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Abstract

:

Physical inactivity is a major risk factor for public health. Due to the decline in physical demands of daily living exercise becomes an increasingly important contributor to an active lifestyle. The evidence on health benefits of exercise, particularly regarding weight loss, however, remains equivocal. In addition to lack of adherence to an exercise program, participants display behavioral and physiological adaptations that potentially mitigate exercise-induced health benefits. Specifically, a reduction in non-exercise physical activity (PA) and/or an increase in energy intake along with metabolic adaptations have been suggested to affect exercise-induced health benefits. There is also a large inter-individual variability, which makes some participants more receptive to exercise-induced weight loss than others. Even in the absence of weight loss exercise, however, provides various health benefits such as an increase in cardiorespiratory fitness, beneficial changes in blood lipids and blood pressure. In fact, some of these benefits have been more pronounced in participants who did not experience weight loss. In order to enhance the understanding of the role of exercise in health promotion a better understanding of compensatory adaptations is needed along with an identification of characteristics that contribute to inter-individual variability in response to exercise interventions.
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1. Introduction


The benefits of regular physical activity (PA) have been well documented. Specifically, physical activity has been associated with a risk-reduction for cardiovascular disease (CVD), type II diabetes, overweight and obesity, several types of cancer and psychological well-being [1]. Accordingly, physical inactivity has been shown to reduce lifetime free of long-standing illness by eight years [2]. Nevertheless, in most countries of the world less than half of the adult population engages in recommended levels of PA [3]. Based on objective PA measures, the average U.S. adult accumulates only 6 to 10 min of moderate-to-vigorous PA per day, and less than 5% meet current PA recommendations [4]. Given these low rates of PA the World Health Organization estimates that 3.3 million deaths can be attributed to physical inactivity [5], making it the fourth leading risk factor for public health [6].



Low PA levels can in part be attributed to the lack of physical demands in our daily lives [7,8]. Exercise, which represents purposeful, planned and structured PA [9], therefore, has become increasingly important to ensure sufficient PA in order to maintain or enhance people’s health and well-being. Research examining the beneficial effects of exercise on various health outcomes, however, has produced equivocal results. Particularly, the role of exercise in weight management remains debated as weight loss in response to exercise is often less than what would be expected [10,11,12,13]. In addition to an insufficient dose of exercise and lack of adherence to the program, participants may display physiological and behavioral compensatory adaptations that could influence exercise-induced health benefits [13]. Specifically, alterations in energy intake, non-exercise or habitual PA along with metabolic adaptations such as a decline in resting energy expenditure have been proposed to mitigate or even reverse exercise-induced weight loss [12,13,14]. Such compensatory adaptations, however, have been shown to vary by exercise intervention (i.e., exercise mode, intensity, duration) [15]. In addition, personal characteristics, including sex, age and body weight have been shown to contribute to the variability in the magnitude, type and direction of compensatory adaptations, resulting in inter-individual differences in health benefits obtained by engagement in exercise [12,16,17]. The focus on mean outcomes in response to exercise interventions, therefore, may provide misleading results. In fact, mean results potentially mask important trends at the individual level that could provide crucial information for the role of exercise and PA in health promotion [18,19]. Therefore, a better understanding of key characteristics that affect compensatory adaptations in response to exercise is needed to maximize the health benefits on an individual level. The large inter-individual variability in response to exercise further emphasizes the need for a more personalized exercise prescription to ensure optimal health benefits for each individual.



This narrative review provides an overview of major compensatory adaptations commonly experienced in response to exercise-based interventions with a particular focus on inter-individual variability in behavioral adjustments in response to exercise. Due to the attention in the popular media, a major emphasis is put on the role of exercise in weight management. Additional exercise-induced health benefits beyond the role in weight management, however, are addressed as well as this emphasizes the value of exercise in health promotion.




2. Compensatory Adaptations in Response to Exercise Interventions


Exercise has been shown to affect muscular and cellular metabolism, substrate oxidation, blood flow, and the secretion of hormones and neurotransmitters [20]. Given the complexity of acute and chronic exercise-induced changes in the human body it should not be surprising that there is the potential for exercise-induced physiological and behavioral adaptations that mitigate the effect of exercise on various health outcomes beyond a lack in adherence to the exercise program. The presence of compensatory adjustments in response to exercise has been shown over 35 years ago [21]. Particularly, behavioral adjustments in non-exercise PA and energy intake have been considered key contributors to the limited success in exercise-based weight-loss interventions (Figure 1) but there is also evidence for inter-individual differences in metabolic adaptations. In order to strengthen the efficacy of exercise in weight management it is crucial to enhance the understanding of key characteristics contributing to compensatory adaptations that go beyond adherence to the exercise program.



Given that a structured exercise program generally lasts for a relatively short period of time the effect of exercise on habitual PA or non-exercise PA could have a profound impact on exercise-induced changes in total daily energy expenditure (TDEE). Empirical evidence on the association between exercise and non-exercise PA (i.e., all activities other than volitional exercise, such as activities of daily living, fidgeting and muscle contraction for postural maintenance [12]), however, has been inconsistent. A recent review also indicates that duration of the exercise intervention may be a critical component regarding compensatory adaptations [15]. Specifically, shorter interventions lasting up to 3 months have been shown to induce a decline in non-exercise PA. The decline in non-exercise PA was generally less pronounced in interventions lasting longer than 6 months. This has, at least partially, been attributed to an increase in exercise tolerance and fitness as a result of prolonged exercise engagement [22]. Accordingly, lower fitness levels have been associated with a greater decline in non-exercise PA at the onset of an exercise program [23]. The importance of fitness and exercise tolerance was further pointed out by Schutz et al. who showed a greater reduction in non-exercise PA in response to a higher exercise volume [24]. Nevertheless, research on the effect of exercise intensity and duration on non-exercise PA has been limited and inconsistent [12,24,25]. In addition, exercise type may affect compensatory adaptations differently. The majority of exercise interventions, however, relied on aerobic exercise, which, at least partially, could be attributed to the higher energy expenditure of aerobic exercise compared to resistance exercise [26]. Limited data, nevertheless, indicates that resistance exercise may be associated with an increase in non-exercise PA [27,28], which could have important long-term implications for weight management.



Besides alterations in non-exercise PA, adjustments in energy intake can affect exercise-induced weight change. Given that energy intake is ultimately determined by a behavioral choice for food consumption it may actually be the largest source of compensatory adaptations. Various reviews have examined the association between exercise and energy intake and these should be consulted for detailed information [29,30,31]. In general, there appears to be a partial compensation in energy intake, particularly in more active and lean participants while compensatory changes in energy intake appear to be less pronounced in overweight/obese [15]. There is also a potential sex effect as women have been shown to be more likely to display compensatory changes in energy intake compared to men [32,33]. Findings by Church et al. further indicated a potential minimal threshold in exercise or energy expenditure that needs to be reached before compensatory alterations in energy intake may occur [34]. An increase in energy intake appears to be predominantly driven by a higher carbohydrate intake while findings regarding changes in fat and protein intake in response to exercise were less consistent [15]. The increase in carbohydrate intake seems to be more pronounced with higher exercise intensities, which may be attributed to the need to replenish muscle glycogen stores [35]. In fact, Pannacciulli et al. argue that the restoration of carbohydrates, rather than compensating for total energy expenditure, drives energy intake following exercise [36].



Even though energy intake is ultimately the result of eating behavior (i.e., consumption of foods and beverages), it is influenced by environmental and genetic constraints along with biological aspects that control energy intake [22]. Appetite control has been shown to be regulated by an interaction of adipose tissue with peripheral signals from intestinal peptides (i.e., insulin, ghrelin, GLP-1, CCK, PYY amylin, oxyntomodulin) [37]. Exercise has also been associated with changes in peptides affecting appetite (i.e., stimulation of energy intake) and satiety (i.e., cessation of meal consumption), as well as gastric emptying [19,31]. Accordingly, ratings of appetite and implicit wanting for foods, particularly for sweet and high-fat foods have been shown to increase in response to exercise interventions [38,39]. Further, changes in food cravings and/or mood following exercise have been associated with alterations energy intake [40,41]. Conclusive evidence on the effect of exercise on appetite and hunger as well as energy or macronutrient intake, however, remains limited. The lack of evidence has also been attributed to a lack of adequately powered trials that follow participants over a longer period of time and have an objective assessment of energy intake [29].



In addition to physiologic adaptations affecting energy intake there is evidence for metabolic adaptations that affect the expected increase in TDEE [13,14,42,43]. Particularly, a negative energy balance has been associated with a reduction in energy expenditure for growth, somatic repair, as well as suppressed reproductive activity and lactation [14]. Accordingly, resting metabolic rate (RMR) has been shown to decline in response to an exercise intervention to a greater extent than what could be attributed to changes in body weight or body composition [44,45]. On the other hand, there is evidence for an elevated RMR following an exercise bout, also known as excess post-exercise oxygen consumption (EPOC) [46]. As EPOC has been shown to stay elevated for up to 48 h following an exercise bout it could be argued that regular engagement in exercise may offset the declines observed with a negative energy balance [46,47]. This is in accordance with recent studies that showed a relatively stable RMR throughout an exercise intervention [38,48]. As has been addressed regarding the association between exercise and non-exercise PA there remains limited research on potential differences in response to various exercise types. In addition to the characteristics of the exercise intervention, participant characteristics such as sex and age need to be considered as well. Older adults and women have generally shown a greater likelihood for compensatory adaptations to an exercise program [12,15,22,49]. Even in relatively homogeneous samples there is, however, large inter-individual variability regarding various health outcomes in the response to exercise. The large inter-individual variability in various adaptations in response to exercise may also explain some of the inconsistent findings shown previously. Particularly the role of exercise in weight loss remains controversial as some participants may be quite susceptible to exercise-induced weight loss, while others may experience a less than expected weight loss or even weight gain [12]. In order to enhance the understanding of the role of exercise in weight management and general health, a stronger emphasis on these individual differences, therefore, is warranted.




3. Individual Variability in Compensatory Adaptations in Response to Exercise


Inter-individual variability in the direction and magnitude of weight change in response to supervised exercise-based interventions has been well documented (Table 1). Even in a highly controlled setting of an isolated experimental station over an 84-day period exercise induced weight loss ranged between 3 and 12 kg [50]. More recent studies showed that certain participants even gain weight in response to supervised exercise interventions [44,57]. Accordingly, changes in fat mass and fat free mass have been shown to vary considerably [38,44]. King et al. showed roughly a 50:50 split between so-called “responders” (i.e., participants who achieve expected weight loss) and “non-responders” (i.e., participants who experience only a small amount of weight loss or weight gain) [38]. Other studies indicate that a majority of participants displays some form of compensatory adaptation with a ratio of responders to non-responders of 1:2 [48,57]. Even though there is, most likely, considerable inter-individual variability in metabolic adaptations in response to exercise [44,50], success in weight loss interventions has been largely attributed to behavioral compensation such as a decline in non-exercise PA and/or an increase in energy intake [22,38,48]; in addition to an obvious association with adherence to the exercise protocol. In fact, it has been argued that the individual variability in weight loss can be entirely attributed to the variability in non-exercise PA [48,58]. Accordingly, various studies have shown that individual variability in weight change in response to exercise is not predicted by changes in energy intake [48,52,53,54]. Even in the absence of weight change there has been a large inter-individual variability in non-exercise PA, which may also affect other exercise induced health benefits (Figure 2).



Nevertheless, variability in energy intake still warrants consideration when exploring individual variability in various health outcomes in response to exercise. This may be of particular importance as individual differences in the hedonic evaluation of food and altered food preferences in response to exercise have been suggested to be stable characteristics [19]. Various studies also showed significant increases in hunger and energy intake in participants who experienced less than expected weight loss [12,19,38]. In addition to physiological adaptations that stimulate food intake there may also be psychological aspects that contribute to an increase in energy intake. Some individuals may feel a greater freedom to consume more food in subsequent meals or potentially choose to “reward” themselves with a snack following the completion of an exercise session. Taken together, the inter-individual variability in compensatory eating behavior following exercise should not be ignored when evaluating the lack of exercise-induced weight loss in certain people [12,59]. More research, however, is needed that explores physiological and psychological traits of responders and non-responders regarding exercise-induced weight loss. The ability to identify participants who will most likely experience a minimal weight loss in response to exercise would allow for a more targeted approach, which may include dietary counseling or dietary restriction [12].



While weight loss is a commonly used motivation for exercise engagement it should be pointed out that exercise provides valuable health benefits in the absence of weight loss as well. A change in fat mass and fat free mass along with a change in the distribution of fat tissue may not be evident by simply considering change in body weight. Such changes, however, can have more pronounced health benefits than weight loss per se [60,61]. In addition, individuals who may not achieve a significant weight loss can experience beneficial changes in blood pressure, insulin sensitivity, blood lipid levels and cardiorespiratory fitness [19,56,62]. As has been shown for exercise-induced weight change there is a large inter-individual variability in exercise-induced change in VO2peak [16,63,64] and other CVD risk factors [16,17,65]. A highly controlled 20-week exercise intervention showed that only 11% of the variability in VO2peak could be explained by age, sex, race and baseline VO2peak [16], emphasizing the need to further explore additional traits that contribute to variability in response to exercise. It should also be pointed out that there appears to be no difference in the increase in VO2peak between participants classified as responders or non-responders based on weight change [48]. Further, participants who displayed a less than expected weight loss experienced a more pronounced drop in blood pressure compared to participants achieving or exceeding the expected weight loss [56]. Given the complexity of exercise-induced changes in the human body it is likely that most people display some form of compensatory adjustments but these adaptations will vary considerably across individuals. Some participants may show a decline in non-exercise PA in response to exercise while others may increase their energy intake and another group may display metabolic adaptations. Due to the variability in exercise-induced adaptations it is, however, unlikely that anybody is entirely immune to exercise and participation in regular PA or exercise will induce some health benefits for everyone [66]. Future research, therefore, should focus on the identification of specific characteristics that contribute to compensatory adaptations that make certain individuals more or less receptive to exercise induced changes in specific health outcomes. A better understanding of the inter-individual variability will also help with a more tailored exercise prescription, which could enhance exercise-induced health benefits.




4. Summary and Conclusions


PA and exercise are considered important aspects of a healthy lifestyle. Nevertheless, a majority of adults remains insufficiently active. This may in part be due to a persistent skepticism on the health benefits of exercise, particularly regarding weight loss and weight management. As has been shown with this review, there is a large inter-individual variability in response to exercise and some individuals may not experience weight loss or may even gain weight in response to an exercise intervention due to compensatory adaptations such as an increase in energy intake and/or a decline in non-exercise PA. This subpopulation is often over-emphasized in the media and contributes to a public perception that exercise is of limited use in weight loss or weight management [12,67]. In addition, mean weight loss on the group level is commonly less than what would have been expected from the exercise intervention. Reliance on group means, however, not only fails to address the inter-individual variability in response to exercise; it potentially leads to misinterpretation of the role of exercise on the individual level. Dilnot actually referred to this common weakness in science as “tyranny of the average” [68]. Part of the variability in exercise-induced health benefits can be attributed to differences in adherence to the exercise program along with differences in duration, type and volume of the exercise intervention. In addition, differences in age, sex and weight status of the study population may have contributed to the variability in exercise-induced changes. Nevertheless, there remains considerable inter-individual variability even under highly controlled circumstances in relatively homogenous groups. Thus a fixed dose of exercise is unlikely to provide similar benefits to all individuals. Everybody, however, is expected to experience exercise-induced health benefits even though specifics may vary.



The phenomenon of inter-individual variability has actually been well established in the clinical environment with drug effectiveness generally ranging between 25% and 60% [69]. Therefore, it should not be surprising that the effectiveness of exercise on a specific health outcome, such as body weight or body composition, varies considerably across individuals. Contrary to many drugs, exercise, however, induces a variety of positive “side-effects” even in the absence of a significant impact on weight change (i.e., beneficial effects on metabolic profile and cardiorespiratory fitness). Currently, there is no indication that certain people are universally resistant to exercise induced health benefits. Nevertheless, an individually tailored approach in exercise prescription could help to optimize exercise-induced health benefits at the individual level. Further, the evaluation of exercise-based intervention programs should go beyond the examination of mean values. Rather, future research should focus on variability in exercise induced changes, which could help with the identification of individuals that are likely to display compensatory adaptations that potentially mitigate the effect of exercise on the outcome of interest. A possible approach may be to look for specific personality characteristics along with biomarkers or genetic traits that differentiate compensators from non-compensators in different settings. Such information could be subsequently used for the development of screening tools to identify participants who are more or less receptive to specific exercise interventions prior to or at least early in the intervention process.



Key compensatory adaptations include a reduction in non-exercise PA and/or an increase in energy intake along with metabolic adaptations. A better understanding of specific characteristics that may trigger compensatory adaptations would allow for an incorporation of additional strategies into the intervention program to improve the efficacy of exercise in clinical practice. Kozey-Keadle et al., for example, showed that compensation in non-exercise PA can be mitigated when sedentary behavior and habitual PA are specifically addressed on top of an exercise intervention [70]. For some participants the simple awareness of the potential for compensatory adaptations may be sufficient to avoid behavioral changes that could offset exercise-induced health benefits, while others may need a more structured and formal support. Even a highly individualized and closely monitored plan, however, does not guarantee the intended outcome. Thus participants need to be made aware that exercise engagement provides various health benefits beyond a change in body weight that may not always be on immediate display or on their minds. Emphasizing the wide variety of health benefits including psychological well-being along with an individualized exercise program, therefore, may be an important aspect in the promotion of sustained engagement in exercise or regular PA, which could have a huge impact on public health and the healthcare system.
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The following abbreviations are used in this manuscript:



	CVD
	Cardio-Vascular Disease



	EPOC
	Excess Post-exercise Oxygen Consumption



	PA
	Physical Activity



	RMR
	Resting Metabolic Rate



	TDEE
	Total Daily Energy Expenditure
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Figure 1. Behavioral compensatory adaptations in response to exercise that attenuate an exercise-induced energy gap. 
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Figure 2. Individual variability in non-exercise physical activity (PA) in response to a 3-month exercise intervention under weight stable conditions. ∆ moderate-to-vigorous PA (MVPA) difference in non-exercise MVPA, between baseline and 3-month follow-up. 
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Table 1. Range of weight change in response to supervised exercise interventions.







Table 1. Range of weight change in response to supervised exercise interventions.







	
Study

	
Population

	
Duration

	
Intervention

	
Avg. Weight Change

	
Range of Weight Change






	
Bouchard et al. [50]

	
5 healthy young men

	
84 days

	
cycling for 1000 kcal/day

	
−8.0 kg

	
−3 to −12 kg




	
Bouchard et al. [51]

	
14 young men (7 twin pairs)

	
93 days

	
9 of 10 days cycling for 1000 kcal/day

	
−5.0 kg

	
−8 to −1 kg




	
Caudwell et al. [52]

	
107 overweight/obese adults

	
12 weeks

	
aerobic exercise at 2500 kcal/week

	
−2.5 kg

	
−15 to +4 kg




	
Donelly et al. [22,53]

	
74 overweight/obese adults

	
16 months

	
5 days/week aerobic exercise for 45 min

	
♂: −5.2 kg ♀: +0.6 kg

	
−14 to +12 kg




	
Donnelly et al. [54]

	
92 overweight/obese adults

	
10 months

	
5 days/week treadmill for 400 or 600 kcal/session

	
−3.0 kg

	
−22% to +5%




	
Hopkins et al. [44]

	
30 overweight/obese women

	
12 weeks

	
aerobic exercise at 2500 kcal/week

	
−1.3 kg

	
−8 to +4 kg




	
King et al. [38]

	
35 overweight/obese adults

	
12 weeks

	
aerobic exercise at 2500 kcal/week

	
−3.7 kg

	
−15 to +2 kg




	
King et al. [55,56]

	
58 overweight/obese adults

	
12 weeks

	
aerobic exercise at 2500 kcal/week

	
−3.2 kg

	
−14 to +3 kg




	
Manthou et al. [48]

	
34 overweight/obese women

	
8 weeks

	
Aerobic exercise for 150 min/week

	
0.0 kg †

	
−3 to +3 kg †




	
Sawyer et al. [57]

	
81 sedentarywomen

	
12 weeks

	
3 days/week walking for 30 min/session

	
0.0 kg

	
−12 to +5 kg








† Fat mass rather than body weight.
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