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No evidence for metabolic adaptation during
exercise-related energy compensation

E.W. Flanagan,1 G. Sanchez-Delgado,2,3,4 C.K. Martin,1 E. Ravussin,1 H. Pontzer,5 and L.M. Redman1,6,*
SUMMARY

The constrained energymodel posits that the increased total daily energy expenditure (TDEE) in response
to exercise is often less than the energy cost of the exercise prescribed. The mechanisms behind this phe-
nomenon, coined ‘‘exercise-related energy compensation’’ (ExEC), are poorly understood, and it is un-
known if ExEC is coupled with metabolic adaptation. Using a randomized controlled 24-week exercise
intervention, individuals who demonstrated ExEC were identified. Changes to all components of TDEE
and metabolic adaptation were assessed using doubly labeled water over 14 days and room calorimetry
over 24-h 48% of individuals exhibited ExEC (�308 G 158 kcals/day). There were no statistically signifi-
cant differences in sex, age, or BMI between ExEC and non-ExEC. ExEC was associated with baseline
TDEE (r = �0.50, p = 0.006). There were no statistically significant differences in metabolic adaptations
for 24 h, sleep, or resting expenditures. These findings reveal that ExEC occurs independent of metabolic
adaptation in sedentary components of EE.

INTRODUCTION

The classic and simplemodel of non-surgical weight loss posits that the relationship between energy intake and energy expenditure (EE)must

be perturbed to invoke a sustained negative energy balance. Hence, caloric restriction and increased energy expenditure through exercise

are first-line therapeutics for weight loss. On average, exercise alone has a limited effect on weight loss with trials citing poor adherence and

compensatory changes in eating behaviors which increase energy intake.1,2 Yet, exercise interventions lead to highly variable changes in

weight, with some individuals losing weight, and others ultimately experiencing weight gain.

Physiological adaptations and compensatory behaviors that contribute to less weight loss than expected in response to an exercise inter-

vention have been coined ‘‘weight compensation.’’3 While weight compensation has been primarily attributed to opposing and concomitant

increases in energy intake,4 less is known about the potential contributions from physiological adaptations which may promote changes in

energy expenditure. One such contributor in the context of weight loss is that metabolic rate decreases more than expected based on tissue

loss, termed metabolic adaptation. Metabolic adaptation occurs in interventions combining diet and exercise, although to a lesser extent

than weight loss induced by diet alone.5,6 Metabolic adaptation, while opposing further weight loss, is generally accepted to be a physiolog-

ical benefit to weight loss, as it is associated with reductions in oxidative damage, core temperature (indicative of a reduced metabolic rate

and a biomarker of longevity),7 and thyroid hormones.8,9

A less understood hypothesis of energy homeostasis in response to intervention is the energy compensation hypothesis, also termed

‘‘constrained energy expenditure.’’ Total energy expenditure has been shown to not simply be the product of basal energy expenditure

and the added cost of exercise. As such, the constrained energy theory proposes that increased total daily energy expenditure (TDEE) in

response to exercise is less than the actual energy cost of the prescribed exercise and is due to declines in resting energy expenditures

(REEs) including basal metabolic rate and non-exercise activity thermogenesis (NEAT).10,11 Indeed, several studies have shown a decline

to NEAT in response to adoption of new exercise regimen,12 but no studies have yet clearly identified declines in components of sedentary

energy expenditures. In opposition to the ‘‘additivemodel’’ of energy expenditure, the constrainedmodel highlights that TDEE often remains

constant or ‘‘constrained,’’ even when activity is excessively high, due to an upper limit in the amount of energy that humans can expend (Fig-

ure 1).13–16 The energy which is ‘‘lost’’ or unaccounted for is referred to as exercise-related energy compensation (ExEC). Similar to observa-

tions seen with metabolic adaptations, it is hypothesized that ExEC is, to an extent, a beneficial response and related to downregulated
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Figure 1. Example proposed effects of a 200 kcal/day exercise training program through the lens of the constrained energy model (top right) and

additive energy model (bottom right)

In the constrained energy model, energy is seemingly ‘‘lost’’ whereas, in the additive energy model, all energy is accounted for.
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disease-promoting cellular energetics, such as inflammation and decreased cellular energy utilization. Thus, if ExEC occurs in response to

traditional exercise prescriptions for weight loss and weight loss maintenance, it is plausible that reductions to energy expenditures may

be evidence of beneficial reductions to disease progression or that, due to more efficient utilization of cellular energy, exercise doses should

be increased over time to ensure the desired effects on body weight are achieved.

The physiological response ofmetabolic adaptation has yet to be disentangled fromExEC, nor have these concepts been investigated in a

randomized trial of supervised exercise prescriptions. One distinction of metabolic adaptation from ExEC is the apparent influence of body

masswithmetabolic adaptation,whereas ExEC is evident in studies inwhich tissue losswasminimal or non-existent.17 It is unknown if observed

energy compensation in response to exercise is a result of metabolic adaptation or an independent pathway. We hypothesize that ExEC is

coupled with metabolic adaptation. The aims of this analysis were to identify and characterize phenotypes of individuals who exhibit ExEC

in response to a supervised aerobic exercise intervention, determine ifmetabolic adaptations occur alongside ExEC, andobserve if individuals

with ExEC have different exercise-induced responses to downstream cardiometabolic risk factors compared to individuals without ExEC.

RESULTS

Subject characteristics

Of the 42 participants with complete data and thus included in the ancillary trial, 14 were randomized into the 8 kcal/kg of body weight per

week (KKW) group and 15 into the 20 KKW group for a total of 29 participants included in the analysis (female = 20). According to their as-

signed exercise groups at baseline, there were no statistically significant differences with respect to baseline age (8 KKW: 46.3 G 11.4 vs. 20

KKW: 49.4 G 13.8 years), weight (8 KKW: 95.8 G 13.4 vs. 20 KKW: 94.6 G 12.3 kg), BMI (8 KKW: 34.3 G 3.7 vs. 20 KKW: 33.9 G 2.9 kg/m2),

cardiorespiratory fitness (8 KKW: 21.9 G 3.3 mL kg$min vs. 20 KKW: 21.9 G 3.2 mL kg$min), or biomarkers of cardiometabolic health.

Exercise intervention

By design, the prescribed exercise energy expenditure (8 KKW: 18,420 G 2,866 vs. 20 KKW: 43,625 G 5,954 kcals/week, p < 0.001) and the

exercise energy expenditure achieved (8 KKW: 18,857 G 3,170 vs. 20 KKW: 44,074 G 5,970 kcals/week, p < 0.001) were both higher in the

20 KKW group compared to the 8 KKW group. Across the 24 weeks, session adherence to the prescribed exercise was 92% G 3%, with

no statistically significant differences between 8 and 20 KKW groups (92.9% and 92.2%, respectively).

ExEC

Of the total 29 participants, 14 exhibited ExECwhile 15 did not (Figure 2). Individuals with ExEC expended�308G 158 kcals per day less than

predicted whereas non-compensators expended 94G 124 kcals per day more than predicted, p < 0.001. There was no statistically significant

difference in sex, age, baseline BMI or weight, or prescribed exercise intensity groupbetween thosewho compensated and thosewhodid not

(Table 1).

Weight change

The mean weight loss was�1.2G 3.0 kg (range:�9.8 through +7.5 kg). There was no statistically significant difference in weight change be-

tween compensators and non-compensators (compensators: �1.5 G 3.4 and non-compensators: �0.85 G 2.7 kg, p = 0.59).
2 iScience 27, 109842, June 21, 2024
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Figure 2. Observed exercise related energy compensation

Exercise-related energy compensation (ExEC) expressed as (A) Absolute ExEC (kcals/day) and (B) Percent ExEC. Black indicates energy compensation, and

orange bars indicate no energy compensation. Hashed bars indicate 8 KKW, and solid bars indicate 20 KKW.
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Energy expenditure

For the whole sample, baseline TDEE was 2,678 G 491 kcals/day and increased to 2,734 G 445 in response to exercise (p = 0.04). Baseline

24 hour energy expenditure (24hrEE) was 2,003G 255 kcals/day and remained unchanged at the end of the intervention (1,989 G 267 kcal/

day, p = 0.62). Similarly, EE at rest and during sleep did not change in response to the exercise intervention (Figure 3).

Baseline TDEE significantly differed between compensators and non-compensators (2,914G 416 and 2,458G 463 kcal/day, respectively;

p = 0.01) and was negatively associated with the amount of exercise energy compensation (r = �0.50, p = 0.016, Figure 4A). Despite differ-

ences at baseline in REEbetween compensators and non-compensators (1,985G 169 and 1,791G 282 kcals/day, respectively; p= 0.04), there
Table 1. Descriptive statistics and baseline phenotypic data

Total Compensation No compensation Difference p

Demographics

BMI (m/kg2) 34.1 G 3.2 34.1 G 3.6 34.0 G 3.0 0.98

Weight (kg) 95.1 G 12.6 99.3 G 13.3 91.2 G 11.0 0.09

Age (y) 47.9 G 12.6 45.1 G 12.5 50.5 G 12.5 0.26

Sexa (n) 0.18

Male 9 6 3

Female 20 8 12

Cardiometabolic markers

SBP (mmHg) 121 G 9 122 G 10 121 G 8 0.87

DBP (mmHg) 79 G 7 80 G 5 79 G 8 0.61

Cholesterol (mg/dL) 204 G 37 200 G 37 207 G 37 0.63

Triglycerides (mg/dL) 120 G 59 108 G 47 131 G 68 0.31

Glucose (mg/dL) 93 G 7 92 G 6 94 G 8 0.70

HDL (mg/dL) 55.9 G 17.1 54.3 G 14.0 57.4 G 20.0 0.63

LDL (mg/dL) 124.0 G 25.0 124.5 G 25.9 123.6 G 25.1 0.94

WBC (3 103 cells/uL) 6.5 G 1.8 6.5 G 1.7 6.6 G 2.0 0.87

Neutrophils (3 103 cells/uL) 3.8 G 1.4 4.0 G 1.5 3.7 G 1.2 0.54

Eosinophils (3 103 cells/uL) 0.2 G 0.1 0.2 G 0.1 0.2 G 0.2 0.25

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoproteins; LDL, low-density lipoproteins; WBC, white

blood cells; KG, kilograms; DLW, doubly labeled water; kcal, kilocalories; L, liters; mL, milliliters; mmHg, millimeters mercury; mg/dL, milligrams per deciliter; uL,

microliter. Data are presented as mean G SD.
aChi-squared analysis.

iScience 27, 109842, June 21, 2024 3



Figure 3. Observed and predicted changes to components of energy expenditure with exercise intervention

TDEE, total daily energy expenditure obtained by doubly labeled water; SEE, sleeping energy expenditure measured with metabolic chamber; REE, resting

energy expenditure measured with metabolic chamber; 24hrEE, cumulative 24-h energy expenditure within metabolic chamber.
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were no statistically significant associations among any components of sedentary energy expenditure measured with the metabolic chamber

and energy compensation (Figures 4B–4D).

Cardiovascular fitness was higher in compensators compared to non-compensators (absolute maximal oxygen uptake in compensators:

2.3G 0.5 compared to non-compensators: 1.9G 0.4 L/min, p = 0.02 Cohen’s d = �0.94; mass-adjusted maximal oxygen uptake in compen-

sators: 23.3 G 3.4 compared to non-compensators: 20.6 G 2.4, p = 0.02 Cohen’s d = �0.90; Table 2). Those with a higher maximal oxygen

uptake at baseline tended to compensate more (absolute maximal oxygen uptake: r = �0.33, p = 0.08; mass-adjusted maximal oxygen up-

take: r = �0.30, p = 0.11; Figures 4E and 4F).

Physical activity

Energy expended through spontaneous physical activity (SPA) was 218G 17 kcals/day at baseline and remained unchanged at the end of the

intervention (203G 77 kcal/day, p = 0.25). There were no statistically significant differences in SPA at baseline or at the end of the intervention

between compensators and non-compensators (baseline in compensators: 218 G 97 kcals/day compared to non-compensators: 217 G

90 kcals/day, p = 0.97, Cohen’s d = 0.1; end of intervention in compensators: 205 G 80 compared to non-compensators: 201 G 78 kcals/

day, p = 0.88, Cohen’s d = 0.6).

Minutes spent in physical activity measured through the SenseWear armband were lower at baseline in the non-compensators compared

to the compensators (total minutes over 14 days 316G 37 and 593G 103, respectively; p = 0.015, d = 0.97). However, by the end of the inter-

vention, there were no statistically significant differences in total minutes of activity between non-compensators and compensators (637G 56

and 588 G 79, respectively; p = 0.62, d = 0.19). There were no statistically significant differences in steps at baseline or the end of the inter-

vention between groups.

Energy compensation and metabolic adaptation

As previously reported, as a whole, the residual energy expenditure for 24hrEE, REE, and sleeping energy expenditure (SEE) did not differ

from zero at follow-up.19 Additionally, there were no statistically significant metabolic adaptations in 24hrEE, SEE, or REE in response to

the exercise intervention between compensators and non-compensators (Table 3). When analyzed continuously, there were no statistically

significant relationships observed between metabolic adaptations in 24hrEE, SEE, or REE and the degree of ExEC.

Downstream cardiometabolic implications

There were no statistically significant differences in changes in response to the exercise intervention to cholesterol, triglycerides, glucose,

high- or low-density lipoproteins, or inflammatory markers between compensators and non-compensators (Table 4). When analyzed contin-

uously, there were no statistically significant relationships observed between any changes to cardiometabolic outcome and the degree

of ExEC.

DISCUSSION

ExEC is a relatively new theory which attempts to explain the non-proportional increase to TDEE in response to exercise. The present analysis

of the "Examination of mechanisms of exercise-induced weight compensation (E-MECHANIC)" randomized trial supports that energy
4 iScience 27, 109842, June 21, 2024



Figure 4. Exercise related energy compensation and baseline energy expenditures

(A) TDEE, total daily energy expenditureobtainedbydoubly labeledwater; (B)REE, restingenergy expendituremeasuredwithmetabolic chamber; (C) SEE, sleeping

energy expenditure measured with metabolic chamber; (D) 24hrEE, cumulative 24-h energy expenditure within metabolic chamber; (E) VO2, maximum ventilatory

oxygen in liters per minute; (F) VO2 mL/kg/min, maximum ventilatory oxygen relative to body mass. Black indicates energy compensation, and orange indicate no

energy compensation.
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compensation is heterogeneous and occurs in some but not all people in response to aerobic exercise conditioning. The data also suggest

that metabolic adaptation, a well-accepted energetic response to weight loss, is not implicated in ExEC. Lastly, we did not find evidence sup-

porting that cardiometabolic outcomes are a downstream benefit of ExEC to exercise intensities necessary for weight loss and weight loss

maintenance.

Human energetics is the product of complex networks of physiological systems. Unraveling where energy compensation occurs as a

result of increased exercise EE is critical to understanding the metabolic response to exercise. ExEC was shown to occur in approximately

half of participants after the 24-week aerobic exercise intervention. These findings align with other theories, such as the ActivityStat hypoth-

esis, which proposes that approximately half of exercise interventions result in some degree of energy compensation.20 In the context of

the constrained energy model, it was anticipated that the higher workload and hence larger perturbations to energy balance would result

in greater energy compensation due to the proposed ‘‘ceiling effect’’ of TDEE.10 Contrary to our hypothesis, mean ExEC was not different

between those who expended low versus high calories in structured exercise. Notably, while there were no differences in the degree of

ExEC, more individuals in the higher calorie exercise group exhibited ExEC (high-calorie group n = 9; low-calorie group n = 5). While

others have proposed that higher workloads result in greater ExEC,21 our rigorous approach of phenotyping individuals contradicts these

findings. These findings are in line with previous studies that have provided evidence for the non-linear relationship between exercise dose

and the amount of ExEC.22,23 Rather, a higher baseline TDEE was the primary driver for greater ExEC. These data indeed support a con-

strained energy model in which there may be an upper limit to the total amount of energy that can feasibly be expended on any given day.

Instead of achieving this proposed upper limit through increased exercise workload, elevated baseline energy expenditure and higher

baseline physical activity levels appear to contribute to maximizing available energy expenditures. We thus hypothesize that individuals

with a higher baseline TDEE have less available energy to partition increased energetic demand of exercise and therefore demonstrate

a greater ExEC.
iScience 27, 109842, June 21, 2024 5



Table 2. Energy expenditure and body composition before and after exercise intervention

Compensation No compensation

Baseline

difference

End

difference

Baseline End Baseline End p

Effect

size (d) p

Effect

size (d)

Energy expenditures

TDEE (DLW) 2914 G 416 2832 G 331 2458 G 463 2719 G 537 0.10 1.03 0.50 0.25

24hrEE (kcal/day;

metabolic chamber)

2098 G 159 2068 G 232 1915 G 298 1615 G 284 0.05 0.76 0.13 0.59

REE (kcal/day;

metabolic chamber)

1985 G 169 1976 G 214 1791 G 282 1809 G 270 0.04 0.83 0.08 0.68

SEE (kcal/day; metabolic

chamber)

1625 G 180 1618 G 226 1527 G 223 1496 G 200 0.21 0.48 0.13 0.057

Maximal oxygen uptake

(absolute; L O2)

2.3 G 0.5 2.5 G 0.5 1.9 G 0.4 2.1 G 0.4 0.02 0.94 0.03 0.87

Maximal oxygen uptake

(relative; mL O2/kg/min)

23.4 G 3.4 24.9 G 4.6 20.6 G 2.4 22.7 G 2.7 0.03 0.90 0.06 0.61

Body composition

Body mass 99.2 G 13.3 97.8 G 15.1 91.2 G 11.0 90.4 G 12.0 0.09 0.66 0.15 0.55

Fat mass 44.1 G 9.8 43.8 G 10.0 41.8 G 4.9 41.3 G 5.8 0.44 0.29 0.62 0.19

Fat-free mass 55.2 G 11.1 55.0 G 11.7 49.4 G 8.5 49.1 G 8.8 0.13 0.58 0.14 0.57

Total metabolizable

energy (kcal)

470,860 G 89,831 458,774 G 93,361 443,498 G 49,230 438,324 G 57,284 0.31 0.38 0.48 0.27

Lean metabolizable

energy (kcal)

60,679 G 12,214 60,455 G 12,837 54,334 G 9,314 53963 G 9,728 0.13 0.59 0.14 0.57

Fat metabolizable

energy (kcal)

410,181 G 91,366 398,320 G 92,983 389,164 G 45,560 384,360 G 53,514 0.44 0.29 0.62 0.19

TDEE, total daily energy expenditure; 24hrEE, 24h energy expenditure; REE, resting energy expenditure; SEE, sleeping energy expenditure; DLW, doubly

labeled water; kcal, kilocalories; L, liters; mL, milliliters. Metabolizable energy computed from Sanghvi et al.18 with coefficients fat mass = 9,300 kcal/kg and

lean mass = 1,100 kcal/kg. Data are presented as mean G SD. Effect sizes are calculated using Cohen’s d.
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Metabolic adaptation, a change in metabolic rate that is greater than that expected on the basis of tissue loss, is another form of energy

compensation. Metabolic adaptation is associated with optimized health outcomes, namely improvements in cardiometabolic response and

reduced oxidative damage.5,8 In a previous study examining the energetic response to exercise in conjunction with dietary calorie restriction,

we observed no change to TDEE while sedentary components of energy expenditure (i.e., SEE) decreased.5,6 Therefore, we hypothesized

that, if energy compensation did occur in response to a 24-week exercise intervention, it would likely be a downstream occurrence as part

of metabolic adaptation. In the present study, we observed that metabolic adaptation did not occur in parallel to energy compensation.

In those that exhibited ExEC, there was no observed metabolic adaptation among any measured component of sedentary expenditure.

This may be attributed to lack of weight change observed with the exercise intervention, given that metabolic adaptation typically occurs

in the presence of tissue loss. In previously observed metabolic adaptation with exercise, participants lost an average of 10% body weight

(range 5%–10%). In the present study, while weight loss was minimal (average 1.1%), it ranged from 12% loss to 6% gain. Half of the interven-

tion was designed to induce weight loss; however it was previously shown that weight loss was not observed in most participants due to

compensatory increases in energy intake. A sensitivity analysis was conducted in those who lost weight in response to the intervention

(N = 20; data not shown) and revealed no relationship between ExEC and metabolic adaptation.

If reductions to sedentary expenditures are not present, one must look toward activity components of energy expenditures. We speculate

that the observed ExEC evident with aerobic exercise at 8 KKW and 20 KKW is likely attributable to increases in exercise efficiency and/or

behavioral adaptations, allowing participants to maintain current levels of exercise while expending less activity-related energy.24 Notably,

individuals with less cardiorespiratory fitness and lower levels of physical activity at baseline exhibited less ExEC, indicating a greater potential

to increase their exercise energy expenditure and hence TDEE before bolstering exercise efficiency. Exercise efficiency is higher in active in-

dividuals,25 and while all participants were sedentary prior to the exercise intervention, at baseline there was a wide range in cardiorespiratory

fitness (1.2–3.8 L/min) and measured average physical activity determined by accelerometry (4–116 min/day). These differences, at least in

part, explain why individuals with a higher baseline VO2 max (maximum ventilatory oxygen uptake relative to body mass) and free-living phys-

ical activity tended to exhibit greater ExEC. This relationship between ExEC and baseline energy expenditure is supported by similar findings
6 iScience 27, 109842, June 21, 2024



Table 3. Metabolic adaptations to sedentary energy expenditures

Residuals Total Compensation No compensation Difference p Effect size (d)

24hrEE (kcals/day) �6 G 155 3 G 92 �14 G 199 0.77 0.11

REE (kcals/day) �107 G 72 �97 G 80 �115 G 65 0.50 0.25

SEE (kcals/day) �18 G 137 �9 G 121 �27 G 154 0.73 0.13

24hrEE, 24 h energy expenditure; REE, resting energy expenditure; SEE, sleep energy expenditure. Data are presented asmeanG SD. Effect sizes are calculated

using Cohen’s d.
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in postmenopausal women.15 While efforts were made to account for changes in exercise efficiency during exercise sessions by measuring

exercise oxygen consumption every four weeks, acute changes to mechanical and metabolic physiology underpin improvements to exercise

efficiency. Indeed, a similar six-month exercise intervention, consisting of running/walking and biking in sedentary adults, showed to improve

exercise efficiency by 17%.24 It was also shown that those who were less efficient at the start of the intervention showed larger increases in

exercise efficiency. These differences indicate that individuals with a higher cardiorespiratory fitness may already have higher efficiency,

despite being sedentary at the start of the intervention. While unmeasured, exercise efficiency maymanifest as improvedmitochondrial func-

tion, enhanced recruitment of type I muscle fiber types, and skeletal-muscle synergy. Regarding the potential involvement of behavioral fac-

tors, despite differences at baseline, at the completion of the intervention therewere no differences in free-living physical activity asmeasured

by accelerometry. Furthermore, SPA measured within the metabolic chamber or mass-adjusted cardiorespiratory fitness between compen-

sators and non-compensators did not differ, thus, indicating that behavioral compensation to reduce non-exercise, free-living physical activity

may be present.

The constrained energy model proposes that reductions to non-essential energy expenditures, such as those required for disease

progression, occur in concert with dampened daily energy expenditures in response to exercise.22 Reducing energy expenditure allo-

cated to inflammation, detrimental immune system activity, and non-exercise metabolic activity (e.g., glucose kinetics, mitochondrial

efficiency) is proposed to be one of the beneficial responses to chronic exercise. Thus, at mild to moderate exercise volumes, as those

prescribed in the E-MECHANIC trial, ExEC may be implicated in improvements to cardiometabolic risk factors. In the present study, we

found that ExEC does not appear to induce direct downstream benefits to cardiometabolic health. Compensators and non-compen-

sators did not differ in the exercise-induced weight loss or fasting levels of glucose, lipids, or inflammatory markers. We speculate

that this is likely explained by ExEC being a product of exercise efficiency, and not basal metabolism, which reflects cellular metabolic

activity during non-exercise. It is unknown how downstream cardiometabolic factors would be differentially influenced in the presence

of concomitant weight loss.

Indeed, exercise that increases energy expenditure beyond what is needed for essential functionsmay result in more harmful adaptations,

particularly as seen by reductions to sympathetic nervous system (SNS), reproduction function, and immune response. Perhaps the most re-

searched of these are perturbations in the hypothalamic-pituitary-ovarian axis. Data have shown that energy imbalance, as a result of dietary

restriction or excess exercise, perturbs the hypothalamic-pituitary-ovarian access slowing gonadotropin hormone-releasing hormone (GnRH)

pulsatility, inducing anovulation, and amenorrhea.26 Yet, evidence suggests that menstrual cycle disturbances also occur in energy balance,

again pointing toward a constrained energy model where energy expenditure, rather than energy balance, may influence essential physio-

logical systems.27,28 In the present analysis, we lacked the ability to time study visits to allow for rigorous assessments of reproductive function.

Furthermore, we lackedmeasurement of SNS activity and immune response and therefore are unable to quantify downstreameffects to these

physiological systems.

Phenotyping individuals based on energy compensationmay prove to be clinically relevant for weight loss andmanagement. It is generally

accepted that exercise alone does not induce significant weight loss.2 The presence of energy compensation may provide avenue to pheno-

type individuals whomay be able to successfully lose weight in response to an exercise intervention. This understanding would allow for more

personalized and precise weight-loss therapy. While the non-compensators in the current study did not have different weight loss than the

individuals who compensated, it is possible that they would have success when paired with behavioral counseling.

Limitations of the study

The present analysis has several strengths including the use of the metabolic chamber to precisely quantify components of sedentary energy

expenditure in conjunction with the use of doubly labeled water to measure free-living TDEE. The study is potentially limited by the duration

of the exercise intervention. The aerobic exercise interventionwas 24 weeks, and it has been proposed that energy compensation is, at least in

part, attributable to study duration.22 It has been shown that exercise energy compensation occurs to a greater extent in exercise interven-

tions of at least 26 weeks in length.23 It is possible that individuals who did not demonstrate exercise energy compensation may have ulti-

mately compensated with a more prolonged exercise duration. It is notable that these data are the first to present rigorous physiological

phenotyping and gold-standard measures of energy expenditure alongside ExEC in a randomized clinical trial. Sample size calculations

based upon the 8 KKWexercise group reveal that as few as 11 participants per group (compensation versus non-compensation) were needed

to identify differences in sedentary components of energy expenditure, measured by themetabolic chamber. However, we recognize that this

is a secondary analysis and all conclusions may be limited by sample size, as evident by several smaller effect sizes. Furthermore, some an-

alyses presented with non-significance but with medium-sized effects, indicating the possibility that future controlled trials recruiting a larger
iScience 27, 109842, June 21, 2024 7



Table 4. Percent changes to cardiometabolic biomarkers

Compensation No compensation p Effect size (d)

SBP (mmHg) �1.9 G 6.3 1.6 G 7.9 0.21 0.48

DBP (mmHg) �0.44 G 6.0 2.5 G 7.8 0.27 0.42

Cholesterol (mg/dL) �0.35 G 8.8 �3.5 G 8.1 0.32 0.38

Triglycerides (mg/dL) 1.6 G 21.2 0.31 G 31.9 0.90 0.05

Glucose (mg/dL) �2.7 G 6.6 �0.43 G 5.6 0.33 0.37

HDL (mg/dL) 1.4 G 10.6 0.5 G 11.7 0.85 0.07

LDL (mg/dL) �1.3 G 11.0 �3.0 G 13.1 0.71 0.14

WBC (3 103 cells/uL) �0.4 G 21.2 3.2 G 10.2 0.58 0.21

Neutrophils (3 103 cells/uL) �3.1 G 29.5 3.9 G 15.7 0.45 0.29

Eosinophils (3 103 cells/uL) 10.7 G 52.5 �5.8 G 18.7 0.28 0.42

SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoproteins; LDL, low-density lipoproteins; WBC, white blood cells; KG, kilo-

grams; DLW, doubly labeled water; kcal, kilocalories; L, liters; mL, milliliters; mmHg, millimeters mercury; mg/dL, milligrams per deciliter; uL, microliter. Data

are presented as mean G SD. Data are presented as Mean G SD. Effect sizes are calculated using Cohen’s d.
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sample may reveal differences. In the present dataset we were unable to measure all proposed indicators in the constrained energy model.

Moreover, more precise markers of inflammation as well as measures of SNS activity and reproductive functionality were not available.22

Lastly, it is important to acknowledge that the computation of energy expenditures to estimate ExEC does not include an adjustment for

body size before and after the exercise intervention. Indeed, there were no differences in body weight change between compensators

and non-compensators, and compensation did not differ between exercise workloads. Thus, if TDEE was to decrease in response to exercise

training-induced weight loss, compensation might be underestimated in some people.

In conclusion, this is the first study to investigate the interaction between metabolic adaptation in sedentary energy expenditures and

exercise energy compensation. In support of the constrained energy model, we demonstrated that approximately half of sedentary indi-

viduals experience exercise compensation at both moderate and high doses of aerobic exercise after 24 weeks in a dichotomous manner.

Furthermore, we provide evidence that ExEC is neither a product of metabolic adaptations to sedentary energy expenditures nor down-

stream improvements to cardiometabolic risk and therefore is likely contributed to increase exercise efficiency. Future research may

examine longer-term interventions and include more deep phenotyping of exercise efficiency including measures at the level of the skel-

etal-muscle mitochondria. A greater interrogation of exercise energy compensation on downstream physiological systems is also war-

ranted. It remains unknown how maximal energy constraint is determined, which factors predispose someone to a higher constraint,

and the effects it presents on human health and longevity. However, this study in sedentary individuals provides new evidence that it

indeed exists.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Cholesterol Beckman Coulter DxC CHOL 467825

Triglycerides Beckman Coulter DxC TG 445850

Glucose Beckman Coulter DxC LX Glucose 472500

White blood cell count Beckman Coulter DxH diluent 628017

DxH cell lyse 628019

Neutrophil Count Beckman Coulter DxH DIFF PACK 628020

Eosinophil Count Beckman Coulter DxH DIFF PACK 628020
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Leanne Redman (leanne.

redman@pbrc.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� De-identified human data have been deposited at https://my.pbrc.edu/NORC/NORCRepository and are available upon request.
� This paper does not report original code.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This is a secondary analysis of a prospective randomized controlled trial designed to assess weight compensation in response to a 24-week

aerobic exercise intervention.29 The ‘‘Examination of mechanisms of exercise-induced weight compensation (E-MECHANIC)’’ trial was con-

ducted at Pennington Biomedical Research Center alongside an ancillary study to assess components of sedentary energy expenditure using

a metabolic chamber (NCT01264406). The parent and ancillary studies were approved by the institutional review board, and participants pro-

vided written informed consent for all study testing. Primary outcomes from the parent and ancillary trials including additional metabolic and

energy phenotyping were recently reported.4,19
Subjects and study design

Sedentary individuals (n = 53) between the ages of 18–65 years of age with overweight or obesity (BMIR25 kg/m2 and%45 kg/m2) who were

otherwise healthy (i.e., free of chronic conditions) completed both the parent and ancillary trial. Individuals were excluded if they reported

concurrent engagement in a weight loss program, prior bariatric surgery, smoking in the past 6 months, and consumption of more than

14 alcoholic drinks per week.
METHOD DETAILS

Exercise intervention

A full description of the exercise intervention has been previously published.29 In brief, participants were randomized in a 1:1:1 ratio into a no-

exercise control group or one of two 24-week aerobic exercise interventions. The exercise interventions reflected recommendations for gen-

eral health and weight maintenance (exercise prescription of 8 kcals/kg of body weight per week; 8KKW) or weight loss (exercise prescription

of 20 kcals/kg of body weight per week; 20 KKW). Exercise sessions consisted of exercise on amotorized treadmill or stationary bike and were

modified by intensity or volume to achieve target exercise energy prescriptions weekly over the course of 24 weeks. Adherence to exercise

sessions were recorded and calculated as achieved exercise compared to prescribed exercise energy intensity via heartrate monitoring

throughout exercise sessions.
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Weight and body composition

Weight and body composition were measured after an overnight fast at baseline (14 days prior to randomization) and during the last week of

the trial (week 24).Weight wasmeasured twice using a calibrated scale and body composition (fat and fat-freemasses) were assessed by dual-

energy X-ray absorptiometry (iDXA encore software version 13.60, GE Healthcare).

Exercise oxygen consumption

At baseline and during the last week of the intervention, exercise testing was conducted using a standardized graded exercise testing

protocol on a treadmill or a cycle ergomenter. Gas exchange was measured with a ParvoMedics True Max 2400 Metabolic Measurement

Cart (Salt LakeCity, UT). The exercise protocol began at 2.8METs and increased approximately 1.2METs per stage every 2min. Gas exchange

and heart rate were monitored continuously throughout the exercise test.

In attempt to maintain the caloric exercise prescription with exercise induced adaptions (e.g., exercise efficiency), exercise energy expen-

diture was measured using a metabolic cart during the first week of the intervention and every four weeks thereafter. Adjustments to the ex-

ercise time to more accurately reflect the target kcal goal were made, as needed.

Energy expenditure

Free living TDEE was measured via doubly labeled water over two weeks at baseline (14 days prior to randomization) and during the last

two weeks of the exercise intervention. Briefly, subjects provided two urine samples before being dosed with 2.0 g of 10% enriched H2
18O

and 0.12 g of 99.9% enriched 2H2O per kg of estimated total body water. Post-dose samples were collected at 4.5 and 6 h and days 7

and 14.4

Sedentary energy expenditures were assessed at baseline and during post-testing using a whole room indirect calorimeter. Partici-

pants entered the chamber at 8:00 a.m. after an overnight fast and left the chamber at 7:00 a.m. the next morning. Since no structured

exercise was allowed during the chamber stay, this procedure was performed within 72 h of the final exercise session of the intervention.

While in the room calorimeter, subjects were maintained in energy balance by estimating projected 24EE after 3 and 7 h to adjust the

calories provided at lunch and dinner meals when necessary.30 A detailed description of metabolic chamber procedures can be found

elsewhere.19

Energy expenditure during sleep (SEE) was assessed between 2:00 a.m. and 5:00 a.m. for those minutes during which activity recorded by

infraredmotion detectors was less than 1%. Resting energy expenditure (REE) was calculated in the chamber as the y-intercept of the relation-

ship between EE and % activity (by radar motion detector). 24hrEE was calculated as all valid minutes in the chamber.

Physical activity

Non-exercise activity thermogenesis was computed during the overnight chamber stay. Activity within the chamber was recorded by

infrared motion detectors and spontaneous physical activity (SPA) was calculated. Energy cost of SPA was calculated by regressing the

percent of time that the participant was active during the chamber stay against energy expenditure data for the corresponding time

periods.31,32

Free-living physical activity was obtained by SenseWear armbandsworn on the upper arm. Steps and totalminutes of physical activity were

obtained over two weeks at baseline and the last two weeks of the intervention. Physical activity was defined as time spent at R3 metabolic

equivalents. Measurement spanned 24 h per day, except for water-based activities.

Calculation of metabolic adaptation

Metabolic adaptation for sedentary energy expenditures (24hrEE, SEE, REE) were calculated from linear regression models of energy expen-

diture at baseline in all participants (n = 53) using fat-free mass, fat mass, age, and sex as covariates. Individual data for each covariate

measured at week 24 was entered into the baseline EE models, and the difference between the measured EE variable and EE variable pre-

dicted from the model, coined residual EE, was considered a metabolic adaptation to the intervention.19,33–35

Calculation of exercise-related energy compensation

ExEC was calculated as the difference between free-living TDEE at week 24 and the expected TDEE, determined as baseline TDEE plus the

prescribed exercise energy expenditure per week. Expected TDEE was adjusted for individual adherence to the exercise prescription. Indi-

viduals whose measured energy expenditure was 5% or more below the expected energy expenditure at the completion of the trial were

considered to have experienced ExEc and were termed ‘compensators’. Compensation between 0 and 5% were within the precision of

the EE and body composition measurements and therefore considered to be ‘non-compensators’.

Cardiometabolic biomarkers

To investigate downstream cardiometabolic implications of energy compensation, blood pressure and a venous blood draw data were also

evaluated. These data were obtained in the morning after a 12-h overnight fast. A complete blood count was performed, and blood were

additionally analyzed for cholesterol, triglycerides, glucose, and high- and low-density lipoproteins. Inflammation was assessed by total white

blood cell, neutrophil, and eosinophil count.
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Statistical analyses

Only participants randomized into the exercise intervention were included in the analysis (i.e., no-exercise controls were not included). First,

we computed energy compensation ðExEC = TDEE Measured at Wk 24� Predicted TDEEÞ. Second, participants were grouped into energy

compensators (ExEC >5%) and non-compensators (ExEc %5%). To assess changes in non-exercise energy expenditures, independent

samples t tests were used to test group differences for continuous variables between compensators and non-compensators. Chi-squared

analyses were utilized to determine differences in categorical variables between compensators and non-compensators. To evaluate the rela-

tionship between baseline energy expenditures and ExEC, Pearson correlation coefficients were computed. Independent samples t tests

were additionally used to determine differences downstream cardiometabolic risk factors between compensators and non-compensators.

Effect size was estimated using Cohen’s d, where 0.2, 0.5, and 0.8 represent a small, moderate, and large effect, respectfully. All analyses

were conducted using SPSS Statistics version 28 (IBM Corp., Armonk, NY). Data are reported as mean (SD), and a % 0.05 was the predeter-

mined level of significance.
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