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Summary

It is widely assumed that structured exercise causes an additive increase in physical activity energy
expenditure (PAEE) and total daily energy expenditure (TDEE). However, the common
observation that exercise often leads to a less than expected decrease in body weight, without
changes in energy intake, suggests that some compensatory behavioral adaptations occur. A small
number of human studies have shown that adoption of structured exercise can lead to decreases in
PAEE, which is often interpreted as a decrease in physical activity (PA) behavior. An even smaller
number of studies have objectively measured PA, and with inconsistent results. In animals, high
levels of imposed PA induces compensatory changes in some components of TDEE. Recent
human cohort studies also provide evidence that in those at the highest levels of physical activity,
TDEE is similar when compared to less physically active groups. The objective of this review is to
summarize the effects of structured exercise training on PA, sedentary behavior, PAEE, and TDEE.
Using models from ecological studies in animals and observational data in humans, an alternative
model of TDEE in humans is proposed. This model may serve as a framework to investigate the
complex and dynamic regulation of human energy budgets.
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Introduction

The health benefits of exercise training are well-established.! The worldwide trends of
increasing rates of overweight and obesity has increased the focus on understanding how
structured exercise impacts energy balance and thus body weight regulation. The prevailing
view has been based on the assumption that exercise will impact energy expenditure (EE) in
a dose response manner; that is, that the adoption of exercise will lead to an increase in EE
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in an additive manner. However, this assumption has been challenged in recent years.2 3
Evidence has slowly accumulated suggesting that adoption of structured exercise training
may induce compensatory changes in behavior or physiology that could attenuate or
completely offset the intended effects on EE.#10 In terms of behavior, adoption of exercise
has been shown in some cases to lead to increases in energy intake or decreases in physical
activity (PA), including spontaneous PA (SPA) which is often subconscious such as fidgeting
behavior and posture maintenance.1! The objective of this review is to summarize studies
that have examined effects of exercise training on PA levels and SPA, sedentary behavior,
and EE. 1 will also discuss some of the challenges and methodological considerations
associated with measuring changes in behavior and physiology, and propose some
frameworks which could guide study designs to better address how structured exercise
impacts EE in humans.

Components of energy expenditure

Traditionally, total daily EE (TDEE) in humans has been viewed as the sum of energy
allocated to the maintenance of basal metabolic rate (BMR), the thermic effect of food
(TEF), and physical activity EE (PAEE) (Figure 1). In humans, except at the extreme levels
of endurance performance,12- 13 BMR comprises the largest proportion of TDEE (~60-
70%). BMR is measured after a period of rest and fasting (10-12 hr.), with subjects awake,
lying down, and resting at thermoneutrality,14 and represents the basal energy requirements
of the body’s organs (i.e. brain, gut, kidneys, heart, liver, muscle).1> When these conditions
are not met, the term resting energy expenditure (REE) or resting metabolic rate (RMR) is
used. TEF is the EE associated with digestion, absorption, and assimilation of food and
accounts for 6-12% of TDEE.16 It is worth noting that differences in TEF between lean and
obese subjects, where found, are small,}” and there is little evidence that defects in TEF play
amajor role in the development of obesity.18 In most studies of free-living humans, TEF is
not measured and is assumed to be static at 10% of TDEE.811.15.20 pAEE can be divided
into exercise EE (i.e., the EE associated with planned, structured PA) and non-exercise
PAEE. Non-exercise PAEE has an enormous variety of constituents such as the EE of
occupation, leisure, posture allocation (sitting, standing), ambulation, talking, and
fidgeting.1®

In this review, | will discuss the compensatory changes in PAEE that may result from the
adoption of structured exercise. These compensatory changes may result from changes in
behavior (e.g. PA), EE, or both. This should not be confused with adaptive reduction in
thermogenesis, which refers to regulatory changes in EE associated with weight loss. When
an individual loses weight, TDEE and REE will also decrease. Although the decreases in
these components is proportional to the amount of weight loss, the elegant studies by Leibel
et al.20 demonstrated that TDEE and RMR decrease more than would be expected based on
changes in body composition (particularly fat-free mass). This adaptive decrease also occurs
in lean individuals following periods of prolonged energy restriction, such as occurred in
participants in Biosphere 2.21 In these settings, the term adaptive thermogenesis is used to
describe the unexplained mass-adjusted decreases in the various components of TDEE.22
Mechanistically, adaptive thermogenesis is believed to represent a defensive mechanism to
prevent excess weight loss during periods of prolonged or dramatic energy deficits.22 In the
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current review, the focus is on the effect of structured exercise training on non-exercise PA
and PAEE. In many of the studies reviewed below, body weight at the group and individual
level did not change. Thus, in this context, the term ‘adaptive thermogenesis’ may be
misleading. As will be discussed later, it may be more appropriate to consider the allocation
of the overall energy budget. Although some studies of human physiology have clearly
demonstrated that bodily functions such as reproductive function are compromised when EE
is increased substantially above energy intake,23 studies of the chronic effects of exercise
have typically ignored these other components of EE.

Methodological considerations

Determining whether a behavioral or physiological compensation occurs in response to
acute or chronic exercise requires accurate measurement of the major components of TDEE.
However, as discussed in a previous review,! obtaining accurate measurements of TDEE
and its components in free-living humans is challenging. The gold standard approach for
measuring TDEE is the doubly labeled water (DLW) method, but its widespread application
in research is limited by its relatively high cost. Furthermore, the DLW method does not
provide information on the type or pattern of PA performed. The DLW approach can be used
to provide an estimate of PAEE, provided that BMR or REE has been measured, but it only
provides an average estimate of both TDEE and PAEE over the period of measurement; the
DLW method does not distinguish the variability in TDEE and PAEE from day-to-day. An
alternative approach is to use activity monitors to obtain an objective measure of PA and
estimate PAEE and/or TDEE,* 8. 24 put this approach has lower precision than the DLW
method.2> The DLW approach has been used in several studies to determine the effects of
structured exercise on non-exercise PA. In most of these studies, it has been presumed that
changes in non-exercise PAEE observed in response to exercise represent changes in PA
behavior.> 26 This conclusion can only be supported with careful measures of both the
amount of PA (using objective methods such as accelerometry) and the energy cost of PA.
Although PA is often measured in studies examining the effects of exercise, the energy cost
of PA is rarely measured. However, it has been observed that the energy cost of walking in a
highly physically active population of hunter-gatherers is similar when compared to data
from Western societies.2’

Some of the evidence cited to support a compensatory decline in non-exercise EE has been
obtained from studies designed to induce weight loss. In these studies, a lesser than expected
weight loss is used as evidence that there was some degree of compensation (expenditure,
intake, or both) that offset the intended weight loss. For example, Church et al.28 compared
predicted and actual weight loss in overweight and obese women during a 6 month exercise
intervention. Participants were randomized to a non-exercise control group, or 1 of 3
different exercise arms with incrementally higher exercise EEs (low, moderate, and high
training volumes). Predicted weight loss was estimated using the “3500 kcal rule”, i.e., an
energy deficit of 3500 kcal (14.6 MJ) is required to induce a 1 pound weight loss (0.4 kg).2°
Using this approach, predicted and actual weight loss did not differ in women in the low and
moderate training volume groups, but actual weight loss (=1.5 kg) was significantly less than
predicted (-2.7 kg) in women in the high volume training group. However, this approach
assumes that the composition of weight loss is consistent across individuals (70% as fat
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mass), and does not consider the compensatory changes in EE resulting from weight loss.30
As a result, the predicted weight loss is likely an overestimate of the true expected weight
loss. Nonetheless, using models to adjust the expected weight loss based on changes in body
composition has shown that exercise-induced weight loss is still less than the expected
weight loss,3! suggesting that structured exercise does lead to some compensation that
offsets the intended weight loss. What cannot be determined from these studies, however, is
whether the compensation was behavioral (changes in intake, PA, or both) or physiological
(change in some component of non-exercise EE, independent of changes in PA).

Effects of programmed exercise on non-exercise physical activity and

sedentary behavior

Short term studies (up to 16 days)

A limited number of studies have examined the acute effects of exercise on non-exercise PA.
Some of the earliest studies in this area were performed by Stubbs et al.,32-34 who examined
the effects of different doses of exercise performed for 7-10 days on both energy intake and
TDEE in healthy, lean, young men (6-8 subjects per study). In these studies, TDEE was
estimated using heart rate (HR) monitors (these studies were performed before
accelerometry-based activity monitors were widely available). The HR method requires an
individual laboratory calibration session to develop a regression between HR and EE across
a range of exercise intensities, and then extrapolating HR measured in the free-living setting
to obtain an estimate of TDEE. In the studies when medium (2 x 40 min, 1.6 MJ-d™1) and
high (3 x 40 min, 3.2-4.0 MJ-d"1) levels of exercise were performed, TDEE tended to
decrease, thereby suggesting that either a decline in PA, PAEE, or a decrease in some other
component of TDEE occurred. Conversely, a more recent study from this same group
reported no changes in non-exercise PAEE (measured using DLW) in 12 young, lean men
and women over 16 days using a similar exercise protocol.3® Results from this latter study
are consistent with another study in young, lean men and women (N=16) that showed no
changes in PAEE estimated by HR over 16 days when exercise (~2.1 MJ-d™1) was performed
every other day.3¢ In a more recent study, Alahmadi et al. determined the effect of acute
bouts of moderate-continuous (60 min of walking at 6 km-h~1 at 0% grade) and high-
intensity interval (60 min, alternating 5 min intervals at 6 km-h~1 at 0% and 10% grade) on
non-exercise PA (measured using accelerometers) in 16 overweight and obese young men.3’
Non-exercise PA was measured for 3 days before, on the day of, and 3 days after the acute
exercise trial. Compared to the pre-exercise period, non-exercise PA remained the same on
the exercise day after both moderate-continuous and high-intensity interval exercise. In the
post-exercise period, non-exercise PA remained stable for the first two days and then tended
to increase on the third day after both the moderate-intensity continuous (16%) and high-
intensity interval (25%) bouts. The reason(s) for this delayed increase are not entirely clear;
nonetheless, this study does not provide evidence of a decrease in PA after an acute bout of
exercise. Thus, results of these short-term studies do not provide convincing evidence of
behavioral or physiological adaptation to exercise. However, these studies are limited by
their small sample sizes, and by the methodological approaches used to estimate TDEE and
PAEE.
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Long-term studies (6 weeks up to 16 months)

Few studies have reported the effects of long-term exercise training on changes in PA and
PAEE. In most of these studies, PA and PAEE were secondary outcomes. Two studies that
employed the DLW approach both provide evidence that long-term participation in high
volumes of exercise lead to decreases in non-exercise EE. In the first study, Westerterp at al.
measured TDEE in 16 men and 16 women (28-41 yrs., BMI 19.4-26.5 kg-m?) who
participated in a 44 week training program to train for a half-marathon competition.10 All
participants were previously untrained. Training was performed 4 days-wk™1, and daily
training duration increased from 10-30, 20-60, and 30-90 mins at weeks 8, 20, and 40,
respectively. At baseline and week 40, TDEE was measured using DLW and sleeping
metabolic rate (SMR), measured using whole-room indirect calorimetry, was used as a proxy
for RMR. In the entire sample who completed the training program (13 men, 9 women),
TDEE increased (from 11.6 to 14.5 MJ-d~1 in men and 9.9 to 11.7 MJ.d™1 in women). SMR
decreased slightly in the men, and remained stable in the women. In a subset of subjects (4
men and 3 women), TDEE and SMR were also measured at weeks 8 and 20. Despite an
increase in training volume during this period, TDEE plateaued in both men (14.6 vs. 13.9
MJ-d~1) and women (10.4 vs. 10.2 MJ-d™1). SMR decreased in two of the men but remained
stable in the remaining subjects. In the second study, Donnelly and colleagues performed a
long-term randomized control trial (Midwest Exercise Trial, MET) to determine the effects
of a supervised and verified exercise regime on EE, energy intake, and body weight in
previously sedentary, overweight and moderately obese young adults.26 Energy intake was
ad libitum. Subjects exercised 4-5 days per week, starting at 20 mins per session and
increasing to 45 mins per session, at ~55-70% of VO,max for 16 months. The goal was to
expend 1.6 kJ per session (8.4 MJ-wk™1). At 16 months, men averaged 2.8 kJ per exercise
session, but TDEE increased only by 1.6 kJ.d™1. Women averaged 1.8 kJ per session, but
TDEE increased only by 0.9 kJ.d~1. These data suggest that non-exercise EE decreased in
both men and women. However, because these studies only measured TDEE, it is could not
be determined if the reduction in non-exercise EE was due to changes in behavior,
physiology, or both.

Studies in older adults

The effects of exercise on non-exercise PA have important implications for health beyond
weight management. If exercise causes a decrease in non-exercise PA, this may have the
unintended effect of increasing sedentary time, which is inversely associated with health
risks independent of PA.38. 39 This is particularly a concern in older adults, who spend larger
portions of the day engaged in sedentary behavior.40 For example, Diblasio et al.* studied
post-menopausal women during a 13 week walking intervention. Half of the women had
increases and half decreases in estimated PAEE and TDEE. The women that increased PAEE
and TDEE had measurable improvements in lipid profiles, whereas no changes were
observed in the women who decreased. Few studies have considered the effects of exercise
on PA or PAEE in older adults. Goran et al. measured TDEE and PAEE in 11 elderly men
(56-78 yrs.) who performed endurance training (3 days/wk.) for 8 weeks.® Training
progressed from a net EE of 0.6 kJ per session at 60% of VO,max to 1.2 kJ per session at
85% of VOo,max. TDEE was unchanged, but PAEE decreased by 62% (from 2.4 to 1.4
kJ-d=1), which was interpreted as a compensatory decline in PA during the non-exercise
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portions of the day. Similar results were observed in two other studies that used different
methods to estimate PAEE. Morio et al. studied the effects of a 14 week progressive
endurance training program in 13 elderly subjects (63 + 2 yrs.) using 7 day activity records.®
Estimated TDEE did not change, but the energy expended during free living activities
significantly decreased by 7.7%. Interestingly, time spent walking also significantly
decreased. In another study of elderly individuals (59 * 4 yrs.), Meijer et al. reported that
non-exercise PA (measured using accelerometry) was significantly lower on training
compared to non-training days after 12 weeks of exercise training.” The training program
consisted of both endurance and weight-lifting activities, although the exercise intensity was
not reported. Evidence from these studies suggests that adoption of regular endurance
exercise in older adults may lead to decreases in non-exercise PA. However, a recent study
conducted in older adults (= 65 yrs.) in a primary care setting reported that a program aimed
at increasing walking resulted in increases in steps and decrease in sedentary time.#! Thus, it
is possible that lower intensity training programs may be more beneficial in older adults in
terms of preventing declines in non-exercise PA.

Sedentary behavior

As described above, using an approach combining DLW and accelerometry measurements
would permit one to gain insight into whether any observed changes in TDEE could be
attributed to changes in behavior. However, few studies have done so, and in the few studies
where this was done, PA was assessed using accelerometers that are well-suited to
measuring intensity of PA, but are not well-suited to measuring sedentary behavior.
Sedentary behavior is defined as activities that require minimal movement, resulting in a
very low level of EE (i.e. <1.5 metabolic equivalent units; METS) and is typically associated
with sitting, reclining, or lying down during waking hours.39 It is likely that any behavioral
compensation that occurs in response to an exercise training program is due to reallocation
of time spent engaged in light intensity (e.g. 1.5 — 3.0 METS) activities to more time spent
engaged in sedentary activities. However, hip-worn accelerometers are ill-suited for this
purpose, and are prone to high rates of misclassification of light and sedentary activities.*2
The advent of positional accelerometers, such as the activPal accelerometer (PAL
Technologies, Glasgow, Scotland) has overcome this limitation, and these devices have been
shown to quantify sedentary time with a high degree of accuracy.*2 43 Only one study has
employed this approach to measure changes in sedentary time in response to exercise
training.#4 In that study, sedentary time remained stable in overweight and obese adults who
completed a 12 week supervised aerobic exercise training program that gradually progressed
in volume (5 x 30 mins-d~1 in weeks 1-4 to 5 x 40 mins-d~1 in weeks 7-12) and intensity
(from 50% to 55-65% of heart rate reserve). However, sedentary time did increase in
approximately half of the participants in the supervised exercise training arm, highlighting
the variability in response. Given this variability, it would be interesting and clinically
relevant to understand what factor(s) contribute to this response. Identifying patients who are
more likely to increase sedentary time in response to exercise training could allow for more
targeted interventions to target both behaviors. Indeed, in this same study, the groups that
received instructions to reduce sedentary time (both with and without exercise) reduced
sedentary time by ~5%.44 This study also provides evidence that exercise and sedentary
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behavior are distinct domains of the PAEE spectrum with different attributes and
determinants.4®

models of energy expenditure

The EE of free-living animals is often limited by the total energy that can be expended or
stored over a given period of time, and this may influence the animals’ behavior
patterns.46-48 For example, how does animal behavior change when energy demands
increase due to decreases in ambient temperature, which requires an increase in EE to invoke
the appropriate thermoregulatory responses? It is posited that some animals have a limit to
their energy budgets, and thus, their behavior will be modified to accommodate the
individual energy budget. Mathot and Dingemanse have proposed three models by which
this may occur (Figure 2).46 In the allocation model, the total energy budget is constrained:;
thus an increase in the energy cost related to maintaining basal functioning will reduce the
amount of energy that is available to support other functions such as foraging, hunting, etc.,
altering the animal’s behavior. In contrast, the independent model predicts that changes in
basal EE have no impact on the energy budgeted for behavior. This model is analogous to
the factorial model of exercise in humans that assumes that exercise has an additive effect on
TDEE.*? Finally, the performance model suggests that an increase in the basal energy
metabolism reflects an increase in the capacity of the organism to mobilize energy stores.

These three models can be used as a foundation for models of human energy budgets as it
relates to exercise (Figure 2). For example, the independent model would predict that
exercise would increase TDEE in an additive manner, whereas the allocation model would
predict that exercise would lead to a reduction in some component of non-exercise EE (for
example, non-exercise PAEE). There is evidence that each of these models is evident in
different human populations. For example, some studies have shown that exercise,
particularly lower volume and intensity exercise, 10 leads to an additive increase in TDEE,
suggesting that the energy budgets are regulated in an additive manner. In contrast, as
described above, several studies have shown that TDEE remains either unchanged,® or
increases less than expected,26: 28. 50 syggesting that in some situations, human energy
budgets are constrained by an allocation model. Moreover, results from these studies suggest
that allocation may be affected by confounders such as age (older more likely to reallocate),
sex (males more likely to reallocate),26 and exercise volume (allocation more likely with
higher volumes).28 Finally, there is even evidence for a performance model in humans. For
example, Hunter et al.5 reported that both TDEE and BMR were increased in older men and
women (61-77 yrs.) following a 26 week progressive resistance exercise program. Thus, in
contrast to the study of Goran,? an intervention which was targeted at increasing strength
increased the basal energy requirement via an increase in lean (muscle) mass, but also
increased TDEE due to the increase in the capacity of the older adults to mobilize energy
stores, most likely mediated by increases in physical function.

These allocation models can serve as a conceptual framework for designing human studies.
Using these models to establish a priori hypotheses will guide proper experimental design
and selection of appropriate measurement tools. For example, if the hypothesis to be tested
is that a particular exercise intervention in a target population will adversely impact non-
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exercise PA behavior, then an objective measure of non-exercise behavior should be used
(and as discussed above, one that is capable of accurately measuring sedentary behavior).

Is total energy expenditure regulated in humans?

Most, if not all, human studies that have determined either the acute or chronic effects of
exercise on PAEE and/or TDEE have assumed an additive model, i.e. increases in PA will
lead to proportional increases in PAEE and TDEE, without consideration of potential
reallocation of the energy, as described above. Recently Pontzer has posited that TDEE is a
constrained variable.2 According to this model, rather than increasing with PA in a dose-
dependent manner, TDEE is constrained such that with increasing PA, TDEE increases and
eventually plateaus. Thus, at some threshold level, increases in PA have little or no effect on
TDEE (Figure 3). In this model, high levels of PAEE lead to compensatory changes in other
components of TDEE. The foundation for this model is based primarily on empirical studies
in animals that have manipulated the amount of PA and measured the effects on EE. For
example, Perrigo and colleagues performed studies in rodents that manipulated the amount
of PA required to obtain food (i.e. revolutions on an exercise wheel).52 These and other
studies demonstrated that in several species, there was a diminishing effect of PA on TDEE.2
Consistent with these empirical results, observational studies in primates®3 and giant
pandas®* have shown that TDEE is similar in captive and wild populations. The constrained
model is similar to the allocation model in Figure 2, in that both models predict that in the
face of increasing energy demands, the allocation of EE, rather than TDEE, is altered. The
models differ in that the allocation model suggests that changes in BMR cause changes in
behavior, whereas the constrained EE model suggests that changes in behavior (PA) causes
changes in one or more of the components of TDEE.

Although there are few studies that have directly tested this constrained model in humans,
several lines of evidence support the hypothesis that TDEE is constrained in humans. First,
as discussed above, in humans training to compete in a half-marathon, TDEE plateaued in
the latter part of the training program despite additional increases in training volume.1°
Second, cross-sectional studies comparing cohorts of American women to Nigerian
women,®® hunter-gatherers to European and Americans?’ reported no differences in TDEE
(adjusted for body size) despite dramatic differences in PA. These results are supported by a
meta-analysis of 98 different studies representing 183 cohorts (4972 individuals) from
developing and industrialized societies that showed no differences in TDEE (after
adjustment for age and weight), where daily PA levels would presumably be higher in the
developing societies.>® Finally, Pontzer and colleagues recently tested a constrained EE
model using data from several different studies of adults (n=332) from five different
populations.3 In these studies, TDEE was measured using DLW, and PA was assessed using
accelerometry. After adjustment for body size and composition, TDEE showed a non-linear
association with PA; TDEE plateaued above the 6! or 7t decile of PA (Figure 4). Based on
these results, they have proposed that high levels of PA lead to compensatory declines in
energy spent on other physiological functions, but the processes affected are not known.
However, the validity of the constrained model requires further empirical investigation in a
prospective study, perhaps with measurement of biomarkers to provide insight into how
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compensation in TDEE is occurring. Nevertheless, the assumption that increases in PA have
an additive effect on TDEE can be questioned.

If TDEE is constrained in humans, how can this hypothesis be reconciled with the findings
of Hunter,?1 where the total energy budget in older adults increased after a 26 week
resistance exercise program? One explanation could be that these individuals were below
their total energy budget ceiling at baseline. Indeed, the TDEE at baseline (~7.8 MJ-d71) is
substantially lower than that observed in younger, physically inactive adults of similar body
mass index (~9.9 MJ-d~1)10, This conclusion is supported by the observation of Pontzer and
colleagues that TDEE increased linearly with increasing level of PA up to a critical point,
and then plateaued at the highest levels of PA (Figure 4).3 However, as described by Pontzer
et al.,3 the mechanisms and factors that determine this threshold remain unknown.
Understanding how TDEE and its components are regulated in humans could improve
public health strategies related to obesity and metabolic diseases.3

An alternative model of Total Daily Energy Expenditure

Although the traditional model of TDEE (Figure 1) is widely accepted in studies of human
physiology, based on the studies described in the previous sections, it may be appropriate to
consider an alternative model (Figure 5). In this model, one or more of the four “adaptable”
components may be reduced with high levels of structured exercise. The processes that
contribute to the “other” component are not known at this time, but may reflect the energy
cost associated with other bodily functions such as somatic repair, reproduction, immune
function, the energy cost of locomotion, and thermoregulation.? For example, emerging
evidence indicates that the energy cost associated with thermoregulation even at
temperatures slightly below the thermoneutral zone is substantial.>’ At this time, however, it
would be difficult to accurately quantify the EE associated with this other component, but
incorporating biomarkers (e.g. sex steroid hormone concentrations, inflammatory markers)
may provide an indication of whether these physiological functions were impacted by the
intervention.?

Conclusions, outstanding questions, and future direction

Current public health models and obesity prevention strategies assume that increasing daily
PA will lead to increases in TDEE in an additive manner.2: 3:49 As summarized in this
review, emerging evidence suggests that adoption of regular, structured exercise leads to
compensatory changes in behavior and/or physiology that may attenuate the expected
increases in TDEE, particularly at higher levels of PA. However, there remain a number of
unanswered questions and priorities for future research:

. Foremost would be empirical studies to test the constrained EE hypothesis.
These studies would require careful measurements of all components of TDEE
using DLW and indirect calorimetry, coupled with objective measures of PA, to
decipher changes in physiology from changes in behavior, as well as select
biomarkers related to reproductive, somatic, and immunologic function.
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If TDEE is constrained and regulated, how is this achieved? Homeostatic models
are characterized by a set point, one or more sensors, and a control center that
integrates the signals from the sensor(s), and generates responses targeted at
effector organ(s) to maintain the regulated variable within physiologic limits.58
Before the constrained EE model can be fully accepted, it will be important to
identify these components of the homeostatic control system.

If TDEE is constrained, what is the ceiling for TDEE in different populations?
Does this ceiling change with weight loss or with aging? Is the ceiling different
in lean vs. obese individuals? Is the ceiling stable, or can it change over time?

Do individual differences in the TDEE ceiling differentiate responders and non-
responders to an exercise program that is intended to induce weight loss?26

How can elite endurance athletes develop exceptionally high energy budgets
without compromising health?12 How long can these high energy budgets be
sustained?

What is the impact of different types, intensity, duration, frequency, and volume
of exercise on allocation of TDEE and its components? Indeed, some evidence
suggests that the impact on the components of TDEE is greatest at higher
exercise intensities.3

Are there circadian influences, i.e., does exercise performed in the morning and
evening have the same effect on TDEE?

It is clear the regulation of human EE and management of total energy budgets are complex
and dynamic processes that are poorly understood. It is hoped that the models summarized
in this review (Figures 2,46 3,3 and 5) will provide a new, integrative framework from which
the effects of exercise on health and body weight can be investigated.
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Figure 1.

“Traditional” model of total daily energy expenditure (TDEE) in humans. In this model,
non-exercise energy expenditure is associated with the energy expended in non-exercise
physical activity.
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Figure 2.

Allocation models for balancing energy budgets in animals. See text for description.

Adopted from ref 46: “Energetics and behavior: unrequited needs and a new direction”, K.J.
Mathot and N.J. Dingemanse, Trends in Ecology and Evolution: 30(40), 199-206, 2015,
with permission from Elsevier Limited (License Number: 3834971229174).
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Additive and constrained models of total daily energy expenditure. See text for description.

Adopted from ref 3: “Constrained total energy expenditure and metabolic adaptation to
physical activity in adult humans”, H. Pontzer et al., Current Biology: 26(3), 410-417, 2016,
with permission from Elsevier Limited (License Number: 3837790768211).
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Figure 4.
The association between physical activity (expressed as the average daily physical activity

per day from accelerometer counts per minute, CPM-d~1) and total daily energy expenditure
(ADJ) adjusted for fat mass, fat free mass, age, height, sex, and study site (N=331
individuals from 5 different cohort studies). Each boxplot (median and quartiles of TDEE)
represents decile of physical activity. Adopted from ref 3: “Constrained total energy
expenditure and metabolic adaptation to physical activity in adult humans”, H. Pontzer et al.,
Current Biology: 26(3), 410-417, 2016, with permission from Elsevier Limited (License
Number: 3837790768211).
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Physical Activity

i Energy Expenditure

An alternative model of total daily energy expenditure (TDEE) in humans. In this model,
one or more of the four “adaptable” components may be reduced with high levels of
structured exercise. The processes that contribute to the “other” component are not well-
understood, but may encompass physiological processes such as reproductive function,

inflammation, and thermoregulation.
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