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Abstract
Background

Many individuals lose less weight than expected in response to exercise interventions when
considering the increased energy expenditure of exercise (EXEE). This is due to energy
compensation in response to EXEE, which may include increases in energy intake (El) and
decreases in non-exercise physical activity (NEPA). We examined the degree of energy
compensation in healthy young men and women in response to interval training.

Methods

Data were examined from a prior study in which 24 participants (mean age, BMI, & VO.max =
28 yrs, 27.7 kgem™, and 32 mL-kg"-min"") completed either 4 weeks of sprint-interval training
or high-intensity interval training. Energy compensation was calculated from changes in body
composition (air displacement plethysmography) and exercise energy expenditure was calcu-
lated from mean heart rate based on the heart rate-VO, relationship. Differences between
high (> 100%) and low (< 100%) levels of energy compensation were assessed. Linear
regressions were utilized to determine associations between energy compensation and
AVO.max, AEI, ANEPA, and Aresting metabolic rate.

Results

Very large individual differences in energy compensation were noted. In comparison to indi-
viduals with low levels of compensation, individuals with high levels of energy compensation
gained fat mass, lost fat-free mass, and had lower change scores for VO,max and NEPA.
Linear regression results indicated that lower levels of energy compensation were associ-
ated with increases in AVO,max (p < 0.001) and ANEPA (p < 0.001).

Conclusions

Considerable variation exists in response to short-term, low dose interval training. In agree-
ment with prior work, increases in AVO,max and ANEPA were associated with lower energy
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compensation. Future studies should focus on identifying if a dose-response relationship for
energy compensation exists in response to interval training, and what underlying mecha-
nisms and participant traits contribute to the large variation between individuals.

Background

Individual responses to an exercise intervention are highly variable, but are often hidden by
the reporting of typical descriptive statistics (i.e. mean and standard deviation) [1-4]. In
response to the same dose of exercise, some individuals may lose large amounts of weight
while others may not, or even gain weight [4-6]. Maximal aerobic power (VO,max) (7, 8],
resting metabolic rate (RMR) [4, 9], and body composition [4, 7] also exhibit high levels of var-
iation in response to exercise training.

In theory, the undertaking of an exercise intervention (i.e. increasing energy expenditure)
should shift energy balance into an energy deficit, leading to considerable weight loss [3, 10].
However, a number of highly controlled studies have observed that even in response to super-
vised and carefully administered exercise, considerable variability in weight changes occurred
[5-7, 10-13]. This has led to researchers becoming interested in the causes of energy com-
pensation in response to an exercise intervention. Among individuals who compensated in
response to an exercise intervention, some authors have reported increases in energy intake [4,
12] and perceived hunger [12], lower levels of non-exercise physical activity (NEPA) [4], and
smaller changes in VO,max [13]. Determining the reason(s) for differing patterns of individ-
ual response is of interest to the exercise physiologist in order to develop the optimum individ-
ual exercise prescription that would result in minimal levels of compensation.

Given the present physical activity guidelines of 150 min-wk ™' of moderate exercise to accu-
mulate health benefits, or up to 300 min-wk™ to promote weight loss, novel strategies to find
the most time-efficient exercise intervention have been explored. In particular, recent research
has focused on sprint- and high-intensity interval training (SIT and HIIT, respectively) [14].
Interval training is characterized by brief, intense bouts separated by recovery periods in a work
to rest ratio of > 1:1 [14]. Interval exercise is equally effective, or superior, to moderate-intensity
continuous training for improving many health-related variables, including: increased VO,max
and altered substrate use during exercise [15, 16], RMR [17], upregulation of skeletal muscle
proteins and markers of mitochondrial function related to oxidative phosphorylation capacity
[18, 19], reduced insulin resistance [20], and improved body composition [18, 21]. However,
the compensatory responses to interval training have not previously been examined.

Therefore, the aim of the present paper was to examine individual differences in energy
compensation in response to short-term interval training. Based on prior reports examining
compensation to aerobic exercise [6, 10, 13], we hypothesized that the degree of energy com-
pensation would be associated with changes in energy intake, physical activity, and/or
VO,max.

Methods

The present paper is a secondary analysis of a study previously published [17]. That study
sought to examine if 4 weeks of SIT or HIIT influenced resting metabolic rate (RMR), resting
substrate oxidation, body composition, non-exercise physical activity (NEPA), energy intake
(EI), exercise metabolism, and VO,max.
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Participants

As previously described [17], participants were 24 moderately active (defined as > 120 minutes
of moderate/vigorous activity per week by self-report during the previous 6 months) men and
women (58% female) between the ages of 18-50; non-smokers; not currently taking any medi-
cation or supplements known to effect metabolism or blood pressure; and (for women) were
eumenorrheic or on birth control, and not planning on becoming pregnant in the following 3
months. Participants typically completed recreational aerobic-type exercise (walking, jogging,
cycling) as well as resistance training 3-5 d-wk™'. They were asked to maintain their dietary
and physical activity habits during the study period. This study was approved by the Auburn
University at Montgomery Institutional Review Board for Human Subjects Research and
adhered to the guidelines laid out in the Declaration of Helsinki.

Exercise interventions

The full details of the exercise interventions have been previously published [17]. Briefly, par-
ticipants were randomized to SIT or HIIT for 3 sessions-wk ' for 4 weeks. The SIT group
completed training as previously described by Gillen [22], with modifications. Training the
first week of the study consisted of a 2-minute warm-up at 10% peak power output (PPO),
three 20-second “all-out” sprints at a resistance equivalent to 5% of baseline bodyweight with
2 minute recoveries at 10% PPO, and a 3-minute cool down a 10% PPO. Week 2 included 4
repeats and weeks 3 and 4 incorporated 5. Total training time per session ranged from 10
minutes during week 1 to ~15 minutes’ during weeks 3-4. The HIIT group completed a
training program that has been widely used in the literature, i.e. 1 minute at 90% PPO with 1
minute recoveries at 10% PPO [15, 23]. As with SIT, all sessions began and ended with a
2-minute warm-up and 3-minute cool down. The first 2 weeks, participants completed 6
repeats and the final 2 weeks they performed 8. Total training time per session ranged from
16-20 minutes.

Sessions were completed at the same time of day within-participants (+1 hour). Dietary
standardization was not strictly enforced; however, participants were instructed to refrain
from eating ~2 hours before to avoid any gastrointestinal discomfort. Mean heart rates during
the exercise sessions were used to determine the mean VO, value during exercise based on the
heart rate-VO, relationship from an incremental maximal cycling test. Values for each session
were calculated using the following equation, per McNeil and colleagues [13]:

Estimated exercise energy expenditure (EXEE)

= VO,(L - kg™ - min™") x Body weight (kg) x Exercise duration (min - wk™") x 5 (kcal
L0, (1)

The four weeks of exercise were added together to yield a total exercise energy expenditure
over the intervention.

We acknowledge, however, that the calculations above are not necessarily valid for inter-
mittent non-steady state exercise. Therefore, we utilized two additional approaches to estimate
ExEE. First, in our prior paper [17], we calculated EXEE using the equation of Dugas and col-
leagues for intermittent exercise [24]. Second, we calculated total work performed in each bout
and converted work completed to energy expenditure using a typical value for gross efficiency
[25]. Each exercise session’s energy expenditure was calculated individually and summed over
the duration of the study. Comparisons between the methods (paired t-tests) revealed no sig-
nificant differences in mean calculated EXEE and the associated predicted energy compensa-
tion (all p > 0.15).
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Outcome assessments

The primary outcome of interest in the current report was exercise energy compensation (%).
Energy compensation was determined using the following equation described by others [13,
26,27]:

1
Exercise energy compensation (%) = (E ?;)E) X [(AFM x 9500) + (AFFM x 1020)] + 100 (2)
X

Where EXEE was the total energy expenditure of the exercise intervention, AFM and AFFM
were the change in fat mass and fat-free mass from baseline, and 9500 and 1020 were the calo-
ric densities per kilogram of fat mass and fat-free mass, respectively.

Another outcome examined was daily energy imbalance, calculated with the following
equation [13, 26, 27]:

sy rs-) = o x (SE) |+ oon« (SE) | 0

Where AFM and AFFM were the change in fat mass and fat-free mass from baseline; 9500 and
1020 were the caloric densities per kilogram of fat mass and fat-free mass, respectively; and At
was the length of the intervention in days.

Per the recent analysis by McNeil and colleagues, an energy compensation of 0% indicates
that the change in body weight varied perfectly according to the exercise energy expenditure.
A value of 100% indicates that no changes in body weight took place, despite the increased
energy expenditure. A value above 100% would indicate weight gain, and a negative value
would be indicative of weight loss [13].

Additional variables included in the present analysis were changes in body composition
(Percent body fat (% BF), FFM, and FM; BodPod, Cosmed USA, Concord, CA); VO,max, via
an incremental test on a cycle ergometer with breath-by-breath gas collection (ParvoMedics
TrueOne 2400, Salt Lake City, UT, USA); NEPA (wrist-worn accelerometers placed on the
non-dominant wrist for 7 days; GTX3+, Actigraph Corp., Pensacola, FL, USA); energy and
macronutrient intake recorded over three consecutive days (Food Processor, ESHA Research,
Salem, OR, USA); and RMR with a ventilated hood and metabolic system (ParvoMedics
TrueOne 2400, Salt Lake City, UT, USA). Differences between pre- and post-testing (change
scores) were calculated by subtracting baseline from post-testing values.

Statistical analyses

Sample size for the original study was estimated based on prior research on interval training;
additionally, based on an estimated B = 0.8, moderate effect size f = 0.25, and a correlation
among repeated measures of 0.8 for resting metabolic rate, a total sample size of 21 participants
was calculated using G*Power 3.1.9.2 [28].

In the original study, repeated measures ANOVA were conducted to examine the effects of
time (pre/post), group (Control, SIT, HIIT), and their interaction (time*group). While the SIT
and HIIT groups had training-induced changes in RMR and VO,max, they were not signifi-
cantly different from each other. Independent-samples t-tests at baseline and post-testing
showed no significant differences between the exercise groups. Specifically, no significant dif-
ferences for exercise-induced changes in body composition, physical activity, exercise energy
expenditure, and energy intake were observed between the SIT and HIIT groups during post-
testing. Therefore, in order to increase power, the training groups were pooled in the present
analysis. Following procedures previously used by McNeil and colleagues, we conducted a
multivariable linear regression to examine the strength of the associations between energy
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Table 1. Characteristics of the exercise groups at baseline.

Variable HIIT (n=12) SIT (n=12) Pooled P-value*
Age (years) 30.5+8.8 28.5+6.1 29.5+7.5 0.524
Weight (kg) 76.4+16.2 81.2+16.5 78.8+ 16.1 0.482
BMI (kg-m™) 26.9+3.6 28.4+4.7 27.7+42 0.377
Percent Body Fat (%) 25.7+8.4 29.4+10.7 27.5+9.6 0.363
Fat mass (kg) 19.7+£7.7 24.7+12.4 22.2+10.4 0.243
Fat-free mass (kg) 56.3+13.9 56.4+9.8 56.3+11.8 0.980
Maximal oxygen uptake (mL-kg™"-min™") 31.4+92 32.37.1 31.8+8.1 0.778
Resting metabolic rate (kcal-d™') 1670+ 324 1789 + 283 1730 + 307 0.377
Energy intake (kcal-d™") 2371+ 511 2515 + 426 2443 + 466 0.461

*independent samples t-test

https://doi.org/10.1371/journal.pone.0189590.t001

compensation and changes in VO, max, energy intake, RMR, and NEPA, with baseline fat
mass and VO,max as covariates [13]. Additionally, an independent samples t-test was con-
ducted to determine differences in change scores between individuals who had energy com-
pensation levels < 100% and those who had levels > 100%. Data were analyzed using SPSS v.
23 (IBM Corp, Chicago, IL, USA), and statistical significance was accepted at p < 0.05.

Results

A total of 24 participants underwent exercise training, with a further 6 serving as controls. The
baseline characteristics of the individuals who performed training are reported in Table 1.
There were no differences between the exercise groups at baseline when examined with inde-
pendent ¢-tests.

Individual levels of compensation were highly variable. The results for individual values of
energy compensation and daily energy imbalance are displayed in Fig 1. Energy compensation
values ranged from -2081% to +805% (Mean * SD: -346 + 634%). Individual levels of energy
imbalance also varied considerably, ranging from -695 to +276 kcal-d™" (-171 + 239 kcal-d™").
Two-thirds (n = 16) of the sample had compensation values < 100% with the remaining 8 par-
ticipants having compensation levels > 100%. The change scores for the variables of interest,
based on compensation level, are shown in Table 2. Although both groups had minimal
changes in body weight and BMI, participants who “over-compensated” (> 100%) gained fat-
mass and lost fat-free mass, whereas those who did not overcompensate experienced the oppo-
site trend (p < 0.0001 for FM and p = 0.008 for FFM, respectively). Additionally, individuals
with lower levels (< 100%) of compensation had a 5-fold greater increase in VO,max (p =
0.008). Finally, daily energy imbalance was more negative in the individuals below 100% com-
pensation, whereas those in the group that compensated > 100% accrued a positive daily
energy balance (p < 0.0001).

Results of the linear regression are displayed in Table 3. In the first step, baseline fat mass
and VO,max did not predict energy compensation (F, ;= 1.17; p = 0.33). Adding AVO,max
to the model in step 2 increased R?, but Model 2 also failed to significantly predict energy com-
pensation (F; »; = 2.97; p = 0.06). Adding ANEPA to the model in step 3 significantly increased
R?, and Model 3 was found to significantly predict energy compensation (F, 3 = 7.95; p =
0.001). Thus, AVO,max (AR? = 0.21, p = 0.024) and ANEPA (AR = 0.32, p = 0.001) both
added significant variance to the final model, which predicted 63% of the variance in energy
compensation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189590 December 15, 2017 5/11


https://doi.org/10.1371/journal.pone.0189590.t001
https://doi.org/10.1371/journal.pone.0189590

@° PLOS | ONE

Energy compensation and interval training

1000+
750+
500+
250+

-1500+

Exercise Energy Compensation (%)

-1750+
-2000+

-2250

All participants (n = 24)
500-

3751
250+

125-

o

-1251

-250+

Energy imbalance (kcalxd'1)
()
N
g

-500+

-6251

-750

All participants (n = 24)

Fig 1. Distribution of individual exercise energy compensation (top) and distribution of individual daily
energy imbalance (bottom).

https://doi.org/10.1371/journal.pone.0189590.g001
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Table 2. Change scores by compensation level.

Variable <100% (n =16) >100% (n = 8) P-value
# Male/Female 6/10 4/4 0.558*
Weight (kg) -0.26+1.18 0.05+1.09 0.285
BMI (kg-m™) -0.06 +0.43 0.24+0.43 0.329
Percent Body Fat (%) -1.26+1.16 -0.83+1.29 0.439
Fat mass (kg) -1.41+0.81 0.33+0.56 <0.0001
Fat-free mass (kg) 1.15+1.25 -0.28+0.76 0.008
Maximal oxygen uptake (mL-kg™-min™) 2.10+2.05 0.41+0.79 0.008
Resting metabolic rate (kcal-d™') 50.33+42.10 35.61 £ 58.86 0.487
Energy intake (kcal-d™") 27.44 +81.43 22.13+62.6 0.873
Physical activity (min-d™") 9.7+40.1 -15.6 £ 32.1 0.135
Total EXEE (kcal) 1725+ 525 1867 + 261 0.547
Energy compensation (%) -644 + 548 251+ 63 0.0003
Energy imbalance (kcal-d™") -290 + 191 67+113 <0.0001
*Pearson Chi-Square test
https://doi.org/10.1371/journal.pone.0189590.t002

Discussion

The primary findings of the current study indicate that a greater change in non-exercise physi-
cal activity and VO,max predicts lower levels of energy compensation after interval training.
These results suggest that exercise interventions which emphasize improving fitness and

Table 3. Predictors of energy compensation.

B+ SE B

Model 1
Constant -836.4 +913.1
Baseline FM -5.8+15.8 -0.10
Baseline VO,max 19.4+20.3 0.25
R? for Model 1 0.10

Model 2
Constant -1079.6 £ 826.5
Baseline FM 1.7+£145 0.03
Baseline VO,max 29.4+18.7 0.38
Change in VO,max -156.6 + 63.9 -0.47%
R? for Model 2 0.31
AR? for Model 2 0.21*

Model 3
Constant -979.8 +624.0
Baseline FM -55+11.1 -0.09
Baseline VO,max 3441142 0.44*
Change in VOomax -212.2+50.1 -0.64%*
Change in PA -9.9+25 -0.61%*
R? for Model 3 0.63
AR? for Model 3 0.32*%

*p<0.025
*%p < 0.0008 (n = 24)

https://doi.org/10.1371/journal.pone.0189590.t003
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reducing sedentary time may result in reduced energy compensation-at least in the short-
term, mandatory adherence environment of the present study.

Similar to McNeil and colleagues [13], we found that improvements in VO,max were asso-
ciated with reductions in energy compensation. Those authors reported that their individuals
with lower levels of compensation (< 100%) had greater (2-4x) increases in VO,max than
those who had higher compensation levels (> 100%) [13]. While our sample size was much
smaller, the present results revealed that those individuals with lower levels of compensation
had an improvement in VO, max five times greater than those who had higher compensation
levels. In contrast, McNeil reported a non-significant trend between energy compensation and
change in objectively-measured NEPA [13]. Our results showed that individuals with lower
levels of compensation accumulated ~25 more minutes of NEPA per day than those with
higher levels of compensation, though this difference was not significant. In contrast to
McNeil’s and our results, Rosenkilde and colleagues reported that no differences in AVO,max
were observed between two doses of aerobic exercise, despite the moderate volume group hav-
ing significantly lower compensation levels (-83% vs. +20%) [6]. Interestingly, despite the
high-volume group having a 2-fold greater exercise energy expenditure per day, the moderate
volume group had a more negative daily energy balance (-80 kcal). These authors also did not
observe differences in NEPA between their intervention groups [6].

At this point, it would be prudent to consider the changes in light of the control group. It is
not possible to calculate energy compensation for the control group, since their EXEE was
zero. However, their daily energy imbalance was equal to 68 + 45 kcal-d"!, which is similar to
what we calculated for the compensators. Thus, this raises an interesting point that perhaps
the “compensatory” response we observed in the compensators may be within the normal vari-
ation. However, it has recently been posited that quantifying individual responses and changes
is far more complicated than many would like to believe [29]. It is also worth considering that
though the means for energy imbalance were similar, the standard deviation for the compensa-
tors was much higher than the control group.

The mechanism suggesting that greater changes in VO,max and NEPA are associated with
lower exercise energy compensation is not clear. As early as the 1950s, it was suggested that
activity levels and energy intake formed a J-shaped curve, which has also been replicated in
recent research [30-32]. A comprehensive systematic review by Beaulieu and colleagues con-
cluded that active individuals are more sensitive to the energy density of food, and may also
have differences in body composition and sensitivity to appetite hormones implicated in
energy balance (i.e. ghrelin, leptin, insulin) that may preclude them to be less likely to compen-
sate in response to exercise training [31].

The primary limitation of the present study is the small sample size, which could increase
the chances that our results are due to Type I error. Given the consistency of our results with
those reported by McNeil [13], however, this is unlikely. Another limitation is our sample was
young, healthy adults, and we lacked sufficient power to examine sex differences, though a
meta-analysis previously found no influence of sex on the variation in energy compensation
[10]. A third limitation related to the sample size is that we were unable to examine the effects
of interval training intensity per se on energy compensation (i.e. a dose-response analysis).
Another limitation is the use of self-reported food logs, which are likely to underreport energy
intake. A limitation that our analysis shares with that of McNeil [13] is the relationship be-
tween VO,max and energy compensation may be driven by weight change. Neither these
authors’ statistical procedures or our present analysis could include weight loss as a covariate
due to it’s relationship with energy compensation; thus, the magnitude of change in VO,max
could be a direct result of the amount of weight lost.
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The nature of our calculation of energy expenditure from SIT and HIIT data is also worth
considering. We acknowledge that without direct measures of oxygen consumption and/or
muscle metabolism, it is difficult to precisely quantify EE. We also acknowledge that choosing
an arbitrary value of 20% for gross efficiency may be contentious given the range of values
reported in the literature for net or gross efficiency during high-intensity cycling (16-25%).
Smith and Hill [33, 34] revealed differences in the aerobic contributions to Wingate testing
based on the net or gross efficiency values used by themselves and other authors, though
these differences appeared slight. Therefore, we acknowledge that our estimates of EXEE
are only estimates, and that this in turn may have influences our derived values of energy
compensation.

A final limitation is the duration of the intervention. Although we observed widespread var-
iability of compensation, a meta-analytic review reported that negative compensation is more
prevalent in short-duration studies, and attenuates as duration lengthens [10]. Thus, in future
studies, a longer duration should be utilized.

In conclusion, we found that changes in VO,max and NEPA predicted energy compensa-
tion. Individuals who had greater improvements in VO,max and increased NEPA exhibited
less compensation to exercise, and this was associated with greater loss of FM and retention of
FFM without a change in body weight. This highlights the usefulness of targeting messages to
the public that exercise can have beneficial impacts on factors other than weight loss. Future
research should attempt to replicate these findings in a larger interval training cohort to exam-
ine dose-response effects, and include variables that are involved in energy compensation.
This line of research could help determine causes of energy compensation and provide data to
assist in the development of personalized and optimally effective exercise interventions.

Supporting information

S1 Dataset.
(XLSX)

Acknowledgments

The authors thank the participants for their hard work during the study and the reviewers for
their assistance in improving the manuscript.

Author Contributions

Conceptualization: Matthew M. Schubert, Rebekah F. Seay, Holly E. Clarke.

Data curation: Matthew M. Schubert.

Formal analysis: Matthew M. Schubert.

Investigation: Matthew M. Schubert, Rebekah F. Seay, Katie K. Spain, Holly E. Clarke.
Methodology: Matthew M. Schubert, Holly E. Clarke.

Project administration: Matthew M. Schubert, Rebekah F. Seay, Katie K. Spain, Holly E.
Clarke.

Supervision: Matthew M. Schubert.
Writing - original draft: Matthew M. Schubert, Elyse Palumbo.
Writing - review & editing: Matthew M. Schubert, Elyse Palumbo, Rebekah F. Seay.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189590 December 15, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189590.s001
https://doi.org/10.1371/journal.pone.0189590

@° PLOS | ONE

Energy compensation and interval training

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

Atkinson G, Batterham AM. True and false interindividual differences in the physiological response to an
intervention. Exp Physiol. 2015; 100(6):577—-88. Epub 2015/04/01. https://doi.org/10.1113/EP085070
PMID: 25823596.

Hecksteden A, Kraushaar J, Scharhag-Rosenberger F, Theisen D, Senn S, Meyer T. Individual response
to exercise training—a statistical perspective. J Appl Physiol (1985). 2015; 118(12):1450-9. Epub 2015/
02/11. https://doi.org/10.1152/japplphysiol.00714.2014 PMID: 25663672.

Melanson EL, Keadle SK, Donnelly JE, Braun B, King NA. Resistance to exercise-induced weight loss: com-
pensatory behavioral adaptations. Med Sci Sports Exerc. 2013; 45(8):1600-9. Epub 2013/03/09. https://doi.
0rg/10.1249/MSS.0b013e31828ba942 PMID: 23470300; PubMed Central PMCID: PMCPMC3696411.

Herrmann SD, Willis EA, Honas JJ, Lee J, Washburn RA, Donnelly JE. Energy intake, nonexercise physi-
cal activity, and weight loss in responders and nonresponders: The Midwest Exercise Trial 2. Obesity (Sil-
ver Spring). 2015; 23(8):1539-49. Epub 2015/07/21. https://doi.org/10.1002/0by.21073 PMID:
26193059; PubMed Central PMCID: PMCPMC4578726.

Church TS, Martin CK, Thompson AM, Earnest CP, Mikus CR, Blair SN. Changes in weight, waist circum-
ference and compensatory responses with different doses of exercise among sedentary, overweight post-
menopausal women. PLoS One. 2009; 4(2):e4515. Epub 2009/02/19. https://doi.org/10.1371/journal.
pone.0004515 PMID: 19223984; PubMed Central PMCID: PMCPMC2639700.

Rosenkilde M, Auerbach P, Reichkendler MH, Ploug T, Stallknecht BM, Sjodin A. Body fat loss and com-
pensatory mechanisms in response to different doses of aerobic exercise—a randomized controlled trial
in overweight sedentary males. Am J Physiol Regul Integr Comp Physiol. 2012; 303(6):R571-9. Epub
2012/08/03. https://doi.org/10.1152/ajpregu.00141.2012 PMID: 22855277.

Bouchard C, Tremblay A, Nadeau A, Dussault J, Despres JP, Theriault G, et al. Long-term exercise train-
ing with constant energy intake. 1: Effect on body composition and selected metabolic variables. Int J
Obes. 1990; 14(1):57-73. PMID: 2179147.

Bouchard C, An P, Rice T, Skinner JS, Wilmore JH, Gagnon J, et al. Familial aggregation of VO(2max)
response to exercise training: results from the HERITAGE Family Study. J Appl Physiol (1985). 1999; 87
(3):1003-8. PMID: 10484570.

Tremblay A, Nadeau A, Despres JP, St-Jean L, Theriault G, Bouchard C. Long-term exercise training
with constant energy intake. 2: Effect on glucose metabolism and resting energy expenditure. Int J Obes.
1990; 14(1):75-84. PMID: 2179148.

Riou ME, Jomphe-Tremblay S, Lamothe G, Stacey D, Szczotka A, Doucet E. Predictors of Energy Com-
pensation during Exercise Interventions: A Systematic Review. Nutrients. 2015; 7(5):3677—-704. Epub
2015/05/20. https://doi.org/10.3390/nu7053677 PMID: 25988763; PubMed Central PMCID:
PMCPMC4446773.

Donnelly JE, Honas JJ, Smith BK, Mayo MS, Gibson CA, Sullivan DK, et al. Aerobic exercise alone
results in clinically significant weight loss for men and women: midwest exercise trial 2. Obesity (Silver
Spring). 2013; 21(3):E219-28. Epub 2013/04/18. https://doi.org/10.1002/0by.20145 PMID: 23592678;
PubMed Central PMCID: PMCPMC3630467.

King NA, Hopkins M, Caudwell P, Stubbs RJ, Blundell JE. Individual variability following 12 weeks of
supervised exercise: identification and characterization of compensation for exercise-induced weight
loss. Int J Obes (Lond). 2008; 32(1):177—-84. Epub 2007/09/13. hitps://doi.org/10.1038/sj.ij0.0803712
PMID: 17848941.

McNeil J, Brenner DR, Courneya KS, Friedenreich CM. Dose-response effects of aerobic exercise on
energy compensation in postmenopausal women: combined results from two randomized controlled tri-
als. Int J Obes (Lond). 2017; 41(8):1196—202. Epub 2017/04/01. https://doi.org/10.1038/ijo.2017.87
PMID: 28360432; PubMed Central PMCID: PMCPMC5550560.

Weston M, Taylor KL, Batterham AM, Hopkins WG. Effects of low-volume high-intensity interval training
(HIT) on fitness in adults: a meta-analysis of controlled and non-controlled trials. Sports Med. 2014; 44
(7):1005—17. Epub 2014/04/20. https://doi.org/10.1007/s40279-014-0180-z PMID: 24743927; PubMed
Central PMCID: PMCPMC4072920.

Astorino TA, Schubert MM, Palumbo E, Stirling D, McMillan DW. Effect of two doses of interval training
on maximal fat oxidation in sedentary women. Med Sci Sports Exerc. 2013; 45(10):1878-86. Epub 2013/
03/28. https://doi.org/10.1249/MSS.0b013e3182936261 PMID: 23531715.

Gist NH, Fedewa MV, Dishman RK, Cureton KJ. Sprint interval training effects on aerobic capacity: a sys-
tematic review and meta-analysis. Sports Med. 2014; 44(2):269—79. Epub 2013/10/17. https://doi.org/10.
1007/s40279-013-0115-0 PMID: 24129784.

Schubert MM, Clarke HE, Seay RF, Spain KK. Impact of 4 weeks of interval training on resting metabolic
rate, fitness, and health-related outcomes. Appl Physiol Nutr Metab. 2017; 42(10):1073-81. Epub 2017/
06/21. https://doi.org/10.1139/apnm-2017-0268 PMID: 28633001.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189590 December 15, 2017 10/11


https://doi.org/10.1113/EP085070
http://www.ncbi.nlm.nih.gov/pubmed/25823596
https://doi.org/10.1152/japplphysiol.00714.2014
http://www.ncbi.nlm.nih.gov/pubmed/25663672
https://doi.org/10.1249/MSS.0b013e31828ba942
https://doi.org/10.1249/MSS.0b013e31828ba942
http://www.ncbi.nlm.nih.gov/pubmed/23470300
https://doi.org/10.1002/oby.21073
http://www.ncbi.nlm.nih.gov/pubmed/26193059
https://doi.org/10.1371/journal.pone.0004515
https://doi.org/10.1371/journal.pone.0004515
http://www.ncbi.nlm.nih.gov/pubmed/19223984
https://doi.org/10.1152/ajpregu.00141.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855277
http://www.ncbi.nlm.nih.gov/pubmed/2179147
http://www.ncbi.nlm.nih.gov/pubmed/10484570
http://www.ncbi.nlm.nih.gov/pubmed/2179148
https://doi.org/10.3390/nu7053677
http://www.ncbi.nlm.nih.gov/pubmed/25988763
https://doi.org/10.1002/oby.20145
http://www.ncbi.nlm.nih.gov/pubmed/23592678
https://doi.org/10.1038/sj.ijo.0803712
http://www.ncbi.nlm.nih.gov/pubmed/17848941
https://doi.org/10.1038/ijo.2017.87
http://www.ncbi.nlm.nih.gov/pubmed/28360432
https://doi.org/10.1007/s40279-014-0180-z
http://www.ncbi.nlm.nih.gov/pubmed/24743927
https://doi.org/10.1249/MSS.0b013e3182936261
http://www.ncbi.nlm.nih.gov/pubmed/23531715
https://doi.org/10.1007/s40279-013-0115-0
https://doi.org/10.1007/s40279-013-0115-0
http://www.ncbi.nlm.nih.gov/pubmed/24129784
https://doi.org/10.1139/apnm-2017-0268
http://www.ncbi.nlm.nih.gov/pubmed/28633001
https://doi.org/10.1371/journal.pone.0189590

@° PLOS | ONE

Energy compensation and interval training

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gillen JB, Percival ME, Ludzki A, Tarnopolsky MA, Gibala MJ. Interval training in the fed or fasted state
improves body composition and muscle oxidative capacity in overweight women. Obesity (Silver Spring).
2013; 21(11):2249-55. Epub 2013/06/01. https://doi.org/10.1002/0by.20379 PMID: 23723099.

Gurd BJ, Perry CG, Heigenhauser GJ, Spriet LL, Bonen A. High-intensity interval training increases
SIRT1 activity in human skeletal muscle. Appl Physiol Nutr Metab. 2010; 35(3):350—7. Epub 2010/06/18.
https://doi.org/10.1139/H10-030 PMID: 20555380.

Earnest CP, Lupo M, Thibodaux J, Hollier C, Butitta B, Lejeune E, et al. Interval training in men at risk for
insulin resistance. Int J Sports Med. 2013; 34(4):355-63. Epub 2012/11/28. https://doi.org/10.1055/s-
0032-1311594 PMID: 23180210.

Martins C, Kazakova |, Ludviksen M, Mehus |, Wisloff U, Kulseng B, et al. High-Intensity Interval Training
and Isocaloric Moderate-Intensity Continuous Training Result in Similar Improvements in Body Composi-
tion and Fitness in Obese Individuals. Int J Sport Nutr Exerc Metab. 2016; 26(3):197—204. Epub 2015/10/
20. https://doi.org/10.1123/ijsnem.2015-0078 PMID: 26479856.

Gillen JB, Martin BJ, Maclnnis MJ, Skelly LE, Tarnopolsky MA, Gibala MJ. Twelve Weeks of Sprint Inter-
val Training Improves Indices of Cardiometabolic Health Similar to Traditional Endurance Training despite
a Five-Fold Lower Exercise Volume and Time Commitment. PLoS One. 2016; 11(4):e0154075. Epub
2016/04/27. https://doi.org/10.1371/journal.pone.0154075 PMID: 27115137; PubMed Central PMCID:
PMCPMC4846072.

Kelly B, King JA, Goerlach J, Nimmo MA. The impact of high-intensity intermittent exercise on resting
metabolic rate in healthy males. Eur J Appl Physiol. 2013; 113(12):3039—47. Epub 2013/10/08. https://
doi.org/10.1007/s00421-013-2741-5 PMID: 24097174.

Dugas LR, Merwe LVD, Odendaal H, Noakes TD, Lambert EV. A Novel Energy Expenditure Prediction
Equation for Intermittent Physical Activity. Medicine & Science in Sports & Exercise. 2005; 37(12):2154—
61. https://doi.org/10.1249/01.mss.0000177742.12931.50

Brooks GA, Fahey TD, Baldwin KM. Exercise Physiology: Human Bioenergetics and Its Applications.
New York, New York: McGraw-Hill; 2005.

Hall KD. Diet versus exercise in "the biggest loser" weight loss competition. Obesity (Silver Spring). 2013;
21(5):957-9. Epub 2013/02/14. https://doi.org/10.1002/0by.20065 PMID: 23404767; PubMed Central
PMCID: PMCPMC3660472.

Thomas DM, Bouchard C, Church T, Slentz C, Kraus WE, Redman LM, et al. Why do individuals not lose
more weight from an exercise intervention at a defined dose? An energy balance analysis. Obes Rev.
2012; 13(10):835—-47. Epub 2012/06/12. https://doi.org/10.1111/j.1467-789X.2012.01012.x PMID:
22681398; PubMed Central PMCID: PMCPMC3771367.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power analysis program for the
social, behavioral, and biomedical sciences. Behav Res Methods. 2007; 39(2):175-91. PMID: 17695343.

Williamson PJ, Atkinson G, Batterham AM. Inter-Individual Responses of Maximal Oxygen Uptake to
Exercise Training: A Critical Review. Sports Med. 2017; 47(8):1501-13. Epub 2017/01/18. https://doi.org/
10.1007/s40279-017-0680-8 PMID: 28097487

Mayer J, Roy P, Mitra KP. Relation between caloric intake, body weight, and physical work: studies in an
industrial male population in West Bengal. Am J Clin Nutr. 1956; 4(2):169-75. PMID: 13302165.

Beaulieu K, Hopkins M, Blundell J, Finlayson G. Does Habitual Physical Activity Increase the Sensitivity
of the Appetite Control System? A Systematic Review. Sports Med. 2016. https://doi.org/10.1007/
s40279-016-0518-9 PMID: 27002623.

Shook RP, Hand GA, Drenowatz C, Hebert JR, Paluch AE, Blundell JE, et al. Low levels of physical activ-
ity are associated with dysregulation of energy intake and fat mass gain over 1 year. Am J Clin Nutr.
2015; 102(6):1332-8. Epub 2015/11/13. https://doi.org/10.3945/ajcn.115.115360 PMID: 26561620;
PubMed Central PMCID: PMCPMC4658461.

Hill DW, Smith JC. Calculation of aerobic contribution during high intensity exercise. Res Q Exerc Sport.
1992; 63(1):85-8. Epub 1992/03/01. https://doi.org/10.1080/02701367.1992.10607561 PMID: 1574666.

Smith JC, Hill DW. Contribution of energy systems during a Wingate power test. Br J Sports Med. 1991;
25(4):196-9. Epub 1991/12/01. PMID: 1839780; PubMed Central PMCID: PMCPMC1479034.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189590 December 15, 2017 11/11


https://doi.org/10.1002/oby.20379
http://www.ncbi.nlm.nih.gov/pubmed/23723099
https://doi.org/10.1139/H10-030
http://www.ncbi.nlm.nih.gov/pubmed/20555380
https://doi.org/10.1055/s-0032-1311594
https://doi.org/10.1055/s-0032-1311594
http://www.ncbi.nlm.nih.gov/pubmed/23180210
https://doi.org/10.1123/ijsnem.2015-0078
http://www.ncbi.nlm.nih.gov/pubmed/26479856
https://doi.org/10.1371/journal.pone.0154075
http://www.ncbi.nlm.nih.gov/pubmed/27115137
https://doi.org/10.1007/s00421-013-2741-5
https://doi.org/10.1007/s00421-013-2741-5
http://www.ncbi.nlm.nih.gov/pubmed/24097174
https://doi.org/10.1249/01.mss.0000177742.12931.50
https://doi.org/10.1002/oby.20065
http://www.ncbi.nlm.nih.gov/pubmed/23404767
https://doi.org/10.1111/j.1467-789X.2012.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/22681398
http://www.ncbi.nlm.nih.gov/pubmed/17695343
https://doi.org/10.1007/s40279-017-0680-8
https://doi.org/10.1007/s40279-017-0680-8
http://www.ncbi.nlm.nih.gov/pubmed/28097487
http://www.ncbi.nlm.nih.gov/pubmed/13302165
https://doi.org/10.1007/s40279-016-0518-9
https://doi.org/10.1007/s40279-016-0518-9
http://www.ncbi.nlm.nih.gov/pubmed/27002623
https://doi.org/10.3945/ajcn.115.115360
http://www.ncbi.nlm.nih.gov/pubmed/26561620
https://doi.org/10.1080/02701367.1992.10607561
http://www.ncbi.nlm.nih.gov/pubmed/1574666
http://www.ncbi.nlm.nih.gov/pubmed/1839780
https://doi.org/10.1371/journal.pone.0189590

