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SUMMARY
Morning loaded calorie intake in humans has been advocated as a dietary strategy to improve weight loss.
This is also supported by animal studies suggesting time of eating can prevent weight gain. However, the un-
derlying mechanisms through which timing of eating could promote weight loss in humans are unclear. In a
randomized crossover trial (NCT03305237), 30 subjects with obesity/overweight underwent two 4-week cal-
orie-restricted but isoenergetic weight loss diets, with morning loaded or evening loaded calories
(45%:35%:20% versus 20%:35%:45% calories at breakfast, lunch, and dinner, respectively). We demon-
strate no differences in total daily energy expenditure or resting metabolic rate related to the timing of calorie
distribution, and no difference in weight loss. Participants consuming the morning loaded diet reported
significantly lower hunger. Thus, morning loaded intake (big breakfast) may assist with compliance to weight
loss regime through a greater suppression of appetite.
INTRODUCTION

Current dietary advice for weight management is broadly based

on the assumption that a ‘‘calorie is a calorie’’ no matter when

those calories are consumed across the day. However, recent

dietary intervention studies in humans (Garaulet et al., 2013; Ja-

kubowicz et al., 2013) have challenged this assumption, sug-

gesting that the time of day when a large meal is consumed

may influence weight loss effectiveness. These studies imply

that calories ingested at different times of the day have different

effects on energy utilization, leading to differential weight loss,

even when consumed at iso-caloric amounts. In the study by Ja-

kubowicz et al. (2013), a group of 93 overweight womenwere fed

iso-caloric diets over 12 weeks, with morning loaded and eve-

ning loaded calorie intakes run in a parallel design. Those who

consumedmost of the calories in themorning relative to the eve-

ning lost an additional 5.1 kg weight overall. Similarly, Garaulet

et al. (2013) reported that ‘‘late’’ eaters lost less weight than

‘‘early’’ eaters, over a 20-week protocol, resulting in a 2.2 kg dif-

ference in body mass loss, even when reportedly consuming

similar calories. These studies imply that calorie utilization varies

across the day, with calories consumed in themorning being less

efficiently utilized than calories consumed in the evening, result-
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ing in greater energy expenditure (EE) relative to intake and thus

enabling more effective weight loss. With recent studies linking

energy regulation to the circadian clock at the behavioral, phys-

iological, and molecular levels (Garaulet and Gómez-Abellán,

2014; Jakubowicz et al., 2013), there is considerable interest in

time-of-day-dependent changes in metabolism. Indeed, when

experimental animals are fed a high-fat diet during daylight hours

(the ‘‘wrong’’ time for nocturnal rodents), they become obese

despite consuming the same amount of energy relative to those

fed during the dark (the ‘‘correct’’ feeding time for nocturnal ro-

dents) (Arble et al., 2009). Other labs have reported comparable

findings for mice (Fonken et al., 2010) and Zucker rats (Sensi and

Capani, 1987) with similar conclusions. These rodent data sup-

port the notion that the timing of calorie intake may offer benefits

to dietary approaches used for themanagement of obesity in hu-

mans. However, the potential mechanisms involved in any differ-

ential calorie utilization across the day remain undetermined.

Since timing and distribution of food intake is a modifiable life-

style behavior, there is interest in understanding if timing of

eating and distribution of food intake influences the success of

weight-loss diets in humans. A recent randomized control trial

(RCT) (Cienfuegos et al., 2020) on time-restricted feeding (TRF)

as a popular form of intermittent fasting assessed weight loss
uthor(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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effectiveness and reported that both 4 h TRF (eating between 3

and 7 p.m.) and 6 h TRF (eating only between 1 and 7 p.m.) can

produce similar reductions in body weight (�3%), linked to cal-

orie reduction, relative to a control group. Other human studies

(Carlson et al., 2007; Gill and Panda, 2015; Moro et al., 2016;

Stote et al., 2007; Tinsley et al., 2017) using 4–10 h TRF have re-

ported that the results of TRF may be linked to the time of day of

feeding. For example, a calorie intake window during the middle

of the day reportedly reduced body weight or body fat (Gill and

Panda, 2015; Moro et al., 2016); conversely, restricting food

intake to the late afternoon or evening produced mostly null re-

sults (Carlson et al., 2007; Stote et al., 2007; Tinsley et al.,

2017). Interestingly, Sutton et al. (2018) report that early TRF

(morning eating) influences appetite control by lowering the

desire to eat in the evening, to facilitate weight loss. Studies in

rodents (using intermittent fasting windows of 3–10 h) also report

that TRF reduces body weight and increases EE relative to graz-

ing on food throughout the day (Belkacemi et al., 2012; Hatori

et al., 2012; Olsen et al., 2017; Sherman et al., 2012; Woodie

et al., 2018; Wu et al., 2011; Zarrinpar et al., 2014).

The circadian system may explain why the effects of TRF

appear to depend on the time of day, since food intake is known

to be a ‘‘zeitgeber’’ and has been shown to entrain peripheral

clocks (Flanagan et al., 2021). To our knowledge, studies

applying objective measures in humans to examine the role of

both timing and calorie distribution on weight loss have not

been conducted. One way to examine this is a highly controlled

RCT in humans in which all food and beverages are provided by

the lab and EE is measured objectively, using the doubly labeled

water technique (DLW) (Westerterp, 2017). There are three po-

tential mechanisms that could account for differential energy

utilization leading to differential weight: (1) behavioral adaption,

such as altered appetite or physical activity response to a calo-

rie load; (2) alteration in energy metabolism at other times of the

day in response to meal timing; or (3) the influence of normal

biological circadian/diurnal rhythms on energy metabolism at

different times of the day. Energy metabolism can be consid-

ered the amount of energy (kJ or kcal) that an individual uses

in a given time, and this can be divided into three components:

(1) basal metabolic rate (BMR), the minimum calories the body

utilizes at rest to maintain normal body functions; (2) thermic ef-

fect of food (TEF), which is the energy cost of absorbing, pro-

cessing, and storing nutrients after food ingestion; and (3) en-

ergy expended in physical activity. Physical activity is any

body movement that works the skeletal muscles and requires

more energy than resting (Ruddick-Collins et al., 2020). By

measuring all components of EE during a controlled dietary

study, changes in energy balance leading to weight loss can

be accounted for.

This is the first within-subject RCT to compare the weight-loss

efficacy of meal timing and calorie distribution and assess all

components of EE that could impact energy balance and weight

loss in healthy but obese persons. We measured and monitored

changes in EE, resting metabolic rate (RMR by indirect calorim-

etry), post-prandial thermogenesis (TEF by indirect calorimetry),

free-living total EE using DLW, and physical activity using accel-

erometry. The objective of this study was tomeasure these com-

ponents of energy metabolism while subjects consumed

controlled diets, with the largest meal of the day at breakfast
(with a smaller eveningmeal) in comparison to an evening loaded

meal (with a smaller breakfast meal). We hypothesized that the

calorie distribution of morning loaded energy intake (EI) as a

big breakfast and small dinner would produce a greater weight

loss linked to either behavioral or circadian influence on energy

metabolism, even when fed iso-energetic amounts.

RESULTS AND DISCUSSION

We performed a 4-week randomized crossover isocaloric and

eucaloric controlled feeding trial, comparing morning loaded

(ML; 45%:35%:20% calories at breakfast:lunch:dinner) versus

evening loaded (EL; 20%:35%:45% calories at breakfast:lunch:

dinner) calorie intake (Figure 1A). Individual calorie intake was

fixed, referenced to each individual’s measured RMR to assess

the effect of meal timing under isoenergetic intake on weight loss

and EE. All food and beverages were provided, making this the

most rigorously controlled study to assess timing of eating in hu-

mans to date, with the aim of accounting for all aspects of energy

balance. In brief, diets were designed to provide the same

nutrient composition (30%:35%:35% as protein:carbohydrate:

fat), fed to 1.03RMR. A controlled baseline diet (B) was provided

to standardize diets before intervention, fed to maintain energy

balance (1.53 RMR), provided as 33% of calorie intake fed at

breakfast, lunch, and dinner. The same washout (W) diet was

provided in the 7-day period between weight loss interventions.

Seven dayswere applied as a pragmatic decision tomaintain en-

ergy balance, but also, in consideration of the study duration, to

maintain compliance with volunteers eating the diets provided.

The primary end point was energy balance measured by body

weight, which we considered to be driven by altered EE since

the study provided iso-caloric diets. Secondary end points

were subjective appetite control, glycemic control (continuous

glucose monitoring and plasma profile), and body composition.

Weight loss (denoted by D) was determined as the within-diet

change in body weight (from the first to the final day of the

4-week weight-loss diets). All other differences between meal

timing schedules were assessed by comparing outcomes

measured within the last week of each diet. The average times

that the meals were consumed for the ML and EL meals are

shown in Figure S1.

Participants
As shown in Figure 1B, 37 individuals attended the clinic

for screening after responding to a social media advertisement.

Adults were recruited to be overweight/obese (BMI 27–42 kg/m2)

but otherwise healthy. Of these participants, 6 were excluded

because they did not meet one or more of the inclusion criteria

and/or declined to participate further. Inclusion and exclusion

criteria are detailed in the STAR Methods section. A total of 31

participants were randomized into the study with 1 participant

dropping out before completion of both diets due to work com-

mitments. Thirty participants (mean ± SEM; age, 50.9 ± 2.1

years; weight, 95.4 ± 3.1 kg; BMI, 32.5 ± 0.7 kg/m2) completed

the study (16 male, 14 female), with 14 randomized to the ML

diet first and 16 to the EL diet first. Further pre-intervention char-

acteristics are presented in Table S1 and baseline measure-

ments are in Tables 1 and 2. There were no serious adverse

events related to the protocol.
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Figure 1. Study design and CONSORT flow diagram

(A) Study design. Prior to baseline, participants completed comprehensive in-lab screening to determine their eligibility. Eligible participants were randomly

assigned to the order in which they received the morning loaded (ML) and evening loaded (EL) weight-loss diets. The baseline (B) and washout (W) diets were

provided as energy intake (EI) equally distributed between breakfast, lunch, and dinner (33% of EI at all meals). All meals were provided from the start of baseline

to the end of the study. EI during B andWwas 1.53measured RMR. EI duringML and ELweight-loss diets was 1.03RMR. EI wasmeasured over the entire study

duration based on food provided and daily food records. Body weight was assessed 3 times per week when participants attended the institute to collect their

meals. Total daily energy expenditure (TDEE) was measured for the entire 4-week duration of each weight-loss diet using doubly labeled water (DLW). All other

measures were assessed in the final week of each dietary phase.

(B) Consort diagram describing the number of patients throughout the process of enrollment through to completion.

RMR, resting metabolic rate; DXA, dual-energy X-ray absorptiometry; TBW, total body water; TDEE, total daily energy expenditure; TEF, thermic effect of food;

DLW, doubly labeled water.
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Diet provision
Participants reported any foods they consumed outside the pre-

scribed diet and all leftovers were weighed. As per protocol, there

were no significant differences in total calorie intake between the

ML (1,736 kcal/day) andEL (1,749 kcal/day) diets,with both signif-

icantly lower than B (2,658 kcal/day) andW (2,474 kcal/day, stan-

dard error of the difference [SED] 72.7 kcal/day, p < 0.05) diets.

Additionally, therewere no differences inmacronutrient intake be-

tween the ML (protein:carbohydrates:fat, 29.7%:34.2%:34.7%)
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and EL diets (29.8%:34.0%:34.8%) (Table S2). Leftovers were

significantly higher at breakfast and lunch while on the ML versus

EL diet (mean ± SEM; breakfast, 85.5 ± 6.1 kcal/day versus 24.5 ±

2.4 kcal/day, p < 0.001; lunch, 73.3 ± 6.5 versus 54.2 ± 7.7 kcal/

day, p = 0.03) and modestly lower at dinner on the ML versus EL

diet (149.4 ± 19.3 versus 173.5 ± 18.3 kcal/day, p = 0.18). Despite

this, calorie intake across the day remained almost perfectly in-

verse with an overall energy distribution of 38.4%:35.4%:26.2%

(breakfast:lunch:dinner) on the ML diet and 26.3%:35.3%:38.4%



Table 1. Anthropometric data measured at the end of each diet

Baseline Washout ML EL SED p

Body weight (kg) 95.4* 92.0** 90.4*** 90.3*** 0.51 <0.001

BMI (kg/m2) 32.5* 31.4** 30.8*** 30.8*** 0.16 <0.001

Percent body fat 41.54* 39.24** 38.49** 38.60** 2.14 <0.001

Weight loss (kg) – – �3.33 �3.38 0.24 0.848

Waist circumference (cm) 107.0* 102.7** 101.4*** 100.8*** 0.57 <0.001

Hip circumference (cm) 112.9* 110.5** 109.6** 110.3** 0.47 <0.001

WHR 0.95* 0.93** 0.92**,*** 0.91*** 0.01 <0.001

Data are expressed as means, n = 30. Analyzed for diet effect by hierarchical ANOVA (linear mixed models); means in the same row not sharing a su-

perscript are significantly different (p < 0.05). SED is based onwithin-volunteer spread.Weight loss calculated as theweight change from the end of the

precedingmaintenance diet (B orW) to the end of eachweight loss diet. EL, evening loaded;ML,morning loaded; SED, standard error of the difference,

averaged over pairs when comparing more than two treatments; WHR, waist-hip ratio.
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(breakfast:lunch:dinner) on the EL diet. On average, participants’

recorded mealtimes on the ML versus EL weight-loss diets were

similar at breakfast (ML, 07:43 h; EL, 07:52 h; SED 00:07 h, NS)

and lunch (ML, 13:10 h; EL, 12:58 h; SED, 00:07 h NS), with dinner

tending to be slightly (�20min) earlier on the EL diet (ML, 18:51 h;

EL, 18:32 h; SED 00:07 h, p < 0.05). This resulted in a modestly

longer eating window across the day in the ML compared to EL

diet (ML, 11:05 h; EL, 10:39 h; SED 00:09 h, p < 0.05) (full data in

Table S3).

ML calorie intake does not result in greater weight loss
compared to EL calorie intake
We observed that two isocaloric diets with the same composi-

tion, differing in energy distribution, resulted in significant weight

reduction at the end of each dietary intervention period (Table 1).

Weight loss (Figure 2A) showed a near-identical downward

trend, with no difference in weight loss at the end of the 4 weeks,

between the ML and EL diets (ML, D�3.33 kg; EL, D�3.38 kg;

SED 0.24 kg, p = 0.848). In contrast, previous work (Garaulet

et al., 2013; Jakubowicz et al., 2013), conducted as a parallel

group design, reported significantly greater weight loss linked

to earlier calorie intake. However, similar results to our own

have also been previously reported in a parallel arm study by Ver-

steeg et al. (2018), who found no significant differences in weight

loss between ML (50% EI at breakfast) and EL (50% EI at dinner)

feeding. Previous work was completed in females (Jakubowicz

et al., 2013), males (Versteeg et al., 2018), or both genders (Ga-

raulet et al., 2013); thus, gender effects appear not to account for

any differences between the studies. In our current within-sub-

ject comparison we included both genders; however, our study

was not powered to examine gender differences. The differ-

ences in the results between studies may be related to study

duration with the studies by Jakubowicz et al. (2013) and Garau-

let et al. (2013), which were substantially longer in duration

(12 weeks and 20 weeks, respectively) compared to our own

and the Versteeg et al. (2018) trial (both 4 weeks). Notably,

although statistically significant differences in weight loss were

evident by week 4 in the study by Jakubowicz, in the Garaulet

study, late eaters only began to display a slower rate of weight

loss starting after the 5th week of treatment. It is therefore

possible that we may have found more striking effects in terms

of weight loss over a longer duration. It is also feasible that the

study design and rigidity of measuring calorie intake may have
contributed to the different results. Garaulet et al. (2013) retro-

spectively grouped participants into ‘‘early eaters’’ and ‘‘late

eaters,’’ according to the timing of the main meal (lunch time

before and after 1500 h, respectively); food intake and physical

activity were subjectively recorded (food diary and international

physical activity questionnaire, IPAQ). Jakubowicz et al. (2013)

also applied a meal plan methodology (provision of dietary

advice and food choices for self-implementation) and assessed

intake via a participant recorded, weekly 3-day record. In com-

parison, our results provide rigorous and objective assessment

of both EI and expenditure, with all meals provided and partici-

pants attending the unit 3 days per week for the entire duration

of the study for regular body mass measurement, enabling us

to regularly track weight-loss progress and monitor compliance.

Our study also applied the gold standard 4-compartment

method (Fuller et al., 1992) to measure body composition, which

showed that compositional weight changes, in addition to weight

loss, were also similar and independent of diet calorie distribu-

tion (Figure S2).

An important consideration is the window and duration over

which feeding occurs across the day. In our own study, the

eating window was 11:05 h and 10:39 h in the ML versus EL di-

ets, respectively, with meals consumed relatively early in the

day. Gill and Panda (2015) were the first to show that 16 weeks

of TRF in overweight participants induced a modest weight

loss (�3% body mass) when the eating window was reduced

from >14 h to 10 h per day. However, with only small subject

numbers (n = 8) and no control group, wider interpretation of

these results is limited. The precise mechanism(s) of how TRF

improves health outcomes in the absence of enforced energy re-

striction is unknown.

ML calorie intake lowers appetite and hunger compared
to EL calorie intake
The effect of meal timing on appetite control for weight loss is

poorly understood (Beaulieu et al., 2020), with studies often lack-

ing temporal measures of appetite. In this study, we assessed

changes in subjective appetite using visual analog scales

(VASs), measured hourly from the time of waking until bedtime

for 3 consecutive days in a free-living context, followed by an

in-lab test day consisting of 30 min continuous measures. The

ML diet resulted in significantly lower average daily hunger,

desire to eat, prospective consumption, thirst, and composite
Cell Metabolism 34, 1472–1485, October 4, 2022 1475



Table 2. Metabolic health parameters measured at the end of each diet

Baseline Washout ML EL SED p

Blood pressure

SBP (mmHg) 127* 120** 119** 119** 1.82 <0.001

DBP (mmHg) 81* 76** 76** 75** 1.14 <0.001

Pulse (beats/min) 69* 63** 62** 64** 1.11 <0.001

Glucoregulatory factors

Fasting glucose (mmol/L) 5.70* 5.30** 5.27** 5.30** 0.09 <0.001

Fasting insulin 7.61* 5.97** 5.37** 5.70** 0.34 <0.001

HOMA-IR 1.72* 1.34** 1.18** 1.22** 0.10 <0.001

HbA1c mmol/mola 35.3* 35.5* 33.0** 33.2** 0.65 <0.001

Fasting plasma lipids

Cholesterol (mmol/L) 5.50* 4.86** 4.92** 4.94** 0.15 <0.001

HDL-cholesterol (mmol/L) 1.28* 1.17** 1.27* 1.22*,** 0.04 <0.001

LDL-cholesterol (mmol/L) 3.26* 2.84** 2.97** 2.90** 0.01 <0.001

NEFAs (mmol/L) 0.59* 0.60*,** 0.75*** 0.67** 0.04 0.05

Triglycerides (mmol/L) 1.77* 1.38** 0.97*** 0.99*** 0.09 <0.001

Energy expenditure

TDEE (DLW) – – 2,871 2,846 100.7 0.184

RMR (kcal) 1,821*,** 1,729**,*** 1,675*** 1,690*** 36 <0.001

Breakfast TEF (kcal) 131*,** 116*,*** 147** 98*** 8 <0.001

Breakfast TEF (% of EI) 15.4* 14.0* 19.0** 27.6*** 1.5 <0.001

Sleep and activity by accelerometry

Average daily steps 6,611 6,966 6,992 7,046 449 0.762

Activity EE (kcals/day) 1,740 1,599 1,585 1,583 97 0.312

Sleep duration (min) 426 428 428 422 8.31 0.888

Data are expressed as means, n = 30. Means not sharing a superscript are significantly different (p < 0.05). DBP, diastolic blood pressure; EL, evening

loaded; HOMA-IR, homeostasis model assessment of insulin resistance; ML, morning loaded; RMR, resting metabolic rate; SBP, systolic blood pres-

sure; SED, standard error of the difference, averaged over pairs when comparing more than two treatments; TDEE, total daily energy expenditure,

measured by DLW; TEF, thermic effect of food.
aHbA1c estimated from CGM data
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appetite score (calculated as (hunger + desire to eat + food

quantity + (100 � fullness))/4; Anderson et al., 2002) compared

to the EL diet (Figure 3A). The temporal appetite curves plotted

as hourly averages over 3 consecutive days (Figure 3B) and

every 30min following in-lab test breakfasts (Figure 3C) reinforce

these findings. This is consistent with the study of Jakubowicz et

al. (2013), which also reported significantly lower overall hunger

scores and significantly higher mean satiety scores measured

across a full day in response to 3 meals in the ML relative to

the EL group. Under ad libitum feeding conditions, it therefore

seems possible that greater suppression of appetite from the

use of ML diets may result in reduced calorie intake at lunch

and dinner, thereby contributing to enhanced weight loss with

ML diets.

Several human studies, including those using forced desyn-

chrony protocols, provide evidence for an endogenous circadian

rhythm in appetite, with greater evening hunger independent of

wake time and calorie intake (Sargent et al., 2016; Scheer

et al., 2013; Wehrens et al., 2017). Despite this greater evening

hunger, it has been suggested that the satiety value of food

may be greater earlier relative to later in the day (de Castro,

1987). Under ad libitum conditions, particularly in the UK, calorie
1476 Cell Metabolism 34, 1472–1485, October 4, 2022
intake increases as the day progresses as a result of larger meals

sizes and lower time intervals between meals (Almoosawi et al.,

2012; de Castro, 2004).

Recent work by Beaulieu et al. (2020) assessed appetite and

food reward after an identical ‘‘early’’ and ‘‘late’’ meal in both

early and late chronotypes and reported lower appetite during

the morning test session and greater perceived ability to pro-

mote feelings of fullness after the test meal. Additionally, they re-

ported significantly greater perceived meal fullness in morning

versus evening chronotypes. In the evening, participants had

greater liking and desire for high-fat foods, irrespective of chro-

notype, albeit there was an overall greater wanting for high-fat

food in evening chronotypes. In the current study, based on

the same morningness-eveningness questionnaire (MEQ)

(Horne and Östberg, 1976), our participants were classified as

neither morning nor evening types (MEQ type, 3.7 ± 0.2; range,

2–5 [1 = definitely evening to 5 = definitely morning]). Although

we report statistically significant changes in sleep latency and

disturbance (Table S3) associated with weight loss, as changes

from baseline, these are not clinically significant and were not

different between EL and ML diets. We may have detected

different patterns of ‘‘morning-responsive’’ appetite suppression



Figure 2. ML and EL weight-loss diets re-

sulted in similar weight loss and comparable

EE when EI was controlled

(A) Weight loss over the duration of the 4-week

weight-loss diets.

(B) EI and TDEE averaged over the 4 weeks of the

ML and EL diets.

(C) RMRmeasured at the end of each dietary phase.

Means were estimated using hierarchical ANOVA

(linear mixed models). Values expressed as mean ±

SEM. Bars with different letters are significantly

different (p < 0.05). EI, energy intake; EL, evening

loaded; ML, morning loaded; RMR, resting meta-

bolic rate; TDEE, total daily energy expenditure.
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if we had recruited participants based on chronotype. There is

further scope to examine the interaction of chronotype on appe-

tite control for weight loss. Our data support the notion that meal

timing should be considered in the assessment and interpreta-

tion of appetite and food reward outcomes, along with chrono-

type, to support eating behaviors to promote healthy weight.

Circadian and/or diurnal variation is also evident in fasting and

postprandial secretion of many appetite hormones (Ruddick-

Collins et al., 2020). For example, postprandial ghrelin (tradition-

ally considered the ‘‘hunger hormone’’) is suppressed to a greater

extent in the morning in response to a breakfast meal, as

compared to the same meal provided in the evening (Qian

et al., 2019). However, how daily energy distribution influences

appetite hormones throughout the day is not entirely clear.

Although our study demonstrates no differences in fasting PYY,

ghrelin, GIP, and GLP-1 between the ML and EL diets (Figure 4A),

the 2 h postprandial ghrelin response was significantly lower, with

PYY, GIP, and GLP-1 (satiety-enhancing GI hormones) signifi-

cantly higher after the ML breakfast compared to the EL break-

fast. While these data largely reflect the difference in meal size,
Cell Metab
they correspond with the subjective appe-

tite responses of prolonged appetite sup-

pression associated with ML feeding.

These gut hormones play a critical role in

modulating appetite and the rate of gastric

emptying (which slows in the evening). We

report greater appetite suppression with

the ML diet, which is likely in part due to

the extended duration of gastric emptying

of the larger meal size and calorie load (Fig-

ure 4B). We assessed gastric emptying us-

ing stable isotope 13C octanoic acid breath

test, with breath samples collected for 6 h

after the ML and EL breakfast test meal.

Following the smaller breakfast meal with

the EL diet, half time (Thalf; the time taken

for half themeal to empty from the stomach)

was reached within 4:23 h, which was

significantly quicker than the larger break-

fast meal on the ML diet, which exceeded

the 6 h measurement period, with an esti-

mated Thalf of 6:25 h (SED 0:20 h:mm,

p < 0.001) (Table S4). Similarly, compared

to breakfast on the EL diet, the ML break-
fast resulted in a significantly longer lag time (Tlag; the time point

at which the rate of excretion reaches its maximum) (4:23 versus

2:57 h:mm, SED 0:14 h:mm, p < 0.001), latency (Tlat; the initial

delay in gastric emptying) (1:46 versus 1:17 h:mm, SED 0:10

h:mm, p < 0.001), and ascending time (Tasc; duration for which

excretion from the gut is ascending) (4:38 versus 2:50 h:mm,

SED 0:17 h:mm, p < 0.001). Overall, these parameters indicate

a longer time for the meal to begin emptying from the gut and

extended time for the rate of gastric emptying to increase to its

maximum. Diurnal variation in gastric emptying rates has long

been established, with significantly longer Thalf for solid meals re-

ported in the evening compared to themorning (Goo et al., 1987).

Thus, a small breakfast more rapidly empties from the stomach,

leaving the consumer hungry again sooner. A larger meal in the

morning could help increase the content remaining in the gut

and duration of emptying, therefore reducing the likelihood of

overeating later in the day. Our data are consistent with other re-

ports that have used similar isotopic technique to assess the role

of gastric emptying in ‘‘early’’ and ‘‘late’’ mealtime during TRF

(Hutchison et al., 2019). They also demonstrate that gastric
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Figure 3. ML weight-loss diet resulted in significantly lower hunger and appetite compared to EL weight-loss diet

(A) Average appetite scores from hourly free-living appetite assessment over 3 consecutive days at the end of the ML and EL diets.

(B) Temporal appetite scores based on hourly VAS (0–100 mm) assessments across 3 consecutive days at the end of the free-living ML and EL diets. First VAS

completed upon waking and then hourly until bedtime.

(C) Temporal appetite scores during the in-lab test day. VAS completed immediately prior to breakfast and then every 30min for the remainder of the day. First 6 h

post-breakfast was spent in the human nutrition unit facility; thereafter, participants returned to their own free-living context and resumed meals at their own

predetermined times.

Appetite score calculated as (hunger + [100 – fullness] + prospective consumption + desire to eat)/4. Values displayed asmean ± SEM, *p < 0.05 betweenML and

EL diets. EL, evening loaded; ML, morning loaded; VAS, visual analog scale.
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emptying can influence feelings of fullness when early feeding is

applied. This is a useful feature of morning eating, particularly

when participants are in a negative energy balance, in order to

promote adherence to a calorie-controlled diet. Diets that pro-

motegreater calorie intake in themorningand lower calorie intake

(or longer fasting) in the evening are likely to produce sustained

weight loss (Parr et al., 2020).

Distribution of calorie intake does not affect EE
A key finding of this intervention was that theML diet did not alter

EE in comparison to the isocaloric EL diet. We controlled calorie

intake to explicitly measure the effects on all components of total

daily EE (TDEE) in a free-living lifestyle setting. Figure 2B demon-

strates no difference in TDEE between theML and EL feeding re-

gimes (2,871 versus 2,846 kcal/day, respectively; SED

100.7 kcal, p = 0.184), which represents 1.7 and 1.68 physical

activity level (TDEE/RMR) for the ML and EL diets, respectively.

This is measured objectively with DLW during the 4-week

weight-loss diets. DLW is the gold standard approach to

measuring TDEE outside the lab (Speakman et al., 2021). This

enabled the most accurate assessment of any differences

arising in TDEE as a function of daily energy distribution. While

some previous studies have reported greater weight loss with

morning or ‘‘early’’ calorie intake in contrast to evening or ‘‘later’’

calorie intake, these studies did not include accurate assess-

ment of EE (Garaulet et al., 2013; Jakubowicz et al., 2013).

Here we clearly demonstrate that calorie utilization does not

vary with time of day, suggesting that metabolic adaptation
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does not provide the basis for the enhanced weight loss associ-

ated with morning calorie loading seen in other studies. Instead,

we suggest that the changes in weight loss seen in prior work are

likely to be behavioral (e.g., changes in appetite) with the results

reported being due to variation and misreporting of EI. This is in

agreement with acute/short-term studies (24 h to 6 days)

involving breakfast skipping, whereby skipping breakfast (and

thereby pushing calorie intake later into the day) had no effect

on TDEE measured in a respiratory chamber (Kobayashi et al.,

2014; Nas et al., 2017; Ogata et al., 2019). Similarly, Ravussin

et al. (2019) found no differences in TDEE in a respiratory cham-

ber when participants undertook either early TRF (eating from 8

a.m. to 2 p.m.) or control schedule (eating from 8 a.m. to 8 p.m.)

for 4 days each. However, although respiratory chamber studies

allow for extremely rigorous control over calorie intake and

assessment of EE, they are restricted to very short durations of

measurement and largely impede on an individual’s normal

physical activity. In contrast, the DLW method we applied al-

lowed for assessment of TDEE over the entire ML and EL inter-

ventions in a real-life setting.

In this study, wemeasured and report all components of TDEE

(Figure 2; Table 2), including measures of RMR, TEF, and phys-

ical activity with actigraphy, to isolate the distinct area of meta-

bolic function that may have contributed to differences in energy

balance reported in prior studies. As anticipated, RMR was

significantly lower after both the ML and EL weight-loss diets

compared to baseline, corresponding with a lower body weight

(Figure 2C). This was expected as many studies have reported



Figure 4. The large morning meal on the ML diet resulted in greater changes in appetite hormones (suppression of hunger hormone ghrelin

and increase in satiety hormones) and slower gastric emptying compared to the smaller morning meal on the EL diet

(A) Appetite hormonesmeasured at the end of each diet phase. Samples collected before, 0 h, and 2 h after the breakfast meal. Values expressed asmean ± SEM.

Bars with different letters are significantly different (p < 0.05).

(B) Gastric emptying measured using 13C octanoic acid breath test shown as cumulative excretion of contents from the stomach over time.

EL, evening loaded; ML, morning loaded.
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a reduction in RMR linked to reduced body mass and changes in

body composition (Coutinho et al., 2018; Martins et al., 2020).

However, most importantly, there were no differences in RMR

between the ML or EL diets. This is consistent with the results

of Versteeg et al. (2018), who found no differences in RMR in

obese men after 4 weeks of following ML versus EL hypocaloric

diets. Similarly, other RCTs demonstrate no metabolic adaption

(change in RMR) to breakfast feeding in comparison to breakfast

skipping (Betts et al., 2014) in lean adults. Interestingly, this study

by Betts et al. (2014) found that although there were no changes

in RMR, physical activity was significantly higher with breakfast

consumption, albeit no differences in weight change occurred

between groups, likely due to higher calorie intake in the break-

fast group. Other groups have reported similar findings with

breakfast consumption linked to higher levels of physical activity

and lower sedentary time (Corder et al., 2014; Zakrzewski-Fruer

et al., 2019), possibly acting as a contributing factor to differential

energy balance with ML or EL calorie intake. It has previously

been summarized that while breakfast inclusion does not seem

to affect basal metabolism, breakfast omission may influence

free-living physical activity and endurance exercise performance

throughout the day (Clayton and James, 2016). We report no dif-

ferences in physical activity, measured across the 3 days at the

end of each diet. It may be that simply wearing the devices

encouraged participants to be more active and obscured any

true differences. However, given the lack of differences in

TDEE measured over the entire 4 weeks, this is unlikely to be

the case. Longer-term studies are required to understand the

impact of meal timing and daily calorie distribution on longer-
term exercise training and incidental activity in both lean and

overweight subjects.

Other studies have suggested that diurnal variation in TEFmay

also contribute to energy imbalance, with proposed lower eve-

ning TEF contributing to lower weight loss with EL calorie intake

(Bo et al., 2015; Morris et al., 2015; Richter et al., 2020; Romon

et al., 1993). Due to feasibility, we were only able to measure

TEF following the morning meal, and hence meal size largely

dictated the response, with TEF being significantly larger after

the larger ML breakfast (147 kcal) in contrast to the smaller EL

breakfast (98 kcal). We recently reported (Ruddick-Collins

et al., 2022) that differences in TEF between morning and eve-

ning feeding can be explained by underlying circadian RMR,

which is independent of an acute effect of eating. As a conse-

quence, lower evening TEF may be more apparent than real

given that evening TEF is suppressed but extended, thereby

continuing into the night and causing an apparently higher

sleeping metabolic rate. Given we were unable to detect any dif-

ferences in TDEE or weight change between the ML and EL diet

regimes, we believe that any variation in TEF from ML and EL di-

etary regimes has a negligible impact on energy balance. In sum-

mary, we were not able to detect any differences in TDEE or any

of the components of TDEE linked to differential calorie loading.

Our study is the first controlled diet study to preciselymeasure all

components of TDEE in order to directly assess the effects of

morning and evening calorie loading. Our data show that differ-

ences in EE do not contribute to differences in energy balance

and weight loss with ML calorie intake over a 4-week period in

healthy subjects with obesity. Our study supports and expands
Cell Metabolism 34, 1472–1485, October 4, 2022 1479



Figure 5. Interstitial glucose measured using CGMs for 3 days at the end of each diet phase

(A) 24 h temporal profile of interstitial glucose during theML and EL diets. Interstitial glucosewasmeasured every 10 s and average glucose values stored for each

5 min period after midnight. Data shown as the average for each 5 min period over 3 consecutive days of measurements.

(B) The data from the 3 consecutive days was used to calculate 24 h glucose metrics: (1) AUC, (2) iAUC, (3) MAGE, and (4) mean.

Values displayed as mean ± SEM. AUC, area under the curve; EL, evening loaded; iAUC, incremental area under the curve; MAGE, mean amplitude of glycemic

excursions; ML, morning loaded.
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on findings by Ravussin et al. (2019), who reported no effect of

early TRF on TDEE, measured for 24 h in a respiratory chamber.

Interestingly, these authors suggest that meal-timing interven-

tions likely facilitate weight loss through impact on appetite

rather than EE. While our data accord with this conclusion, a

recent systematic review has highlighted the potential unreliabil-

ity of subjective appetite ratings to predict measurable changes

in EI (Holt et al., 2017). Thus, the physiological relevance on over-

all energy balance of the differences in subjective appetite seen

in this study remain to be rigorously assessed.

ML and EL weight-loss diets result in similar changes in
glucose, insulin, and blood lipid profiles
We applied continuous glucose monitoring (CGM) for 3 consecu-

tive days at the end of each dietary phase to assess glycemic
1480 Cell Metabolism 34, 1472–1485, October 4, 2022
response. There was a significant effect of weight loss on all met-

ricscalculated fromCGM(Figure5; TableS5).Weight loss resulted

insignificantly lowermeandaily glucose, incremental andabsolute

area under the curve, maximum glucose levels, and daily glucose

variability (variability assessedwithMAGE [mean amplitude of gly-

cemic excursions] (Monnier et al., 2008; Service et al., 1970) and

SD). Interestingly, when the CGMdatawere analyzed and defined

by diet and clock time as distinct 4 h time blocks (12 midnight–4

a.m., 4–8 a.m., 8–12 noon, 12 noon–4 p.m., 4–8 p.m., and 8–12

midnight), there is only a significantly higher postprandial rise in

interstitial glucose for the EL diet, between 8 and 12 p.m. (p =

0.012), when compared to theML regime. This reflects the greater

meal size (andglycemic load)with the larger dinnermeal, but inter-

estingly, there is no reciprocal statistical difference in the morning

period when a large breakfast is consumed. All CGM data are
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presented in Figure S2, showing a decline in interstitial glucose in

both weight-loss diets, linked to reduced body mass and calorie

intake, relative to baseline. There is a known circadian impact on

glucose regulation, with poorer glucose control in the evening in

comparison to themorning, despite identical meals and compara-

ble fasting times (Grant et al., 2017; Morgan et al., 1999). Weight

loss is well known to improve metabolic control (Wilding, 2014),

even in healthy subjects with obesity (Anderson et al., 2003). The

effect of timeof eatingandcalorie loading is lesswell documented.

Similar to our study, Hutchison et al. (2019) report no mealtime

interaction on CGM glucose parameters in healthy subjects with

obesity, when randomized to early or late feeding (eTRF or

dTRF). Both TRF regimes improved glucose tolerance, but there

was no mealtime interaction. It is important to note that partici-

pants in our study were required to have normal glycemic control

prior to commencing the study, and results may differ in subjects

with type 2 diabetes. Plasmameasures of glucose and insulin pa-

rameters further supported these results, with reduced glucose

and significantly lower fasting insulin and HOMA following both

calorie restriction diets, irrespective of ML or EL calorie loading

(Table 2). Similarly, compared tobaselineboth theMLandELdiets

resulted in significant yet comparable reductions in total choles-

terol, LDLs, and triglycerides (Tables 2 and S6). There were no

mealtime effects on metabolic parameters, and all significant ef-

fects relate to weight loss. It is possible that the benefit of weight

loss outweighed any differences arising from calorie distribution

or that evening meals were not large or late enough to cause the

negative impacts seen in other studies.

Conclusion
To our knowledge, this is the first randomized cross-over trial

comparingMLandELcalorie intake,which includessuchcompre-

hensive assessment of both EI and EE. Our study sought to deter-

mine the impact of daily calorie distribution on all components of

EE as well as factors influencing calorie intake and metabolic

health. Our study disproves earlier studies that infer time-of-day

calorie intake may influence energy balance through metabolic

adaptation and instead implies that changes in appetite may be

involved in improving weight loss with ML EI. Although our study

controlled calorie intake, the greater satiety and lower hunger on

theMLdietmay contribute tobehavioral changes (reducedcalorie

intake later in the day), which would support greater weight loss.

While we did not find significant effects of calorie distribution on

metabolic health parameters, other factors may have influenced

these results: for example, the inclusion of ‘‘healthy’’ overweight

subjects who were otherwise metabolically healthy individuals.

Thus, further studies are needed to explore mealtime effects on

various population groups and with greater manipulation of meal

timing. In this population, ML feeding is likely to improve weight-

loss success throughbehavioral adaptions (reducedcalorie intake

anddietary compliance) asa result ofgreater suppressionofappe-

tite across the day. Nonetheless, whether reduced appetite trans-

lates into reduced EI beyond the conditions tested in this study re-

mains to be demonstrated.

Limitations of study
We acknowledge a number of limitations in this study. The trial

was conducted under free-living conditions. While the benefit

of this is the replication of real-living context (i.e., living in a lab
would largely impact participants’ normal physical activity), this

increases the chances of participant noncompliance. However,

given the regularity of attendance at the nutrition unit, provision

of all meals, and regular body weight checks, we believe any

noncompliance not reported in food records was minimal and

did not largely influence the study outcomes. Although partici-

pants were shown meal items during their screening to ensure

they could eat required items and were encouraged to consume

their entire meals, many were unable to eat the full quantity pro-

vided and/or refused to consume certain items they did not en-

joy. Feeling fuller after switching to different meal plans can often

occur despite calorie restriction due to more satiating foods

(e.g., high protein, high volume, high fiber). Also, while the study

aimed for 45% of calories to be consumed at breakfast (ML) or

dinner (EL), the sheer size of the meals resulted in some partici-

pants being physically unable to consume the entire meals.

Although other studies report 50% of calories being consumed

within a single meal, they do not specifically report actual calorie

intake (only the prescribed intake) (Jakubowicz et al., 2013), or

intake was provided as liquid meal (Versteeg et al., 2018), which

may have been easier for participants to consume but does not

represent most real-world diets. Due to feasibility, we were also

only able to measure certain metabolic responses following the

breakfast meal. There is the possibility that differences in meta-

bolic health parameters such as plasma glucose, insulin, and

fatty acids, as well as TEF, may have been evident following

the evening meal. The inclusion of a glucose or insulin clamp

technique would have been a more robust measure of glucose

homeostasis, rather than the application of CGM in the current

study, which only measures interstitial glucose. It would be inter-

esting to see these advanced techniques applied during different

times of the day to assess chrono-nutrition influence on meta-

bolic health. This is supported by the current CGM data, which

suggest that the evening period before sleep (8 p.m.–12

midnight) is an interesting time period to further assess the

impact of timing of eating and fasting within the context of TRE

to improve glucose homeostasis in the absence of weight loss.

The W period in the current study was only a week, and this

may not have been long enough to reduce the influence of the

previous diet period on the next assessment period. A within-

subject cross-over design was necessary to assess subjective

changes in appetite but has a higher participant burden due to

the length of time on a controlled diet (Lichtenstein et al.,

2021). Furthermore, if we consider the measured TDEE/RMR

during the weight loss phases, this indicated participants likely

had a physical activity level value greater than 1.5. However,

the measured body weight change during the W period

was +0.29 kg, which was within normal daily variation and sug-

gests that the group was held near energy balance. It has been

suggested that the energy content of weight loss is approxi-

mately 3,500 kcal per pound of body weight, and the work of

Hall (2008) and Hall et al. (2011) has challenged this, highlighted

modeling of tissue change during weight loss. In our study, the

subjects lost between 3% and 4% body weight during each

4-week diet period, and the application of gold standard tech-

niques allowed some comparative mathematical modeling and

commentary on the group-level data to assess the energy cost

of energy balance. In summary, all the data from body mass

(kg tissue) change, energy balance (EE by DLW and EI by food
Cell Metabolism 34, 1472–1485, October 4, 2022 1481
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intake), and body composition (4-compartment model) are in

agreement that the weight loss was similar between the ML

and EL diet phases. This can be considered in different ways:

d Cumulative energy imbalance (calculated from loss of fat

and protein mass body composition) over 28 days is

�28,335kcal (ML), which is an average negative energy bal-

ance of 1,012 kcal per day. For the EL diet, the cumulative

imbalance for 28 days was 28,212 kcal (from body compo-

sition; data shown in Figure S2), which is 1,008 kcal per day.

d Calculated negative energy deficit from DLW-derived EE

averaged over the 28 days (with the assumption it was con-

stant) and EI from food records for the ML diet period is

1,736 EI and 2,871 EE, leaving a daily energy deficit of

1,135 kcal per day. Similarly, it was 1,749 EI and 2,846

EE for the EL diet period, leaving a daily energy deficit of

1,097 kcal per day.

These calculations suggest there is a discrepancy of 90–

100 kcal per day, similar for both diet treatments, which could

mean the subjects consumed more energy than we thought

(and did not report this) or represents the error of modeling

daily small changes in energy balance with these techniques.

A longer study to achieve at least 5% (ideally 10%) weight loss

and a larger (n) study would be able to achieve this degree of

energy cost of weight-loss modeling with a similar approach.

Participants within our study were also able to self-select their

meals times. Although participants were asked to maintain these

across the study and there were only small differences between

the ML and EL diets, on average participants consumed their

meals within a <12 h window. The modest (<30 min) increase in

average daily dinner-to-breakfast fast in the EL condition could

potentially have influenced our measures before and after break-

fast. Any such influence would be negligible, though, given (1)

the small difference within the overall (ca. 13 h) average dinner-

to-breakfast fasting window and (2) the prolonged post-prandial

response expected after dinner in the EL condition. Despite this,

we may have seen more pronounced effects if participants had a

longer feeding window across the day (e.g., it has been shown

thatmanypeopleeat overasmuchas14hper day;Gill andPanda,

2015; Jefcoate et al., 2021), or if the large dinner meal was

consumed later in the evening closer to bed time. It has been re-

ported that eating closer to dim-light melatonin onset is in itself a

predictor of higher BMI (McHill et al., 2017). Overall, our trial

used many gold standard techniques to effectively measure EI

and all areas of EE, and therefore the outcomes from our study

arehighly thorough.However, further research isneeded tounder-

stand if ML feeding produces superior metabolic outcomes de-

pending on the eating window and timing of the evening meal,

and to assess all aspects of energy metabolism after both break-

fast and dinner meals.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human Blood and Urine Samples This paper N/A

Chemicals, peptides, and recombinant proteins

13C Octanoic Acid CK Isotopes Ltd, Leicestershire, UK 1-13C, 99%, CLM-293-5

O18-Water 10% Cortecnet, Voisins-Le-Bretonneux, France CO5261P1000

Deuterium Oxide, 99.8% - filtered Cortecnet, Voisins-Le-Bretonneux, France CD5254P1000

(2-Aminoethyl)-Benzene Sulfonyl

Fluoride hydrochloride

AEBSF; Sigma Aldrich, Dorset, UK 11429868001

DiPeptidyl Peptidase IV soluble inhibitor DPPIV; Merck Millipore (UK) Ltd, Watford, UK DPP4-010

Protease Inhibitor Cocktail Sigma Aldrich, Dorset, UK P2714-1BTL

Critical commercial assays

Insulin assays ELISA; Mercodia AB, Uppsala, Sweden 10-1113-01

Diabetes Antigen Control Human

(Low/High) for insulin assay

Mercodia AB, Uppsala, Sweden 10-1164-01

Glucose Konelab 30 selective chemistry analyser

(Thermo Scientific, Basingstoke, UK)

N/A

Lipid Profile Konelab 30 selective chemistry analyser

(Thermo Scientific, Basingstoke, UK)

N/A

Human Total GIP kit MesoScale Discovery (MSD) Rockville,

MD, USA

K151RPD1

Human Total Ghrelin kit EMD Millipore Corporation, St Louis,

Missouri 63103, USA

#EZGRT-89K, #EZGRA-89BK

Human Total PYY kit MesoScale Discovery (MSD) Rockville,

MD, USA

K151MPD1

Total GLP-1 MesoScale Discovery (MSD) Rockville,

MD, USA

K150JVC

Deposited data

All data used in figures and

supplemental figures are available

to download, as the Data S1 file.

N/A N/A

Software and algorithms

R version 3.6.3 and version 4.0.5 R Core Team, R Foundation for Statistical

Computing, Vienna, Austria

https://www.r-project.org/

Genstat 17 Release 17.1 Lawes Agricultural Trust, VSN international

Ltd, Hemel Hempstead, UK

https://www.vsni.co.uk/software/genstat

Actigraph software Actilife5 Analysis Suite; Actigraph LLC,

Pensacola, USA

https://actigraphcorp.com

WinDiets software Professional Version, Robert Gordon

University, Aberdeen, UK, 2017

https://www.rgu.ac.uk/windiets

Quark RMR software Omnia stand-alone system, COSMED,

Rome, Italy

version 1.3, Firmware 4; https://www.

cosmed.com/

BodPod system software COSMED, Rome, Italy version 5.4.3; https://www.cosmed.com/

dual energy X-ray absorptiometry

(DXA) software

Lunar enCORE software; GE Medical

Systems Lunar, Madison, USA

version 12.3

CareLink iPro Therapy Management

Software (CGMS; web-based system)

Medtronic MiniMed, Northridge, USA MMT-7340; https://carelink.minimed.eu/

ipro/hcp/login.jsf?bhcp=1
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Other

Stadiometer Holtain, Crymych, Dyfed, Wales N/A

Digital Weight Scale C.M.S. Weighing Equipment, London, UK DIGI DS-410

Blood Pressure Monitor Omron Healthcare, Bannockburn, IL Omron M5-1

Dual energy X-ray absorptiometry (DXA) Lunar Prodigy/DXA ,GE healthcare, USA https://www.gehealthcare.com/products/

bone-and-metabolic-health/prodigy

BodPod COSMED, Rome, Italy #2007A; https://www.cosmed.com/en/

products/body-composition/bod-pod

Actigraph (Accelerometers) Actigraph LLC, Pensacola, USA GT3X+

Continuous Glucose Monitors

(iPro2 digital recorder with Enlite sensors)

Medtronic MiniMed, Northridge, USA MMT7741 (sensors MMT-7008)

CGMS Docking system Medtronic MiniMed, Northridge, USA MMT-7742

Portable glucose monitor Contour Next BGMS, Ascensia Diabetes Care https://diabetes.ascensia.com.au/

products/contour-next-connected/

RMR with ventilated hood system Quark RMR, COSMED, Rome, Italy C09074-01-99 (2012100288 and

2016031059)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alex John-

stone, (Alex.Johnstone@abdn.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study was conducted at the Rowett Institute, University of Aberdeen in accordance with the Helsinki Declaration of 1975 and

with ethical approval by the North of Scotland Research Ethics Committee (17/NS/0097). The study was registered at

ClinicalTrials.gov under number NCT03305237. Recruitment was by public advertisement of a diet trial for healthy, overweight par-

ticipants (Body Mass Index (BMI) 27- 40 kg/m2), aged 18-75 years, using radio adverts, website posts, newsletters, newspapers,

public posters and social media. Inclusion criteria specified that all participants should be habitual breakfast eaters and not have

existing medical conditions or medication use that could influence their appetite or mood, confirmed during the recruitment process

by a medical screening questionnaire. Female participants were included if they were on hormonal contraceptives or were postmen-

opausal. Exclusion criteria included: heavy smokers (more than 10 cigarettes/day) or heavy alcohol consumers (more than 4 alcohol

units/day for male andmore than 3 alcohol units/day for female); obesity of endocrine origin; chronic metabolic conditions: diabetes,

hepatic disease, gout, kidney, thyroid or coagulation disease; gastrointestinal disorders; psychiatric or eating disorders; gastrointes-

tinal procedure or surgery in the past threemonths; disorders of swallowing, severe dysphagia to food or pills; pregnancy or lactation;

use of implanted or portable electro-mechanical device such as cardiac peacemaker or infusion pump; blood donor in the past

3 months; extremes of chronotypes, sleep patterns or extreme high activity levels. Medication exclusion included: appetite modu-

lator drugs: orlistat, sibutramine, rimonabant; mood disorder medications less than 6 months of use; statins less than 6 months of

use; oral antidiabetics, insulin, digoxin, thyroid hormones, antibiotics, steroids or immunosuppressants, recreational substances.

All participants underwent a comprehensive screening to determine eligibility including a health status form (to identify known health

conditions and medications), measurements of height and weight, assessment of cardiometabolic health (blood pressure, blood he-

matology and blood chemistry) and measurement of resting metabolic rate (RMR). Questionnaires were used to assess chronotype

and sleep and included: Horne-Östberg morningness–eveningness questionnaire (MEQ) (Horne and Östberg, 1976), Munich Chro-

notype Questionnaire (MCTQ) (Roenneberg et al., 2003, 2007), Pittsburgh Sleep Quality Index (Buysse et al., 1989) and the Epworth

Sleepiness Scale (Johns, 1991); and to assess baseline physical activity levels: Baecke physical activity questionnaire (Baecke et al.,

1982). All participants gave written, informed consent prior to taking part in the study. A CONSORT flow diagram is provided in Fig-

ure 1B. There were 31 participants and 30 completers, with 16 males and 14 females. The mean age of participants was 50.9 yrs (SD

2.1, range 20-79years) (detailed in Table S1). The primary end point was energy balance measured by body weight, which we
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considered to be driven by altered energy expenditure since the study provided iso-caloric diets. Secondary end points were sub-

jective appetite control, glycemic control (continuous glucose monitoring and plasma profile), and body composition.

METHOD DETAILS

Study design
This study was conducted as a randomized cross over controlled feeding trial as detailed in Figure 1. Participants were randomly

allocated to the sequence of which they were provided the morning loaded (ML) (45%, 35%, 20% of calories at breakfast, lunch

and dinner) or evening loaded (EL) (20%, 35%, 45% of calories at breakfast, lunch and dinner) weight loss diets. Each weight

loss diet phase was 4 weeks with a lead in screening and baseline phase, and a washout phase between the diets. During the

screening (4 days), participants continued to consume their own ad libitum diet, and during the baseline diet (B) (4 days) and washout

diet (W) (7 days), participants were provided all meals with calories equally distributed between breakfast, lunch and dinner. Dietetic

staff of the human nutrition unit supplied all food and drinks consumed during the dietary periods, and participants attended 3 times

per week for body weight assessment and food provision. Outcome measures were assessed at the end of each study phase split

over 2 test days and included assessments of body composition, RMR and thermic effect of food (TEF), metabolic health parameters

(blood pressure (BP), blood lipids, glucose and insulin, gut hormones), gastric emptying and subjective appetite. In addition, during

the final week of each study phase, participants underwent several assessments which spanned 3 full days to assess, 24 h blood

glucose using continuous glucose monitors (CGMs), physical activity using actigraphy, subjective appetite using VAS and sleep

(self-reported record of bedtime, wake time, sleep disturbances and sleep quality). Participants were free to self-select their meal-

times, although they were instructed to maintain the same mealtimes across the duration of the study and to record their mealtimes

for 3 consecutive days at the end of each study phase.

Formulation and preparation of the diets
Calories, meal frequency and dietary composition were matched between the ML and EL diets to ensure the only change was due to

calorie loading at different times of the day. All food was prepared by the dietetic staff of the human nutrition unit based on a 7 day

rotational menu. Menu items on test days were matched across all study phases with adjustments made to maintain the within-diet

calorie and macronutrient composition.

During baseline and the washout diets, participants were fed to 1.5 x measured RMR to maintain body weight, provided as three

iso-caloric meals/day of which the composition was consistent with standard UK diet composition: 30% fat, 15% protein and 55%

carbohydrate. RMRmeasured during the screening was used to calculate energy requirements for baseline, while RMRmeasured at

the end of baseline, the first weight loss diet (either ML or EL) and the washout phase were used to determine energy requirements for

each subsequent phase, first weight loss diet, washout and second weight loss diet respectively. Therefore, energy intake was

adjusted throughout the protocol. During the two weight loss diet interventions (ML and EL) participants were fed to 1 x RMR, to

achieve caloric deficit with calorie composition across the day and at all meals provided as 35% fat, 30% protein and 35% carbo-

hydrate. The composition of each meal, in terms of energy, fat, carbohydrate and protein, was calculated by using an electronic

version of McCance andWiddowson’s the composition of foods (Finglas et al., 2014); WinDiets software (Professional Version, Rob-

ert Gordon University, Aberdeen, UK, 2017). Participants were encouraged to consume all the daily meals provided. Outside of the

prescribed foods and drinks, participants were allowed to consume decaffeinated zero calorie beverages (e.g. water, tea and coffee

without milk or sugar or zero calorie soda). Participants recorded daily, the time of eating, when food and drinks consumed from the

food provided, on diet-specific forms and they were required to record outside of, or leftover from, the prescribed study meals. For

measurement of any foods or drinks each participant received a calibrated kitchen scale (Disc Electronic Kitchen Scale 1036, Salter

Housewares, UK), at the start of the study. The final composition of the study diets (based on participant records of extras and left-

overs) is provided in Table S2; in brief, subjects consumed ML = 91.7%, EL = 92.5% of food provided. On test days, standard test

meal breakfasts were provided. Meals during B and W were identical in composition and foods, with slightly smaller portions if

required during W to accommodate a participants lower energy requirement. Similarly, during the ML and EL diets the composition

of the meals and foods were identical however portions adjusted to provide 45 versus 20% of energy intake respectively On test day

A (fasting assessments of body weight, blood pressure, bone density (DXA) andwaist and hip, and fasting and 2 h postprandial blood

samples), participants were provided during B andWdiets: toasted sandwich (toast, butter, ham, cheese), cereal andmilk, fruit juice,

yogurt with cream and strawberries, and during ML and EL diets: Toast with butter and chutney, sausage, bacon, chicken, fruit juice

and a smoothie (strawberries, passionfruit, cream, milk). During test day B (encompassing assessments of RMR, TEF, Gastric

emptying and test day appetite), participants were provided with during the B and W diet: Omelette (eggs and butter), potato waffle,

baked beans, toast, orange juice, cereal andmilk, and during the ML and EL diets: Omelette (eggs, ham, cheese, mushrooms, spring

onions), toast, chutney, and a glass ofmilk. The baseline andwashout diets were identical in composition, fed as threemeals a day, of

15% protein, 30% fat, and 55% carbohydrate fed to 1.53measured RMR, created to reflect UK average nutrient intake. This menu

can be downloaded from Johnstone et al. (2020).

Measurement of anthropometric variables
Measurements of body composition and metabolic rate were performed under standardized fasted conditions as described previ-

ously (Johnstone et al., 2005, 2006). Before all the tests, the participants fasted overnight (10 h). During screening height of the
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participants was measured to the nearest 0.1 cm using a stadiometer (Holtain Ltd, Crymych, Dyfed, Wales). Body weight was

measured at screening, on the morning of all food provision days and on all test days, wearing a previously weighed dressing

gown, to the nearest 100g on a digital scale (DIGI DS-410, C.M.S. Weighing Equipment Ltd, London, UK). Body composition was

assessed at the end of each dietary phase using the gold standard 4-compartment model as described by Fuller et al. (1992).

Body volume and density wasmeasured using air displacement plethysmography with the Bodpod (BodPod BodyComposition Sys-

tem; LifeMeasurement Instruments, COSMED, Concord, CA, USA) and analyzed using the BodPod system’s software (version 2.5.2;

Norland Corp) as described previously (Johnstone et al., 2006). Total body water (TBW-kg) was measured by deuterium dilution

(D2O) according to the Maastricht protocol (Van Marken Lichtenbelt et al., 1994). Briefly, participants were dosed with >0.12 g/kg

body water of 99.8% deuterium. Urine samples were collected pre-dose and 6 h and 10 h after the dose for analysis with mass spec-

trometry (Refer to TDEE section below for further details). Bone mineral mass (Ash-kg) was measured by dual energy X-ray absorp-

tiometry (DXA) (Lunar Prodigy/DXA, GE healthcare, USA) and scans analyzed using the DXA software (Lunar enCORETM software;

GE Medical Systems Lunar, Madison, USA). Abdominal (waist) and gluteal (hip) circumferences were taken according to the guide-

lines of the International Standards for Anthropometric Assessment (Marfell-Jones et al., 2012) and the waist to hip ratio (WHR)

calculated.

Total daily energy expenditure by doubly labelled water (2H2
18O stable isotopes)

Total daily energy expenditure (TDEE) was measured over the 4 week ML and EL weight loss diets using the Maastricht protocol for

the measurement of energy expenditure with doubly labelled water (Westerterp, 2017). Participants were dosed twice with 2H2O
18

during each weight loss period (On day 1 and 14 of the ML and EL diets) to measure TDEE over the entire weight loss phases. Prior to

dosing, participants provided a spot urine sample to be used as a baseline sample, which was always used to calculate the excess

relative abundance of the isotopes after dosing, a standard procedure for repeated doses, described in Westerterp et al., (1986).

Following this, participants were provided a pre-prepared dose of 2H2O
18. Doses were prepared at University of Maastricht,

Netherlands made up to >1.8 g water/kg body water 10% O18 (O18-Water 10%, Cortecnet, Voisins-Le-Bretonneux, France,

CO5261P1000) and > 0.12 g water/kg body water of 99.8% Deuterium (Deuterium Oxide, 99.8% - filtered, Cortecnet, Voisins-Le-

Bretonneux, France, CD5254P1000). TheCV for the DLW technique is around 4-8% for themeasurement of rCO2 (Westerterp, 2017).

Urine samples were collected pre-dose and then 6 h and 10 h post-dose on the day the dose was consumed, then on days 7, 8, 13

and 14 post doses. The exact time of dosing and sample collection times were recorded. Urine samples were frozen at �20�C until

analysis. Urine samples were analyzed at NUTRIM research institute, University of Maastricht, Netherlands, using gas isotope ratio

mass spectrometry. Isotopic enrichment of the post-dose urine samples was analyzed relative to background enrichment. Carbon

dioxide production rate (rCO2) was calculated based on newly derived equations (Speakman et al., 2021). rCO2 was converted to

TDEE using standard equations based on the energy equivalents of the diet (Brouwer, 1957). With regard to calculation of energy

expenditure, the DLWmethodmeasures carbon dioxide production, requiring an estimate of the energy equivalent of carbon dioxide

for conversion to energy expenditure. The energy equivalent of carbon dioxide is a function of the substrate mixture being oxidized.

As the subjects were in a negative energy balance, and mobilising fat mass, we applied adjustment of body composition, and ac-

counted for diet composition by calculating the energy equivalent from the diet provided (Black et al., 1986).

Resting metabolic rate (RMR) and thermic effect of food (TEF)
RMR was measured over 30 min after a 10 h overnight fast by indirect calorimetry using a ventilated hood system (Quark RMR,

COSMED, Rome, Italy). The first 5 min of the measurement were excluded and the RMR was calculated using a moving average

to determine the 15 min period with the lowest CV. RMR was calculated using the equations of Elia & Livesey (Elia and Livesey,

1992). The system was calibrated prior to all measurements with a standardized 3 L syringe and gas concentration using a two-point

calibration procedure using room air and standardized calibration gas. The thermic effect of food (TEF) was assessed after the con-

sumption of a test breakfast over a 6 h period for 10min every 30min. The post-prandial increase in energy expenditure was analyzed

as area under the curve (AUC) using the trapezoidal rule to calculate TEF (Reed and Hill, 1996). Throughout the measurement, par-

ticipants lay on a bed and were instructed to lie still but not to fall asleep.

Assessment of gastric emptying
Gastric emptying was measured in the morning following a breakfast test meal using the 13C octanoic acid breath test (13C-OA)

(Ghoos et al., 1993). 100mL of 13C OA (1-13C, 99%, CLM-293-5, CK Isotopes Ltd, Leicestershire, UK) was added to a test meal om-

elet using a calibrated pipette (3120000.054, Eppendorf UK Limited, Stevenage, UK). Eighteen sets of breath samples were collected

into evacuated exetainer breath vials (Labco Limited, Lampeter, UK), pre-meal then every 15 min for the first 2.5 h followed by every

30 min until 6 h post-meal. 13C enrichment of breath samples were measured by isotope ratio mass spectrometry (IRMS; Roboprep

G, Tracermass; Europa Scientific, Crewe, UK) to determine the ratio of 13CO2:
12CO2 corrected for baseline 13CO2 enrichment. The

standard deviation of the replicate samples was < 0.0004 (CV>0.04). All modelling (curve-fitting) was done in R (version 4.0.5) using

the nonlinear least square’s function. Rate of CO2 production (P, mmol/min) per participant was estimated from body surface area

using the height-weight formula defined by Haycock et al. (1978). The data was fitted to the mkb model presented in Ghoos et al.

(1993): y = m(1 – e �kt)b, where y is the cumulative percentage dose of 13CO2 recovered at time-point t (mins), and m, k, and ß are

constants with m being the total cumulative 13CO2 recovery when time is infinite. The model was used to calculate the standard

time-based parameters as described by Ghoos et al. (1993): half time (Thalf), the time point at which 50% of the total excretion of
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13CO2 in the breath has been recovered, lag time (tlag), the time point at which the rate of excretion reaches its maximum; as well as

the parameters proposed by Schommartz et al. (1998): latency (tlat), describing the initial delay (latency) in 13CO2 excretion, and as-

cension time (tasc), a measure for the length of time during which excretion is rapid, i.e. when the cumulative curve is ascending.

Assessment of subjective appetite
Appetite was assessed over 3 full days and on test days by use of pen and paper 100mm visual analogue scales (VAS) as previously

validated (Flint et al., 2000). On test days the VASwas completed before eating and every 30min, thereafter, as described previously.

During the 3 day assessments, participants were instructed to compete the questionnaire hourly across their entire waking day start-

ing fromwhen they first awoke to immediately prior to sleep. The questionnaires contained six questions related to motivation to eat:

hunger, fullness, prospective consumption (quantity), desire to eat, thirst and preoccupation with thoughts of food. The scales were

recording from, for example, ‘‘not at all hungry’’ to ‘‘as hungry as I ever felt’’ so that higher scores indicated more intense subjective

sensations. A summary measure of subjective appetite was calculated from the responses to the questionnaires using the formula:

Appetite score = [hunger + (100 - fullness) + prospective consumption + desire to eat]/4 (Anderson et al., 2002).

Metabolic profile and glucose homeostasis
Blood pressure was measured before breakfast in a semi reclined position during screening and at the end of each dietary interven-

tion period with the use of an automated system (Omron M5-1; Omron Healthcare Inc, Bannockburn, IL) with the average of 3 mea-

sures recorded. The following blood tests were performed based on blood collected fasting and 2 h postprandial by standard veni-

puncture: plasma glucose, plasma insulin, lipid panel, and gut peptides (Ghrelin, GIP, PYY, GLP-1). 160mL of a previously prepared

inhibitor mix containing (2-Aminoethyl)-BenzeneSulfonyl Fluoride hydrochloride (AEBSF; Roche Diagnostics, Basel, Switzerland), Di-

Peptidyl Peptidase IV soluble inhibitor (DPPIV; Merck Millipore, Watford, UK) and Protease Inhibitor Cocktail (Sigma Aldrich, Dorset,

UK) was added to the gut hormone blood samples immediately post sample collection. Samples were centrifuged at 3000rpm for

15 min at 4�C. Plasma aliquots were stored at �70�C until analysis. Glucose and lipid analysis was undertaken using KONE calori-

metric assays, in a KONELAB 30 selective chemistry analyzer (Thermo Scientific, Basingstoke, UK) performed at the University of

Aberdeen. Insulin was measured using ELISA with commercially available kits (Mercodia, Uppsala, Sweden #10-1113-01). The

fasted glucose & insulin results were applied to the homeostatic model assessment (Matthews et al., 1985) to calculate insulin resis-

tance (HOMA-IR), beta-cell function (HOMA-bcell) and the insulin to glucose ratio (IGR). Gut peptides were analyzed at the Core

Biochemical Assay Laboratory of the National Institute for Health Research Cambridge Biomedical Research Centre using commer-

cially available kits. Total Ghrelin was analyzed using sandwich ELISA using a Human Total Ghrelin kit (EMDMillipore Corporation, St

Louis, Missouri 63103, USA, #EZGRT-89K, #EZGRA-89BK). Total GIP, GLP-1 and PYY were measured by sandwich immunoassay

using MesoScale Discovery kits (Rockville, MD, USA) (GIP: K151RPD1, GLP-1: K150JVC, PYY- K151MPD1) and analyzed using

electrochemiluminescence on a MesoScale Discovery (MSD) s600 instrument.

Continuous glucose monitoring
Continuous glucose monitors (iPro2, Medtronic MiniMed Inc, Northridge, USA) were used to measure interstitial glucose profiles for

R72 h at the end of each study phase. Glucose sensors (Enlite Glucose Sensors, Medtronic) were inserted subcutaneously on the

abdomen with measurements taken every 10 s and average glucose values stored in the attached Ipro2 monitor for each 5 min

period. Finger-prick glucose assessments were taken by the participants 4 times per day with a small portable glucosemonitor (Con-

tour Next BGMS, Ascensia Diabetes Care) to calibrate the CGMs. All data was downloaded from the devices at the end of the 3 days

of measurements. Glucose parameters were calculated over 24 h and 2 h postprandially, for the following parameters: mean,

maximum, minimum, AUC, incremental AUC (iAUC), SD, andmean amplitude of glycemic excursions (MAGE). MAGE is a commonly

used comprehensive index to determine intraday glycemic variability and was calculated as the mean of the differences between

consecutive peaks and nadirs greater than one SD of mean daily glucose (Monnier et al., 2008; Service et al., 1970).

Sleep record
Participants were asked to complete a brief record, and to answer questions related to their sleep for 3 consecutive days at the end of

each dietary phase. Participants were asked to complete these immediately upon waking. The record included: Bed-time, Sleep-

time, estimated sleep latency (duration from attempting to sleep to actual sleep), wake time, arise time, number and estimated dura-

tion of night time wakening’s and a rating of sleep quality (9 point scale from 1 best sleep ever to 9 worst sleep ever).

Physical activity
Physical activity was measured using triaxial accelerometry (ActiGraph, LLC, Pensacola, USA), worn for 3 days in the final week of

each study phase. The devices were worn on the left anterior hip and participants were instructed to put them on as soon as they

woke up and remove only while showering or swimming or before bed. Participants recorded the actual times they put on and

removed the monitors and any reasons for their removal. Data was downloaded and analyzed on the Actilife analysis platform (Acti-

life5 Analysis Suite; Actigraph LLC, Pensacola, USA).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Power analysis
Sample size calculation was based on the primary endpoint, difference in body weight at the end of the 4 week diets. We aimed to be

able to detect differences of 1–1.2 kg with a SD between groups of approximately 1.4 kg as reported previously (Jakubowicz et al.,

2013). To obtain 90% power, with a 5% significance level we required 30 subjects to complete both of the 4 week arms of the weight

loss diets. Details on the statistical parameters can be found in the figures and legends.

Statistical analysis
Randomization for diet order was conducted by Computer-generated random numbers to assign the participants to first receive

either the ML or EL diet. Statistical analysis was completed using R (R Foundation for Statistical Computing, Vienna, Austria. URL

https://www.R-project.org/) and Genstat 17 Release 17.1 (Lawes Agricultural Trust, VSN international Ltd, Hemel Hempstead,

UK). Normality was assessed by inspection of histograms of variables and residuals of the fitted models. If variables showed

some indications of skewness, analysis was repeated on a log scale to confirm that conclusions remained unchanged. Data on en-

ergy intake, energy expenditure, body weight and composition and gastric emptying were analyzed by hierarchical ANOVA (linear

mixed model for balanced data), with participant as blocking factors (random effect) and diet as treatment term (fixed effect) and,

depending on the specific response, order of diet within study, week of diet within study, clock time for time x diet effects, day within

diet, or participant characteristics, as additional fixed effects. Blood metabolites were log transformed prior to being analyzed by

hierarchical ANOVA. When the effect of diet was significant (p < 0.05), means were compared with Tukey adjusted post hoc t-tests

as a multiple comparison correction; applied for primary and secondary outcomes. Subjective appetite ratings were analyzed by

mixed models, with random effect terms for participant, diet, day within the diet (for 3 day VAS), time and their interactions, and fixed

effect terms for diet, time of day, and their interactions. Continuous glucose monitor parameters were analyzed using by mixed

models, with random effect terms for participant, diet, day within the diet and their interactions and fixed effect terms for diet, day

and day by diet interaction. All results are reported as estimated marginal mean ± SED (SE of the difference, e.g. between diets)

or Mean ± SEM (SE of the mean). There were no significant order effects for outcomes.
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