despite seminal re-
search on this topic more than 50 years ago (12-15). This is because
of technical difficulties in the precise assessment of energy intake
in humans (16). In the past 10 years, research in this field has re-
surged, with multiple independent reports (17) showing that higher
EE is associated with greater energy intake independently from and
mediating the effects of body composition on energy intake (18,19).
This might reflect body energy-sensing mechanisms attempting to
achieve energy balance by centrally regulating energy intake on the
basis of the rate of energy expended by the organism (1,2,17,20).
Although matching energy intake to expenditure in humans would
seem to require a tightly regulated system, our research group
showed that interindividual variability in the positive relationship
between EE and ad libitum energy intake predicts future weight gain
(21). Specifically, participants defined by overeating compared with
their 24-hour EE (24-h EE; i.e., oversensing their daily energy needs)
(1) are more prone to gain weight over time (21).

In order to further elucidate the role of EE on weight change in
light of its positive influence on energy intake, we performed a me-
diation analysis between 24-h EE (as accurately measured in sed-
entary, non-exercise conditions inside a whole-room calorimeter
during energy balance) and objective measures of ad libitum energy
intake at baseline versus long-term, free-living weight change using
our previously published data from a longitudinal natural history
study (21).

METHODS

This analysis was performed using data from an ongoing clinical trial
(ClinicalTrials.gov identifier: NCT00342732) investigating the clini-
cal determinants of free-living weight change. From 2008 to 2015,
61 healthy individuals aged 18 to 45 years completed the baseline
inpatient admission and had available measurements as follows: 1)
24-h EE as accurately measured in a whole-room indirect calorim-
eter during energy balance and weight stability; and 2) ad libitum
energy intake objectively assessed for 3 days using computerized
vending machines. The characteristics of the study group, includ-
ing demographics, EE, body composition at baseline, energy intake
measurements over 3 days at baseline, and weight change at the
follow-up visit at least 1 year after the baseline visit, are reported
in Table 1.

Study Importance

What is already known?

» The balance between energy intake and energy expend-
iture (EE) determines weight change.

» Recent studies have shown a positive association be-
tween energy intake and EE.

What does this study add?

» The impact of EE on weight change is the net result of
two counterbalanced effects.

» The energy-consuming effect protects against weight
gain by increasing EE.

» The orexigenic effect promotes overeating and favors
weight gain.

How might these results change the direction of
research or the focus of clinical practice?

» Any effect due to increased EE could be counteracted
by increased drive to overeat.
» Physical activity level may modulate the magnitude of

the orexigenic effect.

TABLE 1 Baseline and follow-up measurements of study cohort
(h=61)

Baseline visit
Age (y) 340+79
Body weight (kg) 94.3 +26.1
BMI (kg/m?) 33.6+8.5
Body fat (%) 39.7 +9.5
Fat mass (kg) 38.5+16.8
Fat-free mass (kg) 55.8 + 13.7
24-h EE (kcal/d) 2,419 + 410
24-h spontaneous physical activity (%) 7.8+ 70
Sleeping EE (kcal/d) 1,726 + 297
Weight-maintaining energy intake (kcal/d) 2,790 + 281
Ad libitum energy intake (kcal/d) 4,386 + 1,144
Ad libitum energy intake (% of weight-maintaining 154 + 43
energy needs)
Food weight (g) 3,024 + 796
Energy density (kcal/g) 1.46 + 0.26
Follow-up visit
Weight change (kg) 34+75
Follow-up time (y) 1.7 (1.2-1.9)

Note: Data are presented as mean + SD, except for follow-up time,
which is reported as median with interquartile range in brackets.

Abbreviation: EE, energy expenditure.
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Upon admission to the clinical research unit, a weight-maintaining
diet (WMD; 50% carbohydrate, 30% fat, and 20% protein) was pro-
vided daily to the participants, and its caloric intake was calculated
using unit-specific equations based on gender and weight. Body
weight was recorded daily in the morning after an overnight fast and
was maintained within 1% of the admission weight by adjusting the
WMD by +200 kcal/d if needed. On the second day of admission,
dual-energy x-ray absorptiometry (DXA; DPX-1 or DPX-L; Lunar
Radiation) was performed to assess body composition with fat mass
and fat-free mass calculated from percentage of body fat. An inter-
nally validated regression equation was used to make DXA measure-
ments comparable between different DXA machines.

A 3-hour oral glucose tolerance test was performed after 3 days
on the WMD, and all participants were determined to be free from
diabetes based on American Diabetes Association (ADA) criteria
(22). All participants provided written informed consent prior to
beginning the study. The study was approved by the Institutional
Review Board of the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK).

EE measurement

After at least 5 days on the WMD, 24-h EE was continuously
measured in a large, open-circuit, whole-room indirect calorimeter
(respiratory chamber), as previously described (23-28). Briefly, par-
ticipants entered the respiratory chamber after an overnight fast.
Four meals were then provided to volunteers inside the chamber via
an airlock at 8:00 am, 11:00 aAm, 4:00 pm, and 7:00 pm. The total en-
ergy content of the four meals given was calculated using previously
described equations to achieve energy balance in the confined set-
ting of the respiratory chamber. All unconsumed food was returned
and weighed in the metabolic kitchen to determine the actual en-
ergy intake during each 24-hour session inside the chamber. While
residing in the respiratory chamber, participants were instructed to
remain sedentary and not to exercise. Spontaneous physical activ-
ity was measured by radar sensors and expressed as the percentage
of time over 24 hours when activity was detected (29). Volunteers
resided in the calorimeter for 23.25 hours, during which both car-
bon dioxide (CO,) production and oxygen (O,) consumption were
recorded and calculated every 15 minutes, averaged, and extrapo-
lated to 24 hours. The 24-hour respiratory quotient was calculated
as the ratio of 24-hour CO, production to 24-hour O, consumption,
and 24-h EE was calculated using the Lusk’s equation (30). Sleeping
EE was derived as the average EE of all 15-minute nightly periods
between 11:30 pm and 5:00 am during which spontaneous physical
activity was <1.5%.

Ad libitum energy intake assessment

Following the 24-h EE measurement inside the respiratory chamber,
ad libitum energy intake was measured over 3 days using automated
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vending machines as previously described (31-33). This objective
method has a high intraindividual reproducibility (intraclass correlation
coefficient = 0.9) for the measurement total energy intake in repeated
visits (34). Before accessing the vending machines, participants com-
pleted the Geiselman Food Preference Questionnaire (35), which was
used to determine food preferences for stocking of vending machines.
Specifically, participants were asked to rate their preference for a
variety of foods on a nine-point Likert scale, and 40 different foods,
which were given an intermediate rating, were used to stock the vend-
ing machines for the 3-day ad libitum period. These 40 foods, which
were weighed before being loaded into the vending machine by the
metabolic kitchen staff, were available each of the 3 days, along with
condiments. Participants were given free access to the machines for
23.5 hours and were instructed to eat only in the vending room, to eat
whatever they wished whenever they desired, and to return the uncon-
sumed food portions to the metabolic kitchen for calculation of actual
calories consumed. Television viewing during food consumption was
prohibited. In order to access food, each participant entered a unique
code into the computer operated vending machine, which recorded
the time and date that each food item was dispensed. Ingredients and
weight data for each item were imported into Food Processor SQL
Edition (version 10.0.0, ESHA Research), which provided calories and
macronutrient (fats, proteins, and carbohydrates) content of the foods.
The individual energy intake was calculated as the 3-day average of

daily total energy intake and expressed as kilocalories per day.

Free-living weight change

Upon completion of the inpatient admission, participants were not
provided with any lifestyle counseling and were advised to return to
their usual habits. Following discharge, all participants had a follow-
up outpatient visit for the measurement of weight change after a me-

dian follow-up time of 1.7 years (interquartile range: 1.2-1.9 years).

Statistical analysis

Mediation analysis based on hierarchical multiple regression mod-
els (36) was performed using the causal model framework shown
in Figure 1 to partition the total effect of 24-EE (independent vari-
able) on weight change (dependent variable) into the direct, “energy-
consuming” effect of 24-h EE per se and the indirect, “orexigenic”
effect via ad libitum energy intake (mediator). Specifically, the in-
direct effect of 24-h EE on weight change was calculated as the
product of the two path coefficients between 24-h EE — ad libi-
tum energy intake and ad libitum energy intake — weight change,
in which the following applies: 1) the path coefficient between 24-h
EE and ad libitum energy intake was calculated as the regression
coefficient of 24-h EE with ad libitum energy intake as dependent
variable; and 2) the path coefficient between ad libitum energy in-
take and weight change was calculated as the regression coefficient
of ad libitum energy intake from the multivariate regression model
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FIGURE 1 Dissecting the dual effects of 24-h EE on weight
change by considering its influence on ad libitum energy intake.
Mediation analysis was performed using the causal model
framework described previously (18) to partition the total effect
of 24-h EE (independent variable) on weight change (dependent
variable, median follow-up time: 1.7 years) into the direct, “energy-
consuming” effect of 24-h EE per se and the indirect, “orexigenic”
effect via ad libitum energy intake (mediator). At the baseline
inpatient visit, participants had accurate measurements of 24-h EE
in a whole-room indirect calorimeter during eucaloric conditions
and objective assessments of ad libitum energy intake over 3

days using a highly reproducible computerized vending machine
paradigm. Following discharge, all individuals had a follow-up
outpatient visit when body weight was recorded. EE, energy
expenditure; 24-h EE, 24-hour EE

including 24-h EE as covariate and weight change as dependent vari-
able. Finally, the direct effect of 24-h EE on weight change was cal-
culated as the regression coefficient of 24-h EE with weight change
as a dependent variable. Path coefficients are shown as mean (SE).

RESULTS

The current reanalysis showed that the total effect of 24-h EE on
weight change can be partitioned into the following two independ-
ent and counterbalanced effects (Figure 1): 1) the expected, energy-
consuming effect that is protective of future weight gain; and 2) the
orexigenic effect that promotes overeating, thereby favoring future
weight gain. As shown (Figure 2), the protective calorie-burning effect
of 24-h EE per se on future weight gain (-0.46 kg per 100-kcal/d dif-
ference in 24-h EE at baseline) is counterbalanced by the concomitant
positive influence of 24-h EE on energy intake (e.g., greater degree
of overeating), which is ultimately promoting weight gain (+0.23 kg
per 100-kcal/d difference in 24-h EE). Although protective overall
against weight gain, the total (observed) effect of 24-h EE on weight
change (-0.23 kg per 100-kcal/d difference in 24-h EE), which is the
net sum of the two aforementioned effects estimated by the media-
tion analysis, is therefore lower than that expected by 24-h EE per se,
as it is reduced by its orexigenic effect that increases energy intake,
thereby promoting weight gain. Specifically, in absolute terms, the
magnitude of this orexigenic effect attributable to 24-h EE (0.23 kg
per 100-kcal/d difference in 24-h EE) lowers the energy-consuming

Favoring weight loss Favoring weight gain

< »
<% >

Orexigenic
effect

+

Energy-consuming
effect

Total
effect

I I I
-1.0 -0.5 0.0 0.5 1.0

Effect on weight change
(kg per 100 kcal/day
difference in 24-h EE at baseline)

FIGURE 2 Counterbalancing effects of 24-h EE on weight
change. Effects are shown as mean (SE). The total effect of 24-h EE
on weight change (-0.23 kg per 100-kcal/d difference in 24-h EE)
is the net sum of the direct, “energy-consuming” effect of 24-h EE
per se (-0.46 kg per 100 kcal/d) and the indirect, “orexigenic” effect
via ad libitum energy intake (+0.23 kg per 100 kcal/d). The indirect
effect of 24-h EE on weight change was calculated as the product
of the two path coefficients between 24-h EE — ad libitum energy
intake and ad libitum energy intake — weight change, as shown in
the mediation analysis scheme of Figure 1, in which the following
apply: 1) the path coefficient between 24-h EE and ad libitum
energy intake was calculated as the p coefficient estimate of 24-h
EE from the respective linear regression model; and 2) the path
coefficient between ad libitum energy intake and weight change
was calculated as the p coefficient estimate of ad libitum energy
intake from the multivariate regression model including 24-h EE as
covariate. EE, energy expenditure; 24-h EE, 24-hour EE

protective effect (0.46 kg per 100-kcal/d difference in 24-h EE) of
24-h EE against weight gain by half.

DISCUSSION

The magnitude of each counterbalancing effect of EE on weight change
may depend on factors such as ethnicity, body habitus, and physical
activity level. Our measurements of 24-h EE obtained in a whole-room
indirect calorimeter represent the individual’s total EE in sedentary
(non-exercise) conditions during controlled dietary condition of energy
balance, i.e., during a low level of daily energy turnover. When levels of
daily energy turnover are lower, control of appetite is weaker (37) (i.e.,
ad libitum energy intake is greater than 24-h EE, thereby leading to
positive energy balance), suggesting that the presence and magnitude
of the orexigenic effect might be greater in sedentary conditions, as in
our study. Conversely, the orexigenic effect may be negligible or ab-
sent in settings of higher physical activity levels, which has been more
commonly observed in free-living conditions, as it has been recently
demonstrated that overeating and positive energy balance are less
likely in conditions of higher energy turnover levels (37).
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Furthermore, the reduced level of physical activity in the ar-
tificial environment of the metabolic ward in concert with the
extent of overeating observed during the vending period (i.e., ad
libitum energy intake was, on average, 54% higher than the weight-
maintaining energy needs; Table 1) may not reflect that of free-
living conditions, thus limiting the generalization of our current
findings. However, the energy intake assessment by this objective
method provides highly reproducible measures within an individual
(intraclass correlation coefficient, ICC = 0.9, p < 0.0001) (34), rep-
resenting one of the most precise and consistent methods to ob-
jectively measure energy intake in a clinical setting as opposed to
food frequency questionnaires (38) and self-reported diet diaries
(39) used to measure energy intake in real-life settings, which, in
turn, are notoriously inaccurate, as individuals tend to miscalculate
and underreport their daily intake.

The existence of an orexigenic effect attributable to EE might
partly explain the varying results in the relationship between EE
and weight change in multiple studies conducted in different eth-
nic groups showing direct, inverse, or no relationships (1). These
variable results may be due to differing magnitude of the two coun-
terbalancing effects attributable to EE (energy-consuming vs. orex-
igenic) on weight change. For instance, the relationship between
lower EE and weight gain consistently found in Native American
individuals of the Southwestern United States (40-43) suggests
that the magnitude of the orexigenic effect on weight change may
be smaller than that of the energy-consuming effect. However, this
orexigenic effect is present and it presumably counterbalances (or
blunts) the energy-consuming effect on weight gain in this ethnic
group, resulting in an attenuation, but not in a sign change, of the
directionality of the EE-weight change relationship as in our cur-
rent study (i.e., from -0.46 to -0.23 kg per 100-kcal/d difference
in 24-h EE, as shown in Figure 2). Conversely, the reported relation-
ship between higher (instead of lower) EE and weight gain found
in Black Nigerian individuals (44) may imply that the magnitude of
the orexigenic effect could be larger compared with that in Native
Americans and could be responsible for a greater energy intake
that may offset EE, thereby leading to weight gain. In summary,
the existence of the orexigenic effect may greatly influence the
effect of total EE on weight change depending on the setting (e.g.,
low- or high-energy turnover level, sedentary vs. active conditions,
low- vs. high-energy density of food consumed, different exercise
paradigms to acutely increase EE, ethnic and environmental differ-
ences, etc.) and may be mediated by thermogenic hormones acting
centrally to modulating energy intake, such as fibroblast growth
factor 21 (FGF21) (33,45,46).

In conclusion, the overall effect of EE on daily energy balance
and weight change should be evaluated not only by considering its
calorie-burning effect but also in light of its collateral orexigenic
effect on energy intake. These results suggest that clinical inter-
ventions aimed to induce energy deficits by increasing EE should
take into account any potential orexigenic side effects that might
reduce (or even prevent) the extent of weight loss by promoting
overeating.O
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