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Purpose of review

To examine the relationship between energy intake, appetite control and exercise, with

particular reference to longer term exercise studies. This approach is necessary when

exploring the benefits of exercise for weight control, as changes in body weight and

energy intake are variable and reflect diversity in weight loss.

Recent findings

Recent evidence indicates that longer term exercise is characterized by a highly variable

response in eating behaviour. Individuals display susceptibility or resistance to exercise-

induced weight loss, with changes in energy intake playing a key role in determining the

degree of weight loss achieved. Marked differences in hunger and energy intake exist

between those who are capable of tolerating periods of exercise-induced energy deficit,

and those who are not. Exercise-induced weight loss can increase the orexigenic drive

in the fasted state, but for some this is offset by improved postprandial satiety signalling.

Summary

The biological and behavioural responses to acute and long-term exercise are highly

variable, and these responses interact to determine the propensity for weight change.

For some people, long-term exercise stimulates compensatory increases in energy

intake that attenuate weight loss. However, favourable changes in body composition

and health markers still exist in the absence of weight loss. The physiological

mechanisms that confer susceptibility to compensatory overconsumption still need to

be determined.
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Introduction
A compensatory increase in energy intake has been

suggested to explain why exercise (alone) produces mod-

est weight loss (1.5–3 kg) that is often less than that

theoretically expected. However, acute exercise has con-

sistently been shown not to lead to an automatic increase

in energy intake [1–4]. Furthermore, regular exercise can

actually increase the sensitivity of short-term appetite

regulation [5–7]. As such, until recently, our understand-

ing of the effects of exercise on appetite control did not fit

with the evidence concerning the efficacy of exercise-

induced weight loss. However, recent attempts to charac-

terize the individual responses to longer term exercise

have revealed important findings concerning exercise-

induced compensatory eating [8,9��,10,11�]. Using evi-

dence from recent longer term studies, this review will

examine the complex relationship between exercise and

appetite control, and interpret how the propensity for

exercise-induced weight loss is influenced by compensa-

tory adjustments in energy intake.
opyright © Lippincott Williams & Wilkins. Unauth
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Background
As a readily modifiable component of energy balance that

can potentially create acute energy deficits, exercise is a

commonly prescribed means of weight control [12�]. How-

ever, exercise (alone) has often been reported to be of

limited benefit for weight loss [13–17]. Although import-

ant health benefits are still achieved independent of

weight change [18��,19��,20], actual weight loss is often

lower than that expected based on the observed exercise-

induced energy expenditure (ExEE) [17]. On many

occasions, a failure to achieve the expected weight loss

is due to poor compliance. However, a lack of efficacy

cannot always be explained by poor compliance, and

indicates that exercise may modify additional components

of energy balance (e.g. energy intake and total energy

expenditure) to compensate for increases in ExEE. This

notion of a dynamic energy balance system that adjusts to

perturbations is not new, with Jean Mayer [21] suggesting

50 years ago that exercise induces compensatory increases

in energy intake to restore energy balance.
orized reproduction of this article is prohibited.
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Although intuitive, this commonly held view is not

consistent with studies examining the acute coupling

between exercise and energy intake [1–4], or the

improved sensitivity of short-term appetite regulation

seen with regular exercise [5–7]. This leads to the

question of ‘why does long-term exercise not produce

more meaningful changes in body weight, even under

conditions of high compliance?’ Until recently, our ability

to answer this question has been impeded by two com-

mon approaches to the study of exercise and appetite

control. Firstly, the majority of studies have focused on

the effects of a single exercise bout on immediate or

short-term eating behaviour (�1 day). Not only has it been

shown that there is a time lag (2–5 days) in the corrective

responses to energy depletion or surfeit [22], a single-

exercise bout does not represent the repeated and sus-

tained challenges to energy balance that characterize long-

term exercise training. Secondly, the mean (average)

response in hunger and energy intake has almost exclu-

sively been used to draw conclusions about the relation-

ship between energy intake and exercise. However, use of

the average response overlooks this issue of individual

variability, and that the group response is not representa-

tive of all individuals. Importantly, an equivalent exercise

challenge has been shown to elicit a wide variation in

biological responses such as maximal aerobic capacity [23–

25], and this diversity is also evident in eating behaviour.

Acknowledgment of this variability is of fundamental

importance, as without this, a full understanding of how

appetite regulation is affected by exercise and the implica-

tions for weight control cannot be achieved.
Figure 1 Individual changes in fat mass following 7 weeks of

aerobic exercise training (net ExEE U 0.7 MJ) in 55 lean women
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Individual variability and compensation
to exercise
Exercise is a powerful physiological stimulus that effects

muscular and cellular metabolism, substrate oxidation,

blood flow, hormone secretion and brain neurotransmitters

[26]. It is a complex set of events, and it may be expected

that this complicated stimuli will not exert the same effect

in all individuals. This may explain why an inconsistent

pattern of outcomes has been demonstrated following

exercise. However, until recently, little attempt has been

made to understand this variability or the disparity

between predicted and actual weight loss following exer-

cise. Recent advancements resulting from the clamping of

ExEE indicate that exercise compliance cannot fully

explain this diversity. Rather, biological or behavioural

responses appear to interact to modify the outcomes of

exercise. Consequently, despite being a common means of

weight control, a sound understanding of how exercise

impacts on total energy expenditure within a dynamic and

flexible regulatory system is lacking.

Clear evidence exists that the body weight response to

long-term exercise will vary between individuals, inde-
opyright © Lippincott Williams & Wilkins. Unautho
pendently of ExEE [8,9��,11�,27��,28�,29�]. For

example, Barwell et al. [27��] reported that following

7 weeks of aerobic exercise in 55 sedentary women,

changes in fat mass ranged from �5.3 to þ2.1 kg.

Differences in ExEE accounted for 36% of this var-

iance, but large variability still existed in the residual

changes in fat mass when ExEE was accounted for

(Fig. 1).

This variability points to marked differences in the

susceptibility (and indeed resistance) to exercise-

induced weight change. Recent studies have attempted

to characterize this propensity for weight change,

using the individual relationship between ExEE and

body composition changes [8,9��,11�,29�]. Following

12 weeks of supervised exercise in 35 overweight

and obese individuals, King et al. [8] reported large

variability in the change in body weight and fat mass

(�14.7 to þ1.7 kg and �9.5 to þ2.6 kg, respectively).

Participants were retrospectively classified as non-

compensators (n¼ 17) or compensators (n¼ 18), based

on the relationship between actual and predicted

weight loss. Despite no differences in net ExEE,

compensators lost �1.5� 2.5kg (approximately half

the predicted weight loss), whereas noncompensators

lost �6.3� 3.2 kg. Although this suggests that the effi-

cacy of exercise for weight control varies widely

between individuals, it should be noted that important

health benefits are still observed in individuals, irre-

spective of weight change [18��,19��,20]. Even so, the

characterization of responsive and nonresponsive indi-

viduals is still of importance, as it will help identify

behavioural and biological mechanisms that mediate

weight loss. This will in turn lead to the design of more

effective strategies for weight control.
rized reproduction of this article is prohibited.
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Figure 2 Interindividual variability in the acute effect of exercise

on compensatory eating
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Energy intake in response to acute and long-
term exercise
Although it is clear that individuals will differ in the

degree and direction of weight change, the mechanisms

that underlie this variability are poorly understood. For

some, exercise appears to provoke adaptations that are

advantageous for weight loss, whereas others display

compensatory adaptations that undermine the ExEE.

In essence, this is a homeostatic defence mechanism to

protect against a continued weight loss. This relationship

between exercise and compensation is critical in deter-

mining the efficacy of exercise for weight control. This is

clearly illustrated by the observation that some people

actually gain weight, despite experiencing measured

increases in ExEE following supervised exercise [8,27��].

Both behavioural (e.g. nonexercise activity thermogen-

esis) [29�,30�] and biological factors (e.g. fasting respir-

atory quotient) [27��] have been identified as potential

mechanisms associated with exercise-induced compen-

sation. Intuitively, the behaviour of eating seems to be

most important. Although unlikely to act in isolation,

appetite responses may involve potent compensatory

mechanisms due to their capacity to create large pertur-

bations in energy balance. Although acute exercise may

not lead to an automatic increase in energy intake [1–4],

when exercise is continued over several days, energy

intake appears to track total energy expenditure

[10,31,32]. Moreover, eating behaviour following such

exercise again appears to be highly variable, with

short-to-medium-term studies (7–12 weeks) showing

evidence of partial energy intake compensation in some,

but not in all people [8,9��,10,31].

It has recently been shown that variability in the food-

related hedonic response to acute exercise can partially

explain an individual’s susceptibility to overconsump-

tion. Finlayson et al. [33��] identified a group of suscept-

ible ‘compensators’ who overconsumed relative to the

energy cost of exercise, and a group of ‘noncompensators’

who ate less (Fig. 2). After exercise, compensators exhib-

ited enhanced implicit wanting for food, especially high-

fat sweet foods, and rated their food as more palatable

compared with noncompensators. Consequently, the

hedonic response to exercise appears to mediate, at least

in part, the appetite compensatory food responses to

exercise. In addition, this hedonic response displays

the same variability that characterizes the biological

response to exercise. This is consistent with the notion

that the homeostatic regulatory system is insensitive to

short-term changes in energy balance [34]. A lack of

sensitivity to biological cues suggests that nonhomeo-

static mechanisms may also influence exercise-induced

energy intake compensation. Indeed, it has been shown

that exercise-induced alterations in mood [35] and food
opyright © Lippincott Williams & Wilkins. Unauth
craving [36] mediate the relationship between acute

bouts of exercise and the postexercise response in

energy intake.

Although nonhomeostatic drivers of eating behaviour

need to be examined during chronic exercise, the long-

term response in energy intake is currently being

examined. Whybrow et al. [10] reported that energy

intake begins to track increases in total energy expendi-

ture during short-term periods of exercise. In this study,

six lean men and women perform 14 days of no (0 MJ/

day), moderate (1.5–2.0 MJ/day) and high (3.0–4.0 MJ/

day) intensity exercise. Although there was no increase in

subjective appetite sensations, partial compensation in

energy intake was observed, equivalent to approximately

30% of the ExEE. This is consistent with previous

findings [8,9��,10,31] and reflects the initial stages of

compensation. If exercise had been continued for longer,

compensation may have more accurately matched total

energy expenditure.

Wherein exercise has been performed over more pro-

longed periods, energy intake has been shown to be a

potent compensatory mechanism in some individuals.

King et al. [8] measured subjective ratings of appetite

and energy intake during their 12-week exercise study.

Energy intake and average daily hunger increased by

þ268� 455 kcal/day and 6.9� 11.4 mm/day in the com-

pensators (who lost �1.5� 2.5 kg). However, energy

intake decreased by �130� 485kcal/day in the noncom-

pensators (who lost �6.3� 3.2 kg), whereas daily hunger

remained constant. However, to better understand the

relationship between exercise and appetite control, and
orized reproduction of this article is prohibited.
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the role it plays in weight control, it is important to

determine the mechanisms that confer such suscepti-

bility to compensatory eating.

King et al. [9��] examined the effects of 12 weeks of

supervised aerobic exercise on fasting and daily hunger in

58 overweight and obese individuals. Large variability in

body weight changes were again observed, with individ-

uals classified as responders or nonresponders based on

changes in body composition relative to ExEE. Nonre-

sponders (n¼ 26) lost only 1.0% of initial body weight and

exhibited increased fasting and daily hunger (P< 0.05).

In contrast, responders lost 5.7% of initial body weight

and showed no increase in overall daily hunger, despite

an increase in fasting hunger (P< 0.05). The sensitivity of

satiety signalling associated with a fixed energy meal (e.g.

the satiety quotient [37]) was also measured. This

revealed two processes that acted concurrently to med-

iate the effect of exercise on appetite regulation (Fig. 3).

Although exercise increased the orexigenic drive in the

fasted state, postprandial satiety signalling was improved

independent of weight loss. This dual process is import-
opyright © Lippincott Williams & Wilkins. Unautho

Figure 3 Changes on hunger and satiety following 12 weeks of su

38AUC hunger
(mm) Responders

Non responders36

34

32

30

28

26

24

22

20

20.0

15.0

10.0

S.O. hunger 
(mm/kcal)

A

5.0

0.0
Post-B Plus 1 Plus 2

Time

Plus 3 Pre-L

−5.0

−10.0

Week 0 Week 4
Wee

S.O. hu
(mm/k

R week 0

R week 12

(Top) Mean (�SEM) change in daily area under the curve for hunger over 12 w
immediate and subsequent satiety quotients in response to the fixed bre
nonresponders (NR, n¼26, B). SEM, standard error mean. Reproduced w
ant as it reflects both changes in homeostatic energy

status and the interaction between the homeostatic sys-

tem and the physiological action of food on satiety

signalling [9��].

These findings are supported by Martins et al. [11�] who

measured fasting and postprandial levels of orexigenic and

anorexigenic peptides in 15 overweight and obese indi-

viduals during 12 weeks of supervised exercise. Significant

increases in fasted subjective hunger and desire to eat were

reported after intervention, whereas feelings of fullness

significantly decreased. It was suggested that these

changes were mediated by a significant increase in fasting

acylated ghrelin after intervention (P< 0.05). However,

this increase in fasting orexigenic drive again appeared to

be offset by an improved postprandial satiety response.

There was a significant increase in the suppression of

acylated ghrelin following a fixed meal, and a tendency

toward increased late postprandial release of glucagon-

like-peptide-1. Insulin sensitivity also increased, and these

hormonal responses would have acted to augment satiety

during the postprandial period. It should be noted that as
rized reproduction of this article is prohibited.
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the participants lost weight during the intervention

(�3.5 kg), the effects of exercise per se cannot be discerned

from the effects of weight loss.

Following diet-induced weight loss, an increased orexi-

genic drive in the fasted state has been reported [38,39].

Although a similar increase appears to occur with

exercise-induced weight loss [9��,11�], importantly, this

effect may be offset by an exercise-induced increase in

postprandial satiety signalling. As noted by King et al.
[9��], these ‘dual processes’ appear to act independently

of one another. The response seen in these distinct

pathways may play an important role in determining the

direction and magnitude of exercise-induced energy

intake compensation. Changes in orexigenic and anor-

exigenic peptides may mediate this, but further

research is needed to ascertain the effect of long-term

exercise on such peptides and their implications for

appetite and weight control [40]. These data are, how-

ever, consistent with the notion that regular aerobic

exercise improves the sensitivity of short-term appetite

regulation [5–7].
Implications for weight control
Due to the inherent variability in the propensity for

exercise-induced weight loss, it is clear that not all

individuals will respond similarly to exercise. Although

intuitive, this notion has not been reflected in the

standard approach to the scientific study or prescription

of exercise for weight control. For some, a negative

energy balance induced by long-term exercise will not

trigger a strong homeostatic drive to replenish energy

availability. In these individuals, energy intake will not

be upregulated to match in total energy expenditure.

Indeed, exercise may heighten the sensitivity of short-

term appetite control [5–7], through an increase in

postprandial satiety signalling driven by changes in

gut peptides [9��,11�]. This will facilitate the control

of energy intake during and following exercise-induced

weight loss.

Unfortunately, not all individuals who undertake long-

term exercise will lose weight under conditions of ad-

libitum feeding. Indeed, some will demonstrate ‘resist-

ance’ to weight loss and may actually gain weight

[8,9��,27��,28�]. In such individuals, eating behaviour

appears to be key, with compensatory increases in energy

intake undermining the exercise-induced energy deficit

[8]. The magnitude of such energy compensation will

vary, but for some, it could closely match or exceed the

ExEE. However, it is extremely important to note that

even in those who experience resistance to exercise-

induced weight loss, they still achieve marked improve-

ments in health [18��,19��]. An increase in body weight

could conceal beneficial changes in body composition;
opyright © Lippincott Williams & Wilkins. Unauth
weight gain can be caused by increased lean mass with

concomitant reductions in fat mass [8,19��]. As waist

circumference is also reduced, changes in body compo-

sition are more important than changes in body weight

[20]. Therefore, such resistance must not be portrayed as

an argument against the promotion of regular exercise.

Rather, additional and complementary strategies should

be employed alongside an exercise programme to help

augment weight loss. When allied with the psychological

benefits of an exercise programme, a clinically mean-

ingful reduction in the health risks associated with

obesity can be achieved.
Conclusion
Despite exercise being a commonly accepted method of

weight control, knowledge concerning the impact of

exercise on appetite and the regulatory control of energy

balance and body weight is limited. The biological and

behavioural responses to exercise show great interindi-

vidual variability, and these responses interact to deter-

mine the propensity for weight change. Emerging evi-

dence suggests that longer term exercise may trigger

compensatory eating in susceptible individuals. Although

it appears that some people can tolerate sustained periods

of exercise-induced energy deficit, the same exercise

challenge appears to trigger increased hunger and energy

intake in some and attenuates body weight loss. Further

research is needed to better understand the factors that

drive compensation via energy intake or other biological

and behavioural pathways. Greater knowledge of the

mechanisms that confer susceptible and resistance to

exercise-induced weight loss will provide more effective

exercise programmes to be designed.
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