
Delaying meal times reduces fat oxidation: A randomized, 
crossover, controlled feeding study

Thomas J. Carabuena1, Hedda L. Boege2, Mehreen Z. Bhatti2, Kathryn J. Whyte3, Bin 
Cheng4, Marie-Pierre St-Onge1,2

1Institute of Human Nutrition, Vagelos College of Physicians and Surgeons, Columbia University 
Irving Medical Center, New York, NY

2Sleep Center of Excellence and Division of General Medicine, Department of Medicine, 
Columbia University Irving Medical Center, New York, NY

3New York Nutrition Obesity Research Center, Department of Medicine, Columbia University 
Irving Medical Center, New York, NY

4Department of Biostatistics, Mailman School of Public Health, Columbia University Irving Medical 
Center, New York, NY

Abstract

Objective—This study investigated the effects of circadian misalignment (CM), induced by 

delaying meal times, independent of sleep timing and duration and eating window duration, on 

energy expenditure (EE), respiratory quotient (RQ), and substrate oxidation.

Methods—Healthy adults, age 20-49 y, participated in this randomized, crossover study under 

controlled feeding conditions. Eating window duration was identical in both conditions (CA: 

0900-1900 h; CM: 1300-2300 h) and bedtimes were constant (2330-0800 h). EE, RQ, and 

substrate oxidation were obtained over 23 h in a metabolic chamber on days 3-4 and 14-15 in 

each condition. Twenty-four hour and post-meal outcomes were analyzed using a linear mixed 

effects model including condition, day, and day-by-condition interaction as main predictors, and 

sex as a covariate.

Results—Three men and four women (age 37.4±8.8 y, BMI 30.4±3.3 kg/m2) completed the 

study. Twenty-four-hour EE did not differ between conditions. Post-meal RQ for dinner and snack 

were higher in CM vs CA (both p<0.001) with correspondingly higher glucose oxidation (both 

p<0.01) and lower fat oxidation (dinner only p=0.0001).

Conclusions—CM, induced by delaying mealtimes by 4 h relative to CA, independently shifts 

nutrient metabolism towards greater carbohydrate and lower fat oxidation.
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INTRODUCTION

Eating patterns of U.S. adults have shifted towards breakfast skipping and later meal times 

over the past 40 y (1, 2). These eating behaviors can cause circadian misalignment (CM) 

(3), due to their discordance with natural day and night environmental cues that influence 

the central circadian clock (4). Disruptions in clock-regulated pathways resulting in CM, 

such as social and eating jetlag, are associated with obesity (3, 5–7). Accordingly, late meal 

timing is associated with greater body fat, body mass index (BMI), and odds of obesity 

(8–14). The observed increase in obesity risk with late meal consumption is hypothesized 

to occur through alterations in energy balance (3), however, the mechanisms are unclear. 

Experimental studies show that late meal timing results in metabolic dysfunction (15–17), 

while earlier meal timing improves energy metabolism (18, 19). Thus, changes in energy 

metabolism may be implicated in the increased obesity risk associated with late meal timing.

Energy metabolism follows circadian rhythms (20, 21), but studies investigating the 

influence of meal timing on energy metabolism show mixed results (15, 16, 18, 19, 22, 

23). Simulated CM, induced by food intake during the biological night, has been shown to 

reduce 24-h energy expenditure (EE) (24). However, other modalities of simulated CM such 

as breakfast skipping (22), late evening meal consumption (15), and early time-restricted 

feeding (18) do not appear to affect 24-h EE. On the other hand, other research has 

demonstrated that consolidating meals to early in the day increases fat oxidation relative 

to an eating span lasting into the evening hours (18). Under controlled eating schedules, 

delaying the eating period to later times of the day decreases fat oxidation relative to 

similar eating periods occurring earlier in the day (19). Late dinner consumption has also 

been shown to decrease fat oxidation (17), although this has not been universally observed 

(15). These discrepancies among findings may be due to the following methodological 

differences which are known to influence metabolism: failure to standardize energy intakes, 

sleep duration, or eating window duration between conditions, factors which are known to 

influence energy metabolism.

To address the limitations highlighted above, we conducted a randomized controlled trial 

to investigate the effects of CM, induced by delaying meal times relative to awakening, on 

energy metabolism under controlled feeding and sleep conditions. The duration of the eating 

window was held constant in each study condition. We hypothesized that CM, induced by 

delaying meals by 5 h relative to wake time, would decrease EE and increase RQ relative to 

circadian alignment (CA), when the first meal was consumed within 1 h of awakening.
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METHODS

Participants

Participants were recruited through internet and local advertisements (January 2019-March 

2020). Eligible participants were men and premenopausal women, age 20-49 y, with a 

BMI of 25-34.9 kg/m2, who regularly slept 7-9 h/night and ate within 1 h of awakening 

at least 5 times per week. Participants were ineligible if they had more than minimal 

(0-13) or mild (14–19) depression based on the Beck Depression Inventory II (25), a high 

risk of obstructive sleep apnea on the Berlin Questionannire (26), a score ≥10 on the 

Epworth Sleepiness Scale (27), were either extreme evening (<31), or extreme morning 

(≥70) chronotypes on the Morningness and Eveningness in Human Circadian Rhythms 

Questionnaire (28), and had poor sleep quality (global score >5 on the Pittsburgh Sleep 

Quality Index) (29). Medical and health history questionnaires, the Sleep Disorder Inventory 

(30), and Three Factor Eating Questionnaire (31) were administered to exclude individuals 

with sleep, psychiatric, eating or any other medical disorders. Individuals with diabetes, 

taking beta blockers, excessive caffeine intake (32) current or past smoking history (<3 y), or 

recent participation in a weight loss program or weight change (>3%) in the last 3 mo were 

also excluded.

Sleep duration was ascertained during a 2-wk screening period using wrist actigraphy 

(Actigraph GT3X, ActiGraph LLC, Pensacola, FL). Participants were required to meet the 

following sleep criteria: 7 h of sleep at least 10/14 nights, less than 4 nights of sleep 

<6 h, and an average midpoint of sleep earlier than 0400 h. This study was approved by 

the Institutional Review Board at Columbia University Irving Medical Center (New York, 

NY) and registered on clinicaltrials.gov (NCT03663530). All participants were given the 

opportunity to ask questions about the protocol prior to providing informed consent.

Study Design

This was a randomized crossover study consisting of two 44-day study conditions separated 

by 4-6 wk washout. Each condition consisted of 15 days of controlled feeding with two 

inpatient assessments followed by 4 wk of ad libitum feeding. Both conditions were 

identical in sleep opportunity (8.5 h) and timing (2330-0800 h), as well as duration of 

eating window (10 h). The study conditions only differed in the timing of the eating window 

relative to sleep. In the circadian alignment (CA) condition, the eating window started 1 

h after awaking. In the circadian misalignment (CM) condition, the eating window started 

5 h after awakening. The present analyses focus on data obtained from days 3 and 14 of 

the 15-day controlled feeding segment, which were performed in the inpatient setting of a 

metabolic chamber, to assess both acute and longer-term effects of alignment status under 

fixed diet and sleep settings.

Two crossover sequences of the intervention conditions were block randomized to the 

participants in a 1:1 ratio, stratified by sex, using the random codes generated in R package 

by the study statistician (BC). Upon successful screening, the sequence of intervention 

condition was revealed. Participants were notified of their intervention condition (CA vs 
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CM) at the first visit. Half of the participants underwent CA first and CM second; the other 

half underwent CM first and CA second.

Intervention

Days 3 and 14 of the the 15-day controlled feeding period consisted of inpatient stays 

at Columbia University Irving Medical Center, during which participants were provided 

calorically-tailored meals according to their individual energy requirements (33) tailored 

to their activity level with activity factor of 1.2 (sedentary; little to no exercise and desk 

job), 1.375 (lightly active; light exercise or sports 1-3 days a week), 1.55 (moderately 

active; moderate exercise or sports 3-5 days a week), 1.725 (very active; hard exercise 

or sports 6-7 days a week), or 1.9 (extremely active; hard daily exercise or sports and 

physical job). The macronutrient composition of the diet consisted of 30% of energy from 

fat, 54% from carbohydrates, and 16% from protein. The energy distribution across meals 

was 30% for breakfast, 30% for lunch, 30% for dinner, and 10% for snack. During CA, 

participants were instructed to consume breakfast, lunch, and dinner at 0900, 1300, and 

1800 h, respectively, and a snack at 1900 h. During CM, corresponding meals and snack 

were consumed at 1300, 1700, 2200, and 2300 h. Meal times were modeled on data from 

normal and late sleepers from Baron et al. (8). Participants were asked to eat within 15 min 

of their prescribed meal times. Adherence was monitored via self-reported logs recording 

times of consumption throughout the 15-day controlled feeding period. During chamber 

stays, participants consumed the foods exactly at the scheduled times, with a reminder and 

verification from the research assistant.

Sleep

Sleep duration and timing were monitored using a triaxial accelerometer (Actigraph 

GT3X+) worn on the non-dominant wrist in conjunction with sleep diaries. For the week 

prior to the start of each study condition, participants were asked to follow assigned 

bedtimes between 2230-0000 h and wake times between 0700-0900 h daily based on 

average bedtimes and wake times from the 2-wk actigraphy screening and sleep diaries. Bed 

and wake times were fixed to the average bedtime and wake time assessed during screening 

to ensure similar time in bed for both study conditions. Wake time was no later than 0800 

h. Adherence to daily sleep schedules was monitored weekly by actigraphy throughout each 

study condition and for the 2 wk during washout. During inpatient stays in the metabolic 

chamber on days 3 and 14, lights off was at 2330 h and lights on was at 0800 h. Participants 

remained in dim light conditions from 1700 h until lights off and wore blue-blocking lenses.

Energy expenditure, respiratory quotient, and substrate oxidation

EE and substrate oxidation were measured via indirect calorimetry in a pull through whole-

room calorimetry metabolic chamber on days 3-4 and 14-15 in each study condition. 

The 23-h assessments began at 1600 h and ended at 1500 h the following day. The 

metabolic chamber at Columbia University Irving Medical Center consists of an air-tight, 

temperature controlled room with a pre-specified flow rate of 100 L/min and has an internal 

volume of 7,552 L. The rates of respiratory gases are analyzed using fuel cell oxygen 

and near infared carbon dioxide sensors (Model GA-3m2, Sable Systems International, 

Las Vegas, NV). Other features of the Sable Systems equipment includes subsampling, 
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internal temperature control, baropmetric pressure compensations, background baselining 

and software controlled automate drift correction. All data are recorded and processed online 

by the manufacturer’s software Caloscreen and Expedata (Sable Systems International, Las 

Vegas NV). Prior to each data collection, a calibration and equilibration was perfomed 

and quarterly quality control consisted of n=10 propane burns to ensure sensor and room 

stability. EE, RQ, glucose oxidation (GluOx), and fat oxidation (FatOx) were calculated 

from minute-by-minute measurements of VO2 consumption and VCO2 production (34, 

35). Measured rates of whole body VO2 and VCO2 were used to estimate disappearance 

rates (g/min) via oxidation for carbohydrate and lipid substrates. Protein oxidation (ProOx) 

rate was estimated at 66 mg/min based on previously published urinary urea excretion 

measurements made on 12 h post-absorptive men with normal carbohydrate reserves 

(36). The following formulas were used to estimate GluOx (37) and FatOx (38): Resting 

stoichiometric equations: GluOx = −3.226 VO2 + 4.585 VCO2 − 0.461 ProOx; FatOx = 

1.695 VO2 − 1.701 VCO2 − 0.319 ProOx.

Available 23-h metabolic chamber data from each participant were compiled to investigate 

EE, RQ, and substrate oxidation outcomes at defined time intervals for 24-h, overnight, and 

post-meal periods. Twenty-four-hour data were collected as the average of minute-by-minute 

data over the 23-h chamber period multiplied by 1440 min. For the overnight period, 

minute-by-minute data were collected and averaged into 30-min bins. The overnight period 

was anchored at the end of the snack period for CA and thus spanned from 1930 to 0830 h. 

The same overnight period was used for CM. Post-meal EE was measured after breakfast, 

lunch, dinner, and snack. To ensure that the post-meal period was of equal duration in both 

conditions, average of 2-h data was available for breakfast and lunch, 1 h for dinner, and 30 

min for post-dinner snack. Post-meal data for meals that anchored the eating window, i.e., 

breakfast, dinner, and snack, were our primary outcomes.

Power determination

The current analyses are part of a larger study related to body composition. Power and 

sample size were determined based on the primary hypothesis tests being based on Student’s 

t-test for outcomes of body weight and EE for which a sample size of ≥36 participants 

was calculated. A non-centrality parameter of 2.8839 is required for 80% power at the 

overall two-tailed 0.05 significance level. The non-centrality parameter for the treatment 

effect in a two-arm, two-period crossover study is given by the square root of the total 

sample size times the true treatment effect divided by the standard deviation (SD) of the 

pairwise differences. For the outcome of EE, we note that McHill et al. (24) found the SD of 

such pairwise differences was 15.8 kcal. Assuming similar SDs in our study, the detectable 

differences due to circadian misalignment in EE, was expected at 7.59 kcal with a full 

sample of ≥36 participants for the completers-only analysis.

Statistical analysis

Due to the nature of the study, neither study participants nor research staff were blinded 

to intervention condition (CA vs CM). However, the statistician performing the analyses 

(BC) was blind to intervention condition. A whole-group analysis for each outcome was 

conducted using a linear mixed effects model including condition, day, and day-by-condition 
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interaction as predictor variables, and sex as a covariate. Random intercept effects were 

included, which correspond to compound symmetric correlation. The order in which 

conditions were administered was included in initial models and removed if not significant. 

Participant ID was included as a random effect variable. Outcomes included 24-h, overnight, 

and post-meal EE, RQ, and substrate oxidation. These analyses were performed by using 

Statistical Analysis Software (SAS) Version 9.4. Statistical significance was considered as 

p<0.05. Data are presented as raw means ± SD.

RESULTS

Participant characteristics

Of 8 participants accrued, 7 completed both study conditions (age 37.4 ± 8.8 y, BMI 30.4 ± 

3.3 kg/m2) (Table 1). One participant voluntarily withdrew from the study during the second 

chamber stay during their first study intervention (CM) and was excluded from our analyses 

(Figure S1). Prior to entering the study, participants consumed breakfast at 0816 ± 1.4 h, 

lunch at 1319 ± 1.2 h, dinner at 1923 ± 1.3 h, and snack at 1430 ± 3.7 h. Their average 

eating window was 11.7 ± 1.6 h. Total sleep time during screening was 426 ± 64 min (Table 

2).

Compliance with study conditions

During the study, average eating window was 10.0 ± 1.0 h in CA and 10.0 ± 0.3 h in CM 

(p=0.43). Adherence to scheduling of the first meal and last meal in CA was 90.2% and 

80.0%, respectively. Adherence to the scheduling of the first meal and last meal in CM was 

90.2% and 94.5%, respectively. No adverse events were reported. Weight (85.2 ± 10.9 vs. 

85.7 ± 11.7 kg; p=0.94), and BMI (30.7 ± 2.9 vs. 30.9 ± 3.8 kg/m2; p=0.91) over the 15-day 

period did not differ between CA and CM. There were no differences in weight between day 

3 and day 14 within CA (85.2 ± 10.7 vs. 85.1 ± 11.2 kg; p=0.61) or CM (85.8 ± 11.8 vs. 

85.5 ± 11.7 kg; p=0.80).

Bedtimes were 2315 ± 1.4 h and waketimes were 0731 ± 1.1 h during the 15-day period 

in CA. Bedtimes and wake times were 2312 ± 1.1 and 0725 ± 0.9 h, respectively, in CM. 

There was no difference in actigraphy-measured total sleep time (439 ± 65 vs. 428 ± 74 min) 

between CA and CM (p=0.40) (Table 2).

Respiratory quotient and substrate oxidation

Twenty-four-hour—Twenty-four hour RQ was lower during CA relative to CM 

(Β=−0.040; p=0.02) with no effects of day (p=0.57) or day-by-condition interaction (p=0.37) 

(Table 3). Twenty-four hour GluOx was higher in CM relative to CA (Β=65.1; p=0.02) 

with no effect of day (p=0.59) or day-by-condition interaction (p=0.65). Twenty-four hour 

FatOx was lower in CM relative to CA (Β=29.4; p=0.002) with no effect of day (p=0.95) or 

day-by-condition interaction (p=0.38).

Overnight period—Overnight RQ was higher in CM relative to CA (Β=0.056; p<0.0001) 

and on day 3 relative to day 14 (Β=0.010; p=0.007) (Figure 1, Table 3), with no effect 

of day-by-condition interaction (p=0.19). We observed main effects of condition (Β=0.070; 
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p<0.0001) and day (Β=0.016; p=0.013) on overnight GluOx. Overnight GluOx was higher in 

CM relative to CA and on day 14 relative to day 3 with no effect of day-by-condition 

interaction (p=0.70). Overnight FatOx was generally lower in CM compared to CA 

(Β=−0.025; p<0.0001) with no effect of day (p=0.21) or day-by-condition interaction 

(p=0.14).

Breakfast—There were no effects of condition (Β=0.024; p=0.06), day (p=0.31) or day-

by-condition interaction (p=0.96) on post-breakfast RQ (Table 3). There were no main 

effects of condition (p=0.10), day (p=0.26), or day-by-condition interaction (p=0.56) on 

post-breakfast GluOx. Similarly, there were no effects of condition (p=0.21), day (p=0.51), 

or day-by-condition interaction (p=0.48) on post-breakfast FatOx.

Lunch—Post-lunch RQ was lower in CA relative to CM (B=−0.050; p=0.005) with no 

effects of day (p=0.48) or day-by-condition interaction (p=0.64) (Table 3). Post-lunch 

GluOx was lower in CA relative to CM (B=−0.131; p=0.02) with no effect of day (p=0.27) 

or day-by-condition interaction (p=0.35). Post-lunch FatOx was higher in CA relative to CM 

(B=0.029; p=0.006) with no effect of day (p=0.32) or day-by-condition interaction (p=0.52).

Dinner—Post-dinner RQ was lower in CA relative to CM (Β=−0.058; p=0.0006) with 

no effects of day (p=0.16) or day-by-condition interaction (p=0.51) (Table 3). Post-dinner 

GluOx was lower in CA relative to CM (Β=−0.078; p=0.002) with no effect of day (p=0.29) 

or day-by-condition interaction (p=0.54). Post-dinner FatOx was higher in CA relative to 

CM (Β=0.040; p=0.0001) and higher on day 3 than day 14 (Β=0.018; p=0.04) with no effect 

of day-by-condition interaction (p=0.32).

Snack—Post-snack RQ was lower in CA relative to CM (Β=−0.059; p=0.0002). There was 

no effect of day (p=0.75) or day-by-condition interaction (p=0.08) (Table 3). Post-snack 

GluOx was lower in CA relative to CM (Β=−0.10; p=0.004) but did not differ by day 

(p=0.88) nor by day-by-condition interaction (p=0.22). Post-snack FatOx was higher in CA 

relative to CM (Β=0.05; p=0.002) on day 3, with no effect of day (Type 3 test: p=0.25). 

However, there was a significant effect of day-by-condition interaction (p=0.03) whereby 

post-snack FatOx increased over time in CA relative to CM.

Energy expenditure

Twenty-four-hour—There were no main effects of condition (p=0.56), day (p=0.26), or 

day-by-condition interaction (p=0.47) on 24-h EE (Table 3).

Overnight—There were no main effects of condition (p=0.20), day (p=0.07), or day-by-

condition interaction (p=0.33) on overnight EE (Figure 2,Table 3).

Breakfast—There was a significant day-by-condition interaction on EE (Β=0.22; p=0.03) 

(Table 3). Post-breakfast EE decreased over time in CA (B=−0.16; p=0.04) but there was no 

significant change over time in CM (p=0.43).

Lunch—There were no main effects of condition (p=0.75), day (p=0.46), or day-by-

condition interaction (p=0.93) on post-lunch EE (Table 3).
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Dinner—There were no main effects of condition (p=0.22), day (p=0.24), or day-by-

condition interaction (p=0.77) on post-dinner EE (Table 3).

Snack—There were no main effects of condition (p=0.59), day (p=0.45), or day-by-

condition interaction (p=0.79) on post-snack EE (Table 3).

DISCUSSION

Our results show that inducing CM by delaying meal times by 4 h relative to CA leads to 

preferential glucose utilization over fat. This is most marked after late-day meals (lunch, 

dinner and snack) and overnight. Importantly, our findings were observed in the context of 

identical food intake, served over the same length of time with equal inter-meal intervals and 

fasting periods. These findings suggest that meal timing has an independent impact on EE 

and substrate utilization.

Respiratory quotient and substrate oxidation

Our main observation was that CM increased RQ relative to CA under controlled 

feeding conditions. Similarly, a study by Allison et al. with a comparable eating window 

demonstrated that resting state RQ was higher in a delayed eating schedule compared to a 

daytime eating schedule (19). We further showed that a higher RQ as a result of delayed 

meal times was prolonged over a 24-h period. Ravussin and colleagues also found that 

early time-restricted feeding (0800-1400 h) increased FatOx compared to a control eating 

schedule spread across the day (0800-2000 h) (18). A trial by Gu et al. (17) comparing the 

effects of late dinner and routine dinner on postprandial metabolic parameters found that 

dinner consumption at 2200 h reduced postprandial FatOx relative to 1800 h dinner. By 

reversing the timing of the larger eating occasion, they demonstrated that a dinner consumed 

4 h later in an isocaloric setting directly alters lipid metabolism (17). Further, we observed 

similar results under controlled energy intake on FatOx in the context of delaying meal 

times. However, in contrast to our study, Sato et al. (15) demonstrated that acute late evening 

meal consumption at 2230 h increased overall fat oxidation relative to an earlier evening 

meal consumed at 1900 h. They also observed a reduction in FatOx during sleep in the late 

evening meal condition (15), consistent with our observations of increased RQ in response 

to CM during the overnight period. Sato and colleagues delayed only the evening meal 

by 3.5 h (15) whereas we delayed all meals. It is possible that we observed a sustained 

reduction in FatOx as a result of this overall delayed pattern of intake. These studies, 

along with our current findings, imply that later meal timing directly influences metabolic 

responses to meals, reducing reliance on fat as a metabolic fuel.

Energy expenditure

We observed no differences in 24-h EE (Table 3) or overnight EE between CA and CM. In 

the context of overall EE, our observations are consistent with studies showing that meal 

timing does not affect 24-h EE (15, 18), total EE (23), or resting EE (18, 23). In contrast, 

a study by McHill et al. (24) demonstrated that CM, induced within a simulated shift-work 

protocol with controlled energy intake involving late-night meal times, reduced 24-h EE. 

However, circadian variation in EE (20, 39) has been shown to follow endogenous rhythms 
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rather than behavioral influences (40). Accordingly, our study showed that shifting meal 

times as an intervention did not affect 24-h EE for the whole group. Taken altogether, our 

observations suggest that delaying meal times does not significantly impact overall EE.

Similarly, we observed no main effect of condition on post-meal EE. Interestingly, we 

observed significant day-by-condition interaction on post-breakfast EE, which decreased 

over time in CA. Consistent with our main effect observations, a study by Bandin et al. 

(16) comparing early and delayed eating conditions with fixed breakfast and dinner times 

observed no effect of delaying lunch consumption by 3.5 h on postprandial EE. In contrast 

to our study, Ravussin and colleagues (18) demonstrated that early time-restricted feeding 

increased EE following lunch and dinner consumption relative to a 12-h control eating 

window. However, previous studies (15, 16, 18) report acute effects of meal timing on 

post-prandial EE, whereas we observed differences over 15 days. Whether these changes 

persist over a longer period is unknown and studies extending this intervention beyond 2 

wk are needed. Overall, our study and others (15, 18, 23) have shown that overall EE is 

unaffected by meal timing.

Study limitations and strengths

This study had some limitations. First, our sample size was small and power may have 

been a limiting factor in detecting higher-order interactions. However, each participant 

contributed 2 observations per condition and we showed significant findings. However, 

our observations should be reproduced in future studies. Second, we did not have a 

direct measurement of ProOx. Ravussin and colleagues attributed differences in ProOx 

to increased gluconeogenesis due to a prolonged fasting window in early time-restricted 

feeding relative to the control schedule (18). However, in our study, participants maintained 

the same eating and fasting windows in both conditions. Protein oxidation was therefore 

unlikely to contribute to between-condition differences in RQ. Third, post-meal data 

intervals were relatively short, which may have been a limiting factor in characterizing the 

post-prandial state. Our observations from 7 participants may have generalizability issues, 

which was mitigated by having a diverse sample of individuals.

The experimental design of our study allowed the investigation of the independent effect 

of delaying meal times while addressing potential differences in sleep and energy intake 

that previous studies have noted (17–19). We ensured that sleep duration did not differ 

between conditions. Because outcomes were obtained under controlled feeding conditions, 

differences between conditions were not influenced by alterations in diet quantity and 

quality, which are known to influence EE and RQ, isolating the impact of timing of food 

consumption. Additionally, maintaining constant sleep, fasting duration, and eating window 

duration isolated the effect of delaying meal times on outcomes.

Conclusion

Finally, we report herein findings that CM increases RQ, independent of sleep timing and 

duration, indicating a shift in nutrient oxidation towards greater reliance on carbohydrates 

and lower reliance on fat. Over 24 h, the difference between conditions amounts to 

an average of ~29.5 g, or 265.5 kcal. These shifts in substrate oxidation are clinically 
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meaningful and may have implications for weight management and energy metabolism, 

indicative of increased propensity for weight gain, particularly in the context of excess 

energy intake (41). These findings may provide further insight behind the increased obesity 

risk associated with shift work and late-night eating aside from diet quality, exercise, and 

sleep duration. Further studies are needed to investigate the long-term effects of CM on 

energy metabolism and weight management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Importance

What is already known?

• Circadian misalignment (CM) as a result of late meal timing increases the risk 

of obesity, but the mechanisms are not fully understood.

• Circadian variation in energy metabolism may be influenced by meal timing.

What do these findings add?

• Under controlled feeding and sleep conditions, delaying meal times increased 

carbohydrate oxidation and reduced fat oxidation compared to earlier meal 

times.

• Eating later in the day, independent of duration of eating window and sleep 

times, shifts nutrient metabolism towards reduced fat oxidation, which has 

implications for weight management.

How might these results change the direction of research or the focus of clinical practice?

• These results may in part, explain the increased obesity risk associated with 

late meal timing.
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Figure 1. 
Thirteen-hour overnight respiratory quotient by whole-room indirect calorimetry (1930-0830 

h) under circadian alignment (open circles) and circadian misalignment (filled circles). Data 

for d 3 and d 14 are indicated by dashed lines and solid lines, respectively. Shaded area 

represents sleep episode from 2330-0800 h. Dinner and snack were consumed at 2200 h and 

2300 h, respectively, during circadian misalignment.
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Figure 2. 
Thirteen-hour energy expenditure (kcal/min) by whole-room indirect calorimetry 

(19:30-0830 h) under circadian alignment (open circles) and circadian misalignment (filled 

circles). Data for d 3 and d 14 are indicated by dashed lines and solid lines, respectively. 

Shaded area represents sleep episode from 2330-0800 h. Dinner and snack were consumed 

at 2200 h and 2300 h, respectively, during circadian misalignment.
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Table 1.

Participant characteristics

Characteristic Male (n=3) Female (n=5) Total (n=8)

Age (y) 30.7 ± 9.9 41.2 ± 3.8 37.3 ± 8.1

Height (cm) 173.6 ± 3.9 160.8 ± 5.3 165.6 ± 8.0

Weight (kg) 88.1 ± 10.9 80.7 ± 11.1 83.5 ± 10.9

BMI (kg/m2) 29.3 ± 3.7 31.1 ± 2.7 30.4 ± 3.0

Systolic blood pressure (mmHg) 119 ± 9 125 ± 4 121 ± 7

Diastolic blood pressure (mmHg) 86 ± 11 84 ± 3 85 ± 9

Black or African American 1 1 2

White 1 2 3

Other 1 2 3

Hispanic or Latin 3 2 5

Data presented as means ± SD and frequencies.
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Table 2.

Sleep duration measured by actigraphy throughout the study.

Actigraphy Total sleep time (min/day)

Screening 426 ± 64

Pre-visit 473 ± 43

Circadian Alignment 439 ± 65

Circadian Misalignment 428 ± 74

Data presented as means ± SD. Pre-visit data are average of 1 wk prior to each intervention condition when participants were asked to follow 
bedtimes between 2230-0000 h and wake times between 0700-0900 h. Data for circadian alignment and circadian misalignment are averages of the 
15-d controlled feeding period.
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