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Abstract

BACKGROUND/OBJECTIVES—Circadian physiology has been linked to body weight 

regulation and obesity. To date, few studies have assessed the association between exercise timing 

and weight related outcomes. The aim of this secondary analysis was to explore the impact of 

exercise timing (i.e. 24h clock time of exercise session) on weight loss and components of energy 

balance.

SUBJECTS/METHODS—Overweight/obese (BMI 25.0–39.9 kg/m2), physically inactive, 

young adults (~51% female) completed a 10-month supervised exercise program (400 or 600 kcal/

session for 5 days/week) or served as non-exercise controls (CON). Participants were categorized 

based on the time of day in which they completed exercise sessions (Early-Ex: >50% of sessions 

completed between 7:00–11:59AM; [n=21], Late-Ex: >50% of sessions completed between 3:00–

7:00PM; [n=25], Sporadic-Ex: <50% of sessions completed in any time category; [n=24], and 

CON; [n=18]). Body weight, energy intake (EI; digital photography), and non-exercise physical 
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activity (NEPA; accelerometer) were assessed at baseline, 3.5, 7 and 10 months. Total daily energy 

expenditure (TDEE; doubly labeled water), was assessed at baseline and 10 months.

RESULTS—At month 10, weight loss was significantly greater in both Early-Ex (−7.2±1.2%; 

p<0.001) and Sporadic-Ex (−5.5±1.2%; p=0.01) vs CON (+0.5±1.0%), and Early-Ex vs Late-Ex 

(−2.1±1.0%; p<0.001). There were no between group differences for change in TDEE, EI, and 

non-exercise energy expenditure (P>0.05). A significant group*time interaction (p=0.02) was 

observed for NEPA (counts/min), however, after adjusting for multiple comparisons, group effects 

were no longer significant.

CONCLUSION—Despite minimal differences in components of energy balance, Early-Ex lost 

significantly more weight compared to Late-Ex. While the mechanisms are unclear, the timing of 

exercise may be important for body weight regulation.
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INTRODUCTION

High volumes of exercise are associated with weight loss and the prevention of weight gain.1 

In fact, studies utilizing supervised exercise, to confirm the completion of the recommended 

dose of exercise, have found that engaging in >250 minutes of exercise per week elicits 

clinically significant weight loss (>5%).2–5 However, there are large inter-individual 

differences in weight loss despite participants engaging in similar amounts of exercise. 6–11 

It has been postulated that these differences in weight loss are due to biological (e.g. 

reductions in resting metabolic rate [RMR] and total daily energy expenditure [TDEE]) and 

behavioral (e.g. changes in non-exercise physical activity [NEPA] or energy intake [EI]) 

compensation, resulting in less weight loss than theoretically predicted by the amount of 

energy expended from exercise.12–14 However, the literature regarding biological or 

behavioral changes in response to exercise is inconclusive and conflicting.15–19 More 

recently, evidence has suggested that the timing of exercise may play a critical role in body 

weight regulation.20–22 However, the contribution of timing of exercise, within the 24 hour 

day, to exercise induced weight loss is unclear.

Circadian physiology has been linked to body weight regulation and obesity.23 The circadian 

system has been shown to play an important role in regulating daily rhythms of metabolism, 

sleep/wake cycle, feeding behavior, and hormonal secretions.24 Most evidence for the role of 

circadian rhythms and body weight regulation is related to the timing of EI 25–29 and sleep/

wake cycle.21, 23, 30–32 To date, the few studies that have assessed the association between 

exercise timing and weight related outcomes have been limited by study design and the lack 

of objective assessment methods.20–22 Due to the high levels of variability in exercise 

induced weight loss, further understanding the role of exercise timing could be important to 

maximize weight loss efforts. In this secondary analysis, data from the recently completed 

Midwest Exercise Trial-2 (MET-2) afforded an opportunity to assess whether timing of 

exercise had differential effects on changes in weight, EI, RMR, non-exercise energy 

expenditure (NExEE), NEPA and sedentary time in men and women in response to a 10-
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month supervised exercise training program with verified levels of exercise energy 

expenditure (ExEE).

METHODS

Participants were recruited into MET-2 (Registration Clinical Trial number: NCT01186523, 

www.clinicaltrials.gov) and provided written informed consent before engaging in any 

aspect of the trial and were compensated for participation. The approval for this study was 

obtained from the human subjects committee of the University of Kansas-Lawrence. Briefly, 

MET-2 was a 10-month randomized efficacy trial, 5 day/week supervised exercise 

intervention at two levels of ExEE (400 or 600 kcal/session) or non-exercise control that was 

designed to evaluate the effect of aerobic exercise, without energy restriction, on weight loss 

in sedentary overweight and obese men and women. Blinding of participants to group 

assignment was not possible. Investigators and research assistants were blinded at the level 

of outcome assessments and data entry.16, 33 A detailed description of the design and 

methods for MET-2,33 results for the primary outcome,6 changes in NExEE and NEPA,16 

and differences between intervention responders and non-responders have been published.34

Participants

Participants were physically inactive (planned physical activity <500 kcal/wk. as assessed by 

recall,35 overweight/obese, (BMI 25–40 kg/m2) young adults (age 18–39 years) who were 

physically able to exercise. Individuals were ineligible to participate in the study if they had 

history of chronic disease (i.e., diabetes, heart disease, etc.), elevated blood pressure 

(>140/90), lipids (cholesterol, >6.72 mM; triglycerides, >5.65 mM), or fasting glucose (>7.8 

mM), used tobacco products, were taking medications that would affect physical 

performance (i.e., beta blockers, metabolism, thyroid, or steroids), or were unable to perform 

laboratory assessments.

Exercise Training and Group Classification

Over the 10-month (40 weeks) exercise intervention, participants were asked to complete 

200 exercise sessions. Exercise sessions were supervised in a university exercise facility that 

was open from 7:00am to 7:00pm Monday-Friday and 8:00 am to 12:00pm Saturdays. 

Exercise sessions consisted of primarily treadmill walking/jogging five days/week.33 

Alternate activities (stationary biking, walking/jogging outside) were permitted for one day/

week to provide variety and to decrease the risk of overuse injuries. Exercise progressed 

from 150 kcal/session to the target exercise energy expenditure of 400 or 600 kcal/session 

(original study groups of the MET-2 trial) at the end of month four and remained at target for 

the final six months. Weekly exercise logs were maintained by research staff to track 

exercise session start times, intensity, and duration and were verified by heart rate monitors. 

Exercise session start times from participant daily exercise logs were used to determine 

when during the 24-hour day participants completed each session. Proportion of sessions 

completed during each hour the exercise facility was open were aggregated into early, mid-

day, and late sessions over the 10-month intervention. Early sessions were defined based on 

exercise being completed in the morning hours of 7:00 – 11:59am. The remaining facility 

operation hours were then dichotomized into mid-day (early afternoon) hours of 12:00 – 

Willis et al. Page 3

Int J Obes (Lond). Author manuscript; available in PMC 2020 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.clinicaltrials.gov/


2:59pm and late (late afternoon) hours of 3:00 – 7:00pm. Participants were then classified as 

an early exerciser (Early-Ex; n=21) if they completed ≥50% of their total sessions between 

the hours of 7:00 – 11:59am, mid-day exerciser (n=11) if completing ≥50% of their total 

sessions between the hours of 12:00 – 2:59pm, a late exerciser (Late-Ex; n=25) if 

completing ≥50% of their total sessions between the hours 3:00 – 7:00pm, or a sporadic 

exerciser (Sporadic-Ex; n=24) if they did not complete ≥50% of their total sessions in any 

time category. This categorical scheme was based off of previous exercise timing research.
36, 37 Due to small sample size for the mid-day exercisers this category was removed from 

further analyses.

Control Group

Participants assigned to the non-exercise control group (CON) were instructed to maintain 

their typical patterns of physical activity and dietary intake over the duration of the 10-

month study.

Anthropometrics (Height, Weight, Body Composition)

Body weight was measured between 7:00am – 10:00am following a 12 hour fast while 

wearing a standard hospital gown using a digital scale accurate to ±0.1 kg (PS6600, Befour, 

Saukville, WI). Height was measured using a stadiometer (Model PE‐WM‐60‐84, 

Perspective Enterprises, Portage, MI) and BMI was calculated as weight (kg)/height (m)2. 

Dual energy x-ray absorptiometry (DXA) was used to determine fat-free mass (FFM), fat 

mass (FM) and percent body fat (Lunar DPX-IQ). Women completed a pregnancy test prior 

to each DXA.

Components of Energy Expenditure

Resting Metabolic Rate (RMR) was assessed at baseline and 10 months by open circuit 

indirect calorimetry. Participants reported to the laboratory between 6:00 – 10:00am after a 

12 hour fast and 48-hour abstention from aerobic exercise38 and rested quietly for 15 

minutes in a temperature controlled (21–24°C) isolated room. Subsequently, participants 

were placed in a ventilated hood for assessment of VO2 and VCO2 for a minimum of 35 

minutes using a ParvoMedics TrueOne 2400 indirect calorimetry system (ParvoMedics Inc., 

Sandy, UT). Criteria for a valid RMR was a minimum of 30 minutes of measured values 

with <10% average standard deviation across the last 30 minutes of the minimum 35-minute 

assessment. Absolute RMR (kcal/d) was calculated using the Weir equation.39 In order to 

account for the effects of changes in body composition on RMR, we also calculated adjusted 

RMR and exercise energy expenditure by adding residuals from RMR = fat mass + fat free 

mass and exercise energy expenditure = fat mass + fat free mass, respectively, to the 

corresponding mean values.

TDEE was assessed by DLW over 14 days at baseline and 10 months. The 10-month 

assessment was obtained during the final two weeks of the exercise training protocol. 

Participants reported to the laboratory between 8:00 – 9:00am following an overnight fast. 

Baseline urine specimens were collected prior to oral dosing with a mixed solution of 0.10 g 

of 99% atom percent excess (APE) 2H2O and 0.15 g of 10% APE 18O per kilogram of body 

weight. Following oral administration, the dose bottle was rinsed with 100 mL of tap water 
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and consumed by the participant. A weighed 1:400 dilution of each participant’s dose was 

prepared, and a sample of the tap water was stored at −70°C for later analysis. Additional 

urine samples were collected on days 1 and 14. On these days, two urine samples were 

collected at least 3 hours apart. All urine samples were stored in sealed containers at −70°C 

before analysis. Samples were analyzed in duplicate for 2H2O and H2
18O by isotope ratio 

mass spectrometry, as previously described by Herd et al. 40 TDEE was estimated using the 

equation of Elia 41, as follows: total energy expenditure (MJ/d) = (15.48/RQ + 5.55) × rCO2 

(L/d) and then values were converted to kcal/d. ExEE was assessed by treadmill walking/

running at baseline and monthly during the intervention using indirect calorimetry 

(ParvoMedics Inc., Sandy, UT) at one minute intervals. For the ExEE assessment, 

participants performed a brief warm-up (~2 minutes) followed by an exercise session (~15 

minutes) at 70% (±4 beats/minute) and 80% (±4 beats/minute) of heart rate maximum. 

ExEE (kcal/minute) was calculated as the average ExEE over the 15-minute exercise 

session. The duration of exercise periods was obtained from exercise logs maintained by 

research staff and verified by an HR monitor. NExEE, i.e., energy expenditure not associated 

with exercise training, was calculated as follows: [(TDEE × 0.9) − RMR] − net exercise 

energy expenditure. This approach assumes that the thermic effect of food represents 10% of 

TDEE.42 Note that net exercise energy expenditure at baseline and for CON at both time 

points equals zero.

Similarly to RMR, TDEE was also calculated relative to body composition (fat mass and fat 

free mass). Linear regression was used to calculate adjusted TDEE for each subject by 

adding residuals from TDEE = fat mass + fat free mass regression to mean TDEE at both 

baseline at 10-months. Subsequently, adjusted NExEE was calculated as [(Adjusted 

TDEE*0.9)-Adjusted RMR]-net adjusted exercise energy expenditure.

Energy intake (EI)

EI was assessed over 7‐day periods (minimum of 2 meals/day on weekdays and 1 meal/day 

on weekends) of ad libitum eating at baseline and at 3.5, 7, and 10 months in a University of 

Kansas cafeteria. Two digital photographs (90 ° and 45 ° angle) were obtained before and 

after consumption of each meal with the cafeteria trays placed in docking station to 

standardize the camera angle. Notes were placed on the tray to identify beverages (e.g., diet 

vs. regular soft drink; skim vs. whole milk) and other food items that would be difficult to 

identify from the photo. Foods consumed outside the cafeteria (e.g., snacks, non-cafeteria 

meals) were assessed using multiple‐pass recalls. Types and amounts of food and beverages 

consumed at the cafeteria and results from the recalls were entered into the Nutrition Data 

System for Research (NDS‐R Versions 2005, 2006, University of Minnesota, Minneapolis, 

MN) for the quantification of EI.

To analyze EI distribution during the day, the starting time of each meal was considered the 

time of intake. The proportions of EI in the three periods of morning (4:00–10:59am), 

afternoon (11:00AM–4:59am), and evening (5:00PM–3:59am) were calculated during the 

active intervention (months 3.5, 7, and 10), as described by de Castro.43 The morning period 

was specifically defined to capture most of “breakfast” but not lunch. Similarly, the 
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afternoon period was defined to capture most of “lunch” and afternoon snack, while the 

evening period was determined to capture most of “dinner” and evening snack.43

NEPA/Sedentary Time

NEPA was assessed by an accelerometer (Actigraph GT1M, Pensacola, FL) worn at the 

waist, over the non-dominant hip, for 7 consecutive days, using 1‐minute epochs with a 

minimum of 10 hours constituting a valid day. Three valid days were required to be included 

in the analysis. No minimum criteria for number of weekdays or weekend days were 

required. Non-wear time was identified as ≥60 consecutive minutes with 0 counts/min, with 

allowance for 1‐2 minutes of accelerometer counts between 0 and 100.44 Data were 

processed using a custom SAS program. NEPA (≥100 counts /min) was calculated by 

removing accelerometer data over the duration of exercise sessions from the daily 

accelerometer data. Sedentary time was defined as time during wear time with accelerometer 

readings <100 counts/min.44 Data are reported as proportion of total wear time spent in 

sedentary, light physical activity (LPA), and moderate-vigorous intensity physical activity 

(MVPA). On average, approximately six valid days with over 14 hours of wear time of 

accelerometer data were available. There were no differences in wear time between the 

groups throughout the intervention.

Statistical Analysis

Baseline demographic and outcome variables were summarized by means and standard 

deviations. For TDEE, RMR, and NExEE, the main outcome was change over the 

intervention period, which was calculated as the 10-month value minus the baseline value. 

Pearson correlation coefficients were used to assess the correlation between proportion of 

exercise sessions completed early, mid-day, late and weight change at month 10. To test for 

differences in average change between the four groups, analysis of covariance (ANCOVA) 

was used. General linear mixed models, were used to assess the impact timing of exercise 

sessions (early, late, sporadic, and non-exercise controls), time (treated as a categorical 

variable; baseline, 3.5, 7, 10 months), and the group-by-time interaction effects on weight 

and non-exercise physical activity outcomes.

Several error covariance structures were assessed and Toeplitz covariance was used because 

the Bayesian Information Criterion was smaller. All analyses were adjusted for age, sex, 

original randomization group, and corresponding baseline outcome value. To investigate 

whether the relation of weight change and exercise timing group were modified by sex or 

ExEE, we performed multiplicative interaction of these variables by adding their cross-

product to the statistical models. The raw or model-based group means were pairwise 

compared using a Bonferroni-correction for inflation in Type I error. Values are presented as 

adjusted means and standard error unless otherwise stated. For all models, assumptions of 

constant variance and normality of the residuals were assessed by visual inspection of 

residual plots. Statistical significance was determined at 0.05 alpha level and all analyses 

were performed using.
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RESULTS

Participants

The baseline characteristics of the 88 participants included in this analysis are shown in 

Table 1. The sample mean age was approximately 23 years, BMI was approximately 31 

kg/m2, and was composed of approximately 51% women. Because of technical problems or 

failure to comply with the assessment protocols, this report includes DLW data from 87 at 

baseline (Early-EX, n = 21; Late-EX, n=25; Sporadic-EX n = 23; CON, n=18) and 79 

participants at 10 months (Early-EX, n=16; Late-EX, n=24; Sporadic-EX, n = 23; CON, 

n=17) as well as accelerometer data from 88 participants at baseline (Early-EX, n = 21; 

Late-EX, n=25; Sporadic-EX, n = 24; CON, n=18) and 84 participants at 10 months (Early-

EX, n = 20; Late-EX, n=25; Sporadic-EX n = 24; CON, n=15). There were no differences in 

baseline characteristics or weight loss between those that completed all tests and those with 

missing data. Those in the Sporadic-Ex group were significantly younger (21.2 ± 2.3 years) 

compared to Early-Ex (23.7 ± 3.5 years; p=0.032) and Late-Ex (24.2 ± 3.1 years; p=0.003). 

There was no significant difference in ExEE between Early-EX (528.3 ± 105.0 kcal/session), 

Late-EX (490.3 ± 102.7), or Sporadic-EX (493.7 ± 98.9; p=0.362).

Weight change

As shown in Figure 1, weight decreased in Early-EX, Late-EX, and Sporadic-EX and was 

essentially unchanged or slightly increased in the CON. There was a significant group 

(p<0.025), time (p<0.0001) and group*time interaction (p <0.0001). At month 10, 

significantly greater weight loss was observed in the Early-EX compared with CON 

(p<0.001) and Late-EX (p<0.001). In addition, Sporadic-EX had significantly greater weight 

loss compared with CON (p=0.012). Tests for interaction indicated no statistically 

significant difference between strata of sex (pinteraction = 0.304; Figure S1) or original 

randomization group (pinteraction = 0.349; Figure S2). There was large variability observed 

between and within groups regarding weight change over the 10-month intervention (Figure 

2). A significantly greater proportion of individuals in Early-EX (81%) reached clinically 

meaningful weight loss (−5%) compared to Late-EX (36%; p=0.007). The proportion of 

Sporadic-EX reaching clinically meaningful weight loss (54%) did not significantly differ 

between Late-EX (p=0.604) or Early-EX (p=0.172). When all participants were considered 

together, weight change at month 10 was positively correlated with proportion of exercise 

sessions completed in the late period (r = +0.31; p=0.01; Figure S3), negatively correlated 

with the proportion of exercise sessions completed in the early period (r = −0.39; p<0.001; 

Figure S3), but not significantly correlated with proportion of exercise sessions completed in 

the mid-day.

Body Composition

There were no significant between group differences for change in FFM (p = 0.140). FFM 

was stable from baseline to 10 months in Controls (1.8 ± 0.6 kg), Early-EX (0.1 ± 0.4kg), 

Late-EX (0.5 ± 0.4 kg) and Sporadic-EX (−0.01 ± 0.4 kg) groups. FM decreased in Controls 

(−1.5 ± 1.6 kg), Early-EX (−6.2 ± 1.1 kg), Late-EX (−1.6 ± 0.9 kg), and Sporadic-EX (−3.9 

± 1.6 kg) exercise groups. After adjusting for multiple comparisons, decrease in FM was 
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significantly greater in Early-EX compared to the Late-EX (p=0.005) group. No other 

significant between groups differences for changes in FM were observed (all p>0.05).

Change in TDEE, RMR, and NExEE

Mean 10-month changes from baseline in TDEE, RMR, and NExEE for the four groups are 

shown in Table 2. TDEE increased in Early-EX (+297 ± 377 kcal/day), Late-EX (226 ± 574 

kcal/day), and Sporadic-EX (195 ± 606 kcal/day) and decreased in CON (−12 ± 726 kcal/d), 

however there were no significant group differences for change in TDEE. RMR was 

relatively unchanged in CON (+24 ± 237 kcal/day), Late-EX (+45 ± 189), Early-EX (−56 

± 237 kcal/day), and Sporadic-EX (−79 ± 236 kcal/day) groups. There were no significant 

between or within group differences for change in RMR. Similarly, NExEE was relatively 

unchanged in CON (−34 ± 719 kcal/day), Late-EX (−105 ± 510 kcal/day), Early-EX (+28 

± 446 kcal/day), and Sporadic-EX (+12.1 ± 545 kcal/day) groups with no significant 

between or within group differences for change.

NEPA and Sedentary time

As shown in Figure 3, NEPA (average counts/min) slightly decreased in CON and was 

essentially unchanged or slightly increased in the exercise intervention groups. There was a 

significant group*time interaction (p=0.023), however, there were no significant group or 

time effects. Figure 3 also presents the time spent in sedentary, LPA and MVPA assessed by 

accelerometer, expressed as a percentage of wear time (excluding exercise). There were no 

significant effects for group, time, or group*time interaction for sedentary time. For LPA, 

there were no significant between-or within-group differences (group or time effects) or 

group*time interactions. For MVPA, there was no significant time effect. Significant group 

effect (p=0.04) and group*time interaction (p=0.03) was observed. After adjusting for 

multiple comparisons, the group effects were no longer significantly different.

Energy Intake

Energy and macronutrient intake over the 10-month intervention is presented in Table 3. 

Mixed modeling results revealed that after controlling for age, sex, original randomization 

group, and corresponding baseline EI value there were no significant between-or within-

group differences (group or time effects) or group*time interactions in absolute (kcal/day) 

total energy, protein, carbohydrate, or fat intake. Additionally, there were no significant 

group or time effects for proportion of calories consumed from protein or carbohydrates. 

Relative EI significantly increased over the 10 months in Early-EX, Late-EX, Sporadic-EX 

and CON (time effect p=0.003). Proportion of calories consumed of fat significantly 

decreased over the 10 months in Early-EX, Late-EX, Sporadic-EX and CON (time effect 

p=0.012). There were no significant effects for group or group*time interaction for relative 

EI or proportion of calories from fat intake.

The proportion of total daily EI consumed in the morning hours (4:00am-10:59am) was 

significantly lower in CON (17.8 ± 8.5%) compared to the Early-EX (24.0 ± 8.8%; p=0.006) 

and Sporadic-EX (22.8 ± 6.0 %; p=0.027). Proportion of EI consumed in the morning was 

not significantly different between Early-EX, Late-EX, or Sporadic-EX (p>0.05). There 

were no significant differences found between groups for afternoon or evening EI (p>0.05).
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DISCUSSION

The aim of this secondary analysis was to assess daily timing of exercise on weight loss in 

overweight and obese young adults who completed a 10-month moderate-to-vigorous 

intensity aerobic exercise program, with ad-libitum eating. Of those randomized to exercise, 

approximately one-third of the sample were categorized into each Early-EX, Late-EX, and 

Sporadic-EX groups. We found when exercise is supervised and prescribed at a sufficient 

magnitude, individuals who performed more exercise sessions in the morning had 

significantly greater reductions in weight compared to those who performed more exercise 

sessions in the evening. Interestingly, there appeared to be a dose response relationship 

between proportion of exercise sessions completed in the morning and weight change at 10-

months. Weight change at month 10 was inversely correlated with the proportion of exercise 

sessions completed in the morning and positively correlated with the proportion of exercise 

sessions completed in the late period. Furthermore, a higher proportion of Early-EX reached 

clinically significant weight loss (>5%) compared to Sporadic-EX and Late-EX. ExEE, 

verified by indirect calorimetry, was nearly identical in each group and participants were 

removed from the study if session attendance dropped below 80%, thus eliminating the 

likelihood that the variability in weight loss was due to differential compliance with the 

exercise prescription. In support of our findings, a previous study by Alizadeh et al. (20) also 

found that women who exercised in the morning lost significantly more weight (1–2 kg) 

during 6-weeks of supervised aerobic exercise compared to women who exercised later in 

the day. In that study, the exercise stimulus was 3 days/week of 30 minutes of treadmill 

running, which is much lower than our exercise dose, which may explain why the magnitude 

of weight change was much lower. Thus, although few studies have considered the effects of 

exercise timing on weight loss, results of these studies suggest that morning exercise is more 

effective than afternoon or evening exercise at inducing weight loss.

Although not significant, there were trends for changes in the components of energy balance 

that would promote a larger degree of negative energy balance in Early-Ex that could 

potentially explain our findings. EI tended to be greater in Late-EX across the 10-months 

(Table 3). During the intervention, EI for Late-EX was 80–230 kcal/day higher than Early-

EX and 200–250 kcal/day higher than Sporadic-EX. Conversely, NEEx and NEPA slightly 

decreased in Late-EX but slightly increased in Early-EX and Sporadic-EX. Moreover, The 

increase in TDEE was approximately 100 kcal/day higher in Early-EX compared with Late-

EX. Interestingly, the increase in TDEE was not significantly lower (~30 kcal/day) in 

Sporadic-EX compared to Late-EX, however, Sporadic-EX achieved higher weight loss. 

Thus it is possible that these small differences compounded over time may have contributed 

to the observed differences in weight change.

Our results regarding the effect of exercise time during the 24-hour day on EI is in general 

agreement with the results from the limited number of studies that have compared EI 

between early and late exercisers.20, 45 For Example, Maraki et al. 45 compared acute 

changes in EI, assessed using a 24-hour diet record, in twelve healthy weight young adult 

females following morning and evening control (one-hour rest) and morning and evening 

exercise (one-hour class of aerobic and muscle conditioning) sessions. Relative EI on 

exercise days was significantly lower than on control days, however, neither absolute nor 
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relative EI was affected by the time of exercise. Alizadeh et al.20, in a six-week trial, found 

no between group differences for change in absolute EI assessed by (24-hour diet record) in 

a sample of women randomized to morning (n=25) or evening (n=23) exercise, although the 

difference was nearly significant (p=0.06) with morning exercisers reducing EI by ~350 

kcal/day and evening exercisers reducing EI ~30 kcal/day. In the current study, we also 

examined differences in the timing of EI finding that Early-EX and Sporadic-EX consumed 

a higher proportion of EI in the morning compared to CON, but no other differences were 

observed. Thus, it does not appear that the observed differences in weight loss were due to 

timing of EI.

Strengths of the parent study bolster the conclusions of the current analysis, including the 

randomized efficacy intervention study, inclusion of both men and women, supervised 

exercise at verified levels of ExEE and times during the 24-hour day, and the use of multiple 

objective measurements of EI, TDEE, RMR, NExEE, NEPA and sedentary time. However, 

because this was a secondary analysis, this study was not designed or powered to detect 

differences between Early and Late exercisers. Thus unobserved confounders may impact 

these results as participants were not randomized to early or late exercise, instead these 

exercise times were self-selected and may be influenced by other factors (e.g. school and 

work schedules). Additionally, we did not include assessments of sleep duration or quality, 

appetite, or eating behaviors, such as cognitive restraint, uncontrolled eating or emotional 

eating, menstrual cycle stage or contraceptive use in women, all of which may have provided 

additional insights into differences in weight loss. Finally, the small sample size and 

multiple group comparisons limited the ability to explore subgroup (e.g. sex-specific) 

differences.

This study, combined with the results of previous studies, supports the hypothesis that 

engaging in morning exercise may result in more weight loss compared to engaging in a 

similar amount of exercise later in the day. Furthermore, we observed individuals who 

performed most of their exercise sessions in the afternoon or evening tended to have slightly 

higher levels of EI and reduced NEPA and NEEx, suggesting that there are potentially 

important differences in the components of energy balance based on time of day exercise is 

performed. Prospective randomized trials are needed to confirm these findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mixed model results for weight change (%) at months 0, 3.5, 7, and 10 by group.

Group effect (p=0.025), Time Effect (p<0.0001), Group*Time Effect (p <0.0001).

*Significant at Month 7: Early-EX > controls (p=0.005), Early-EX > Late-EX (p=0.010)

*Significant at month 10: Early-EX > controls (p<0.001), Early-EX > Late-EX (p<0.001), 

Sporadic-EX > controls (p=0.012)
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Figure 2. 
Individual percent body weight change after the 10-month intervention by group

* Significant Early-Ex > Late-Ex (p=0.007)
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Figure 3. 
Mixed model results mean accelerometer activity counts per minute (counts/min) and 

proportion of time spent in sedentary, light (LPA), and moderate-vigorous activity (MVPA) 

over the 10-months by group

NEPA (counts/min): Group*Time Effect (p = 0.028)

MVPA (% of wear time): Group Effect (p = 0.040), Group*Time Effect (p = 0.03)
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Table 1.

Sample Characteristics

Early-Ex (n=21) Late-Ex (n=25) Sporadic-Ex (n=24) Controls (n=18)

Mean SD Mean SD Mean SD Mean SD p-value

Age (yrs.)
a,b 23.7 3.5 24.2 3.1 21.2 2.3 22.6 3.0 0.003

Weight (kg) 88.1 16.5 96.9 19.7 87.8 17.5 87.4 14.6 0.173

BMI (kg/m2) 29.7 3.6 32.0 5.5 30.6 4.9 29.5 3.6 0.246

Body Composition (kg)

 Fat Mass 33.5 8.4 36.6 9.5 34.3 11.2 34.1 7.7 0.658

 Fat Free Mass 51.1 10.1 55.9 13 48.9 9.6 49.2 9.7 0.086

Time of Exercise Sessions (%)

 Early Sessions (7:00am-11:59am)c,d,e 69.6 14.1 19.9 11.7 40.2 7.5 - - <.0001

 Mid-Day Sessions (12:00pm-2:59pm)d,e 11.4 10.5 12.8 9.8 27.0 10.6 - - <.0001

 Late Sessions (3:00pm or later)c,d,e 17.6 13.0 65.9 11.9 31.3 11.2 - - <.0001

N % N % N % N %

Female (n,%) 10 47.6 11 44.0 15 62.5 50 9.0 0.601

Randomized Group (n,%) 0.424

 400 kcal/session 8 38.1 14 56.0 13 54.2 - -

 600 kcal/session 13 61.9 11 44.0 11 45.8 - -

Note: Data is presented as mean and standard deviation (SD) unless otherwise stated. yrs. = years, cm = centimeters, kg = kilogram, m = meters, Ex 
= exerciser

a
Significant differences Sporadic-Ex vs. Early-Ex p<0.05

b
 Significant differences Sporadic-Ex vs. Early-Ex p<0.01

c
 Significant differences Sporadic-Ex vs. Early-Ex p<0.0001

d
Significant differences Sporadic-Ex vs. Late-Ex p<0.0001

e
 Significant differences Early-Ex vs. Late-Ex p<0.0001
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Table 3.

A summary of adjusted means and 95% confidence intervals (CI) from the mixed model results for energy and 

macronutrient intake presented by group across the 10-month intervention

Early-Ex Late-Ex Sporadic-Ex Controls

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

Energy Intake (kcal/day)

 Baseline 2817 2615 3020 2864 2683 3046 2846 2659 3033 2988 2715 3260

 3.5 months 2677 2474 2880 2848 2667 3030 2658 2470 2845 2841 2568 3114

 7 months 2801 2598 3004 2878 2697 3060 2756 2569 2943 2753 2481 3026

 10 months 2754 2551 2957 2985 2804 3167 2729 2542 2916 2851 2578 3124

Energy Intake (kcal/kg/day)**

 Baseline 31.8 29.5 34.1 32.0 29.9 34.1 32.1 30.0 34.2 34.3 31.1 37.4

 3.5 months 30.9 28.6 33.2 31.4 29.3 33.5 30.2 28.0 32.3 32.0 28.9 35.2

 7 months 33.7 31.4 36.0 33.0 30.9 35.1 32.8 30.7 34.9 31.3 28.2 34.4

 10 months 33.2 30.9 35.5 33.8 31.8 35.9 33.2 31.0 35.3 32.3 29.2 35.5

Protein (kcal/day)

 Baseline 96.9 90.6 103.2 101.5 95.9 107.1 104.9 99.1 110.7 109.2 100.4 118.1

 3.5 months 98.9 92.6 105.2 99.9 94.3 105.6 101.0 95.2 106.8 110.0 101.2 118.9

 7 months 100.5 94.2 106.8 101.0 95.4 106.6 102.4 96.6 108.2 106.6 97.8 115.5

 10 months 103.3 97.0 109.6 104.5 98.8 110.1 103.3 97.5 109.1 109.9 101.0 118.7

Carbohydrate (kcal/day)

 Baseline 338.8 320.7 357.0 340.7 324.5 356.9 315.4 298.7 332.1 305.7 280.0 331.4

 3.5 months 330.1 311.9 348.4 349.7 333.5 365.9 324.7 308.0 341.4 317.0 291.4 342.7

 7 months 322.6 304.4 340.7 340.3 324.1 356.5 319.5 302.8 336.2 316.5 290.9 342.2

 10 months 332.0 313.8 350.2 336.3 320.0 352.6 323.8 307.1 340.5 319.4 293.7 345.0

Fat (kcal/day)

 Baseline 117.2 110.6 123.8 114.5 108.6 120.4 123.6 117.5 129.8 119.5 110.2 128.7

 3.5 months 119.2 112.5 125.8 112.6 106.7 118.6 121.3 115.2 127.4 112.6 103.4 121.9

 7 months 121.1 114.4 127.7 114.5 108.6 120.4 125.1 119.0 131.2 115.0 105.7 124.3

 10 months 118.6 112.0 125.3 112.6 106.7 118.5 118.9 112.8 125.0 114.3 105.0 123.5

Protein (%)

 Baseline 14.1 13.0 15.1 14.4 13.5 15.3 14.7 13.8 15.7 15.9 14.4 17.3

 3.5 months 14.5 13.5 15.5 14.2 13.3 15.2 14.4 13.5 15.4 16.1 14.6 17.5

 7 months 14.7 13.6 15.7 14.3 13.4 15.2 14.5 13.6 15.5 15.5 14.1 17.0

 10 months 14.8 13.8 15.8 14.4 13.5 15.4 14.6 13.7 15.6 15.9 14.5 17.4

Carbohydrate (%)

 Baseline 48.3 45.6 51.1 48.9 46.5 51.4 45.3 42.7 47.9 43.1 39.2 47.0

 3.5 months 48.0 45.2 50.8 49.3 46.8 51.7 46.3 43.8 48.9 45.2 41.3 49.2

 7 months 46.2 43.4 48.9 49.2 46.8 51.7 45.9 43.3 48.4 44.8 40.9 48.7

 10 months 47.3 44.5 50.1 47.4 44.9 49.9 46.2 43.6 48.7 45.5 41.6 49.4

Fat (%)*

 Baseline 37.0 34.7 39.2 36.3 34.3 38.3 39.3 37.2 41.3 38.6 35.4 41.8

Int J Obes (Lond). Author manuscript; available in PMC 2020 January 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Willis et al. Page 21

Early-Ex Late-Ex Sporadic-Ex Controls

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

 3.5 months 37.1 34.8 39.3 36.3 34.3 38.3 38.5 36.5 40.6 35.9 32.7 39.1

 7 months 38.4 36.2 40.7 36.0 34.0 38.1 39.5 37.4 41.6 36.7 33.5 39.9

 10 months 37.3 35.0 39.6 35.4 33.4 37.4 36.7 34.6 38.8 36.2 33.0 39.4

Note: kcal = kilocalorie, kg = kilogram, Ex = Exerciser

*
Significant time effect p<0.05

**
Significant time effect p<0.01

Int J Obes (Lond). Author manuscript; available in PMC 2020 January 09.


	Abstract
	INTRODUCTION
	METHODS
	Participants
	Exercise Training and Group Classification
	Control Group
	Anthropometrics (Height, Weight, Body Composition)
	Components of Energy Expenditure
	Energy intake (EI)
	NEPA/Sedentary Time
	Statistical Analysis

	RESULTS
	Participants
	Weight change
	Body Composition
	Change in TDEE, RMR, and NExEE
	NEPA and Sedentary time
	Energy Intake

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.

