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Summary
Increasing lifestyle energy expenditure has long been advocated in the prevention
and treatment of obesity, as embodied in the ancient prescription of Hippocrates
(the ‘father of modern medicine’) that people with obesity should eat less and ex-
ercise more. However, the long-term outcome of exercise alone or in combination
with dieting in obesity management is poor. To understand the reasons underlying
these failures and to develop novel strategies that target lifestyle energy expendi-
ture in both prevention and treatment of obesity, research over the past decades
has focused on (i) the interactions between physical activity and body weight
(and its composition) throughout the lifespan; (ii) the influence of biology and
potential compensatory changes in energy expenditure, food intake and food as-
similation in response to energy deficits; and (iii) the impact of the built
environment (outdoor and indoor) and smart technology on physical activity be-
haviours, thermoregulatory thermogenesis and metabolic health. It is against this
background that recent advances relevant to the theme of ‘Targeting Lifestyle
Energy Expenditure in the Management of Obesity and Health: From Biology to
Built Environment’ are addressed in this overview and the nine review articles in
this supplement, reporting the proceedings of the 9th Fribourg Obesity Research
Conference.
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Introduction

The 9th Fribourg Obesity Research Conference, organized
every 2 years, was attended by researchers from both acade-
mia and industry. It provided a platform for scientists in ba-
sic medical sciences, clinical medicine and anthropology to
present and discuss some of the rapidly advancing scientific
findings pertaining to obesity and health from perspectives
that cut across integrative physiology, nutrition and public
health. Its proceedings consist of a total of nine review arti-
cles that, together with abstracts of poster sessions, are pub-
lished in this supplement. An overview of the topics and
main issues addressed at this conference and in the review
articles is provided later.

The expenditure of energy devoted to physical
activity

Lifestyle energy expenditure (EE) has traditionally been inti-
mately related to physical activity, which can be defined as
any bodily movement produced by skeletal muscles that re-
sults in EE (1). By attributing any bodily movement to phys-
ical activity, this definition incorporates all forms of
physical activities – whether they are sedentary, light, mod-
erate or high intensity (2). Furthermore, in terms of daily EE
compartmentalization, physical activity EE – often referred
to as non-resting EE or activity EE – is subdivided into voli-
tional (structured or exercise) activity EE and non-exercise
activity thermogenesis (NEAT), the latter being a term that
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encompasses everyday life low-level physical activities. As
depicted in Fig. 1, it includes occupational and leisure phys-
ical activities as well as spontaneous physical activity (3).
Under free-living conditions, an index of the physical activ-
ity level – referred to as PAL – can be determined from the
ratio of total EE (assessed by doubly labelled water isotopic
method) over 1–3 weeks to the resting EE (assessed by indi-
rect calorimetry).

Physical activity across the life cycle

In the first review article of this supplement, Westerterp (4)
provides an overview of the pattern of changes in physical
activity behaviours, physical activity EE and body composi-
tion over the lifespan, namely, from infancy when children
start to move independently, through reproductive age, up
to old age. After reviewing the interactions between physical
activity and body composition, he discusses how changes in
physical activity during growth, and in particular during ad-
olescent growth, impact upon peak fat-free mass during re-
productive age and upon subsequent risks for sarcopenic
obesity in older age.

How much ‘exercise is medicine’?

Amid the unequivocal recognition of other benefits of a
physically active lifestyle for body and mind and the numer-
ous research-based proposals for exercise-type training, ex-
ercise recommendations and exercise prescriptions, a
challenging question is: How much exercise should be pro-
moted to raise daily EE and improve health? Byrne and Hills
(5) take up the challenge and critically analyse this issue from
several perspectives, namely, (i) the importance of raising
daily total EE (TEE) to improve health by examining the
dose–response relationship between physical activity and rel-
ative risk of morbidity and mortality, (ii) the multiple mech-
anisms through which exercise can drive an increase in TEE
(both directly through changes in various compartments of
TEE and indirectly through training adaptations), (iii) the
key question of whether a theoretical ‘ceiling’ for further in-
creasing TEE may exist and (iv) the potential impact of be-
havioural non-compliance and physiological confounders
in moderating the contribution of exercise to increase TEE.

Lessons from hunter-gatherers?

The question of whether a tailing off of TEE does exist at a
certain level of physical activity is further discussed by
Pontzer et al. (6) in their article on hunter-gatherers as
models in public health. They review the evidence indicating
that in hunter-gatherers and other small-scale societies (e.g.
subsistence farmers, horticulturalists and pastoralists), their
much higher daily levels of habitual physical activity, as
compared with their more sedentary counterparts living in
industrialized societies, do not invariably result in elevated
TEE or PAL (the ratio of free-living TEE to resting EE).
They propose that the TEE is ‘constrained’ within species
and, that rather than changing the amount of energy
expended each day, exercise may improve health by affect-
ing the allocation of energy among physiological tasks, with
the compensation probably coming from a combination of
behavioural changes (e.g. reduced NEAT) as well as reduc-
tions in non-musculoskeletal physiological activity. While
a cardinal feature of the model of ‘constrained TEE’ to ex-
plain these observations is that the body adapts dynamically
to increasing activity levels in order to keep daily EE con-
stant, there is to date no convincing evidence for the exis-
tence of a ‘set point’ for TEE, in particular because no
direct sensor of ‘energy’ as such in the body exists. Further-
more, one may argue that the lack of concordance between
objectively measured physical activity and TEE or PAL may
reside in potential sources of error in measuring TEE using
the doubly labelled water method in these populations with
particularly harsh biotopic conditions and climate (e.g. al-
tered water turnover and hence changes in the proportion
of water lost through isotopic fractionation). In addition,
as the authors (rightly) point out, a reason as to why activity

Figure 1 Energy expenditure compartmentalization: Daily energy expen-
diture (EE) can be partitioned into resting and non-resting compartments
from which resting EE is the larger component in sedentary, light-activity
individuals; these various compartments or sub-compartments can be
assessed by ventilated hood or face mask indirect calorimetry or in a re-
spiratory chamber. The compartment of resting EE comprises all measure-
ments of EE generally made at rest – the basal metabolic rate (BMR),
sleeping EE and the thermic effect of food – and which are essentially be-
yond voluntary control. Non-resting EE (often referred to as activity EE)
comprises both involuntary and voluntary physical activities; it is divided
into volitional and non-exercise activity thermogenesis (NEAT), which in
turn is subdivided into occupational/leisure activity and spontaneous
physical activity (SPA), the latter being essentially involuntary and subcon-
scious. Adapted from Dulloo et al. (3).
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EE and PAL may not be higher in these physically active
populations could be attributed to an elevation in their rest-
ing metabolic rate due to high levels of pathogen burden
and immune activity. Another reason is that measurements
of EE at rest under field conditions are often performed
using classical semi-invasive approaches (face
mask/mouthpieces that can somehow perturb the natural
breathing pattern) and performed under less well-controlled
conditions (temperature, humidity). As a result, this would
tend to overestimate resting metabolic rate than would mea-
surements performed in industrialized societies (usually by
using a ventilated hood system in a quiet and thermoneutral
room temperature controlled environment). At a given TEE,
an overestimation of resting EE would lead to an underesti-
mation of the physical activity EE component and an under-
estimation of PAL value.

Compensation in response to energy deficits:
exercise vs. dieting

As to the issue raised by Byrne and Hills (5) concerning
physiological confounders in moderating the contribution
of exercise to increase TEE, this is further elaborated by
Doucet et al. (7) in their analysis of the compensation to en-
ergy deficits induced by exercise or diet. They discuss how
the multiple adaptations to weight loss may reside in the
lowering of EE in both the resting and non-resting compart-
ments of daily EE, as well as in compensatory food-related
behaviours (food reward, palatability and olfaction) leading
to increased energy intake. Collectively, these adaptations
would lead to lower than expected weight loss and may con-
tribute to ease of weight regain and hence obesity relapse.
They argue that energy compensation is present for both
diet-induced and exercise-induced energy deficits, and they
discuss whether with the same energy deficit, the energy
compensation in response to exercise is different in magni-
tude from that of dieting.

Strategies to attenuate adaptive responses to
energy deficits

How then to counteract these compensatory mechanisms
that attenuate weight loss (and favour weight regain) in re-
sponse to exercise, dieting or both? Over the years, there
has been considerable research into various strategies to
stimulate thermogenesis, and these have centred upon phar-
maceutical and nutraceutical compounds (8). In more recent
years, the pattern of caloric restriction for weight loss has
also been a focus of attention as reviewed by Sainsbury
et al. (9) in their article on novel intermittent dieting strate-
gies to attenuate adaptive responses to energy restriction.
They argue that a strategy of intermittent energy restriction
might be more efficacious for weight loss than the more con-
ventional (essentially non-interrupted) constant caloric

restriction. Their proposal rests upon the notion that the
adaptive responses to energy restriction (increased
appetite/hunger and decreased mass-adjusted EE) that hin-
der further weight loss can be ‘deactivated’ by intermittent
periods of returning to energy balance and relative weight
stability. They review the literature in favour of or against
the notion that adaptive responses to energy restriction
can be deactivated completely or partially by intermittent
periods of energy equilibrium and discuss the potential
mechanisms that could underlie such deactivation of com-
pensatory responses to weight loss.

Gut responses to energy deficits

The notion that an increase in intestinal absorption effi-
ciency may also contribute to the regulatory ‘compensatory’
responses to counter weight loss has rarely been a topic of
discussion in humans, perhaps because of the belief that
the machinery for intestinal absorption of energy-
containing nutrients is already operating at near maximal
capacity. Nilaweera and Speakman (10) reconsider this no-
tion in their review on the regulation of intestinal growth
in response to variations in energy supply and demand.
They analyse the data obtained from several species (includ-
ing mammals, birds and reptiles) on the physiology of intes-
tinal growth and the alterations occurring for maximizing
the assimilation of ingested energy in response to caloric re-
striction or other energy-deficit challenges (cold, lactation),
which they interpret along proposedmodels about the mech-
anisms interlinking the internal (fat) reserves, intestinal
growth and the hypothalamus. Such inter-organ interactions
have relevance to the increased glucose and lipid metabolism
to support the increased bioenergetic demands of intestinal
remodelling, and hence to the improvement in blood glucose
and lipid homeostasis often reported in response to energy
deficit, whether in response to caloric restriction, bariatric
surgery, lactation, cold or endurance exercise (11–13). A bet-
ter understanding of the adipose–brain–gut circuit may lead
to the identification of peripheral and central neuroendo-
crine nodes where pharmacological or nutrient intervention
may hopefully reveal new molecular targets that modulate
EE in obesity and associated diseases.

Gender-specific considerations in physical
activity and obesity management

Gender disparity in weight control and health is also in-
creasingly recognized from several perspectives, namely, (i)
the rates of obesity among women now exceed those of
men in many regions of the world; (ii) the prevalence of
obesity-related comorbidities in women, particularly in
those of child-bearing age, is also increasing
disproportionally than in men; (iii) more women than men
attempt to lose weight and have more difficulty doing so;
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and (iv) for a similar hypocaloric energy intake, women
generally lose less weight than do men during weight man-
agement programmes (lower energy requirement in the for-
mer). In the latter context, a recent multi-national
intervention study of low-energy diet for 8 weeks in 2,500
overweight individuals has shown that the lower weight
losses in women were accompanied by greater decreases in
fat-free mass, hip circumference and high-density lipopro-
tein cholesterol. These latter findings therefore raise
concerns about whether these unfavourable metabolic out-
comes in women after rapid weight loss compromise weight
loss maintenance and future cardiovascular health (14).
Thus, understanding this gender disparity is key to the effec-
tive management and prevention of obesity and cardiometa-
bolic disease in women. Isacco and Miles-Chan (15) review
the evidence for gender disparity in the promotion of physi-
cal activity, thermogenesis and substrate utilization, and they
discuss the implications of this disparity in terms of obesity
management. In particular, they examine the effects of men-
strual cycle, hormonal contraceptives, pregnancy and meno-
pause on fat oxidation in response to moderate-to-vigorous
physical activities, and they also review the relationship be-
tween sex hormone status and the response to lower-level
physical activities and NEAT. From an analysis of these
findings, they also provide interesting perspectives for future
research about the effects of sex hormone status on body-
weight regulation for gender-specific weight management.

The built environment

Despite the importance of ‘biology’ addressed by the topics
mentioned earlier, it should be borne in mind that, as James
(16) emphasized a decade ago, to focus on individual behav-
iour alone is a reflection of the failure to confront the fact
that the obesity epidemic is a normal population response
to the dramatic reduction in the demand for physical activ-
ity associated with the major increases in the food supply, in
particular sugar. Furthermore, the analysis of the relation-
ship between physical activity and health needs to capture
the integration of complex behaviours associated with
human movement in a socioeconomically driven physical
environment. As Ulijaszek (17) argues in his review on phys-
ical activity and the human body in the increasingly smart
built environment, the latter encompasses a range of spatial
scales, from very local ones involving the immediate
interactions of individuals with the space around them, to
buildings, neighbourhoods and districts, and entire metro-
politan areas. He underscores the need to take into account
that physical activity is not performed by individuals simply
for the sake of health but also perhaps more importantly in
negotiating everyday life with the ‘aesthetic capital’ that it
can generate. After overviewing the key components of the
built environment, which may impact on physical activity,
he applies the anthropological ‘three bodies framework’ –

body-self, body-politic and the social body – to explore
how the use of smart devices and increasing incorporation
of smartness into architecture and urban planning might of-
fer an important opportunity for the empowerment of indi-
vidual towards increased physical activity. Furthermore, as
in our industrialized countries we spend on average >90%
of our time indoors, the application of modern technology
towards achieving a much healthier ‘indoor environment’
is desirable. This is emphasized by van Marken Lichtenbelt
et al. (18) in their analysis of how metabolic health could
benefit from the impact of novel environmental lifestyle fac-
tors in the built environment such as ambient temperature
and light exposure. They review the effect of day-to-day life
ambient temperature and light exposure on
thermophysiology and substrate metabolism, and they dis-
cuss the modulation of thermogenesis and metabolic health
from a built (indoor) environment perspective. Of course,
targeting non-shivering thermogenesis for weight control
by lowering indoor ambient temperature raises the burning
questions of the acceptability of ‘cool discomfort’ and its
potential impact on appetite. The latter question of whether
compensatory energy intake would occur in response to
chronic increases in daily EE through enhanced thermogen-
esis has also been raised in relation to interests in the use of
pharmaceutical or nutraceutical thermogenic compounds
(8), and in particular in the promotion of brown adipose tis-
sue thermogenesis (19).

Concluding remarks

The research articles in this supplement highlight some of
the challenges in integrating biology and complex individual
behaviours with societal and structural issues (like politics
and urban planning). They offer frameworks for hypothesis
testing and further concept development in targeting life-
style EE in both the prevention and treatment of obesity.
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