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Abstract

The potential influence of the timing of eating on body weight regulation in humans has
attracted substantial research interest. This review aims to critically evaluate the evidence on
timed eating for weight loss, considering energetic and behavioural components of the timing of
eating in humans. It has been hypothesised that timed eating interventions may alter energy
balance in favour of weight loss by enhancing energy expenditure, specifically the thermic effect
of food. This energetic effect has been suggested to explain greater weight loss which has been
observed with certain timed eating interventions, despite comparable self-reported energy
intakes to control diets. However, timed eating interventions have little impact on total daily
energy expenditure, and the apparent effect of time of day on the thermic effect of food largely
represents an artefact of measurement methods that fail to account for underlying circadian
variation in RMR. Differences in weight loss observed in free-living interventions are more
likely explainable by real differences in energy intake, notwithstanding similar self-reported
energy intakes. In addition, the energetic focus tends to overlook the role of behavioural factors
influencing the timing of eating, such as appetite regulation chronotype-environment
interactions, which may influence energy intake under free-living conditions. Overall, there is
scant evidence that timed eating interventions are superior to general energy restriction for
weight loss in humans. However, the role of behavioural factors in influencing energy intake
may be relevant for adherence to energy-restricted diets, and this aspect remains understudied
in human intervention trials.

In the 1970s Franz Halberg and his group at the University ofMinnesota were the first to suggest
an interaction in humans between the timing of eating, ‘chrono-metabolism’, and bodyweight
regulation(1–3). Their work compared the effects of a single daily meal comprising either a fixed
2000 kcal or ad libitum energy intake, consumed either 1 h or 12 h after waking, respectively.
During both the fixed and ad libitum energy conditions, the morning meal resulted in greater
weight loss compared to the later meal(2,3). During the ad libitum condition, weight gain was
observed in some participants when consuming a single daily meal 12 h after waking, for three
consecutive weeks(2). However, a 1986 paper by Sensi and Capani(4) that compared very low-
energy diets (684 kcal/d) consumed either at 10.00 or 18.00, respectively, found no significant
differences in weight loss between the respective timed eating conditions. Nevertheless, the
hypothesis that timed eating may, to quote a 1989 Halberg review, ‘have important implications
regarding the ability to obtain “more for less” in a world of persistent hunger : : : ’ found favour
based on the limited data at the time(1). With the benefit of the current evidence base, is it
possible to conclude that timed eating interventions provide ‘more for less’ for weight loss? This
review aims to critically evaluate whether timed eating interventions offer an advantage for
weight loss in humans, considering components of energy balance and behavioural mediators of
the timing of energy intake.

Conceptual and methodological challenges in timing of eating research

Heterogenous definitions of ‘meal timing’ may be found in the literature(5–7). This may reflect
the fact that ‘meal timing’ encompasses two distinct but related concepts, i.e. the definition of
‘meal’ and the definition of ‘timing’. The concept of a ‘meal’ remains primarily defined by pre-
defined labels such as ‘breakfast’, ‘lunch’ and ‘dinner’, which are insufficient to capture the
nutritional characteristics of those meals, including the time of day at which they may occur(7,8).
In addition, general definitions such as ‘morning’, ‘afternoon’ and ‘evening’, are insensitive to
both the clock (i.e. external) time and circadian (i.e. internal) time (see Table 1 for definitions),
including their interaction, at which eating within those periods may occur(6). The definitions of
‘timing’ also vary substantially and may include the clock time at which eating occasions occur
and related underlying circadian timing, the temporal distribution of total daily energy intake,
the inter-day regularity of the timing of eating, the intra-day frequency of eating occasions and
duration between eating occasions, and/or the total duration of the daily period of eating(5,6).
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A comprehensive recent review by O’Connor et al.(5) summar-
ised the heterogeneous definitions of the timing of eating applied in
136 nutritional epidemiological studies and 126 intervention trials.
The timing of eating was most commonly defined in both
epidemiology and intervention studies as the clock time of eating.
Of note, intervention trials often considered multiple definitions of
‘timing’, with duration and timepoint, duration and distribution,
or distribution and timepoint the most commonly utilised
combinations. Given the overall evidence indicates that temporal
eating patterns in humans exhibit within-person, between-person,
within-population and between-population variation(6), the need
for standardised operational definitions for meal/eating timing,
and the development of dietary assessment instruments specifically
validated to capture the timing of eating, is crucial to developing a
rigorous and coherent evidence-base for the timing of eating and
human health outcomes(5). Where possible, the present review
expresses the timing of eating as clock time if this was presented in
the primary study.

Timing of eating and bodyweight in humans: energetic
and behavioural hypotheses

Broadly, we may delineate two hypothesis-driven avenues of
inquiry into the potential relevance of timed eating for weight loss
and/or management. The first is the energetic hypothesis, i.e. that
timed eating alters energy balance by influencing energy intake
and/or expenditure. An important element of the energetic
hypothesis has been the suggestion that greater weight loss may
be observed with certain timed eating regimens independent of
total daily energy intake (TDEI) (Table 1)(9,10). In turn, to explain
differences in weight loss which appear to be independent of TDEI,
the core theory within the energetic hypothesis has related to
energy expenditure, specifically that the thermic effect of food
(TEF)may be enhanced by timed eating interventions that result in
greater proportional energy intake early in the day compared to
later(10–12). Such a time-of-day effect of TEF, if indeed a real effect,
would imply a role for the human circadian system(13), the
endogenous biological timing system which regulates temporal
physiological and metabolic processes in synchrony with the

24-hour external environment(6,14,15). For example, several con-
trolled trials have found a ~1·5–2·5-fold greater TEF response to
meals consumed at breakfast (corresponding to the biological
morning in circadian time) compared to dinner (the biological
evening in circadian time)(12,13,16). The evidence supporting the
energetic hypothesis of timed eating for weight loss will be critically
discussed by reference to available human intervention
trials, below.

The secondmay be characterised as the behavioural hypothesis,
i.e. that behavioural factors mediate any relationship between
timed eating and body weight regulation. It is important to note
that the behavioural and energetic hypotheses are not mutually
exclusive, but related, as insofar as behavioural factors mediate a
relationship with timed eating and weight loss, it is likely through
influencing reductions in TDEI. Behavioural factors may also
relate to circadian biology, for example in the behavioural
correlates related to an individual’s ‘chronotype’(17,18), and diurnal
variation in hunger and appetite regulation(19–21). Chronotype
denotes an individual’s behavioural expression of sleep-wake
timing preferences, often colloquially referred to as ‘morning larks’
or ‘night owls’, related to the period of their internal biological
time(22). This latter characteristic indicates that chronotype is
conceptualised as a biological construct, strongly influenced by
genetic factors and reflecting endogenous circadian timing, rather
than a psychological construct or trait(23). In particular, associa-
tions between evening chronotypes and redistribution of energy
and macronutrient intake to later in the wake cycle(18,24), suggest a
potential behavioural influence of chronotype on time-of-day
energy intake that may be relevant for weight management. The
extent to which behavioural factors related to timed eating may
influence weight loss is expanded in later sections.

Timing of eating and energy balance: energy expenditure

Total daily energy expenditure (TDEE) is comprised of three
components; RMR, physical activity thermogenesis (PAT; includ-
ing exercise and non-exercise activity thermogenesis), and the
TEF(25). RMR constitutes the largest component (~60–70 %), while
TEF contributes the least at ~10 %, and PAT constitutes the most

Table 1 Definitions of abbreviations and terminology

Abbreviation/Term Definition

Clock time The external time of day represented by time on the clock in the 24-hour day

Circadian time The ‘biological clock’ or internal time representing an individual’s endogenous circadian rhythms, which may vary between
individuals according to their precise phase of alignment with external clock time

TDEI Total daily energy intake

TDEE Total daily energy expenditure

RMR RMR

TEF Thermic effect of food

PAT Physical activity thermogenesis

CBT Core body temperature

TRE Time-restricted eating, generally defined as restricting the daily period of eating to< 12 h but with different possible temporal
eating windows

eTRE Early time-restricted eating, generally defined as an eating window between ~06.00–08.00 to ~14.00–16.00

mTRE Midday time-restricted eating, generally defined as an eating window between ~12.00–13.00 to ~20.00–21.00

CRE Continuous energy restriction, daily energy restriction with no limits on eating duration or intermittent fasting periods.
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variable component at ~30–40 % depending on activity level(25).
All three components may be influenced by dietary energy intake;
RMR exhibits decreases or increases as a function of energy balance
relative to, respectively, loss or gains in body fat-freemass(25), while
PATmay vary according to body size and composition, and energy
balance, in particular restricted energy intake(25,26). TEF, as the
postprandial energy expenditure arising from the digestion,
utilisation and storage of nutrients, represents the primary
influence of diet on TDEE, and the absolute magnitude of TEF
may be influenced by variation in diet composition(27).

In 1993, Romon et al.(16) demonstrated diurnal variation in the
magnitude of postprandial TEF in response to a standardised test
meal consumed at 09.00, 17.00, or 01.00, in which TEF as a
proportion of the energy content of the meal was, respectively,
15·9 % (Sd ± 1·6 %), 13·5 % (±1·8 %) and 10·9 % (±2·2 %). This
generated a long-standing interest in the potential for time-of-day
effects of TEF to provide a ‘metabolic advantage’ for influencing
energy balance and body weight regulation. For example, in an
randomised controlled trial (RCT) from Jakubowicz et al.(10) which
showed 2·5–fold greater weight loss with high-energy intake at
breakfast (700 kcal, 06.00–09.00) compared to a high-energy intake
at dinner (700 kcal, 18.00–21.00), the authors suggested, citing
Romon et al.(16), that greater TEF responses to the high-energy
breakfast may have influenced body weight differences between the
two conditions. This hypothesis was subsequently supported by
repeated findings of significantly greater TEF responses to early
compared to later energy intake. Morris et al.(13) demonstrated that
‘early TEF’, i.e. confined to measurements over ~114 min
postprandial, was 44 % higher in the morning compared to the
evening, indicating a circadian timing effect. Comparing identical
standardised test meals consumed at either 08.00 or 20.00, Bo
et al.(11) found that TEF responses were ~28 % lower following the
evening meal. Richter et al.(12) compared TEF in response to both
high-energy meals (69 % of TDEI) and low-energy meals (11 % of
TDEI) consumed at 09.00 and 19.00, respectively, and found that
the TEF response to the 09.00 breakfast was 2·5 times greater
compared to the 19.00 dinner, irrespective of high or low-energy
content. These lines of evidence collectively appeared to support
the hypothesis that greater weight loss observed with high-energy
intake in themorning reflected the apparent energetic advantage of
TEF responses at that time of day.

However, this purported effect of TEF on weight loss related to
high early/morning energy distribution does not appear to stand
up to detailed scrutiny. The first point in this regard is that TEF
comprises the smallest component of TDEE and while relative
differences in TEF between a morning and evening meal may,
particularly when expressed as a percentage, appear substantial, the
absolute differences in TEF are minor, e.g. ~14 kcal (over 120 min
postprandial measures) in Richter et al.(12), and ~12 kcal (over
114 min of postprandial measurements) in Morris et al.(13). Bo
et al.(11) expressed TEF as calories per kilogram of fat-free mass in
their participants, with a morning-evening difference of 1·8 kcal/
kg/fat-free mass (measured over 60 min). Even extrapolating these
absolute differences to an entire postprandial period that may last
for up to 6 h(28), or a full 24-hour day, these differences in TEF are
insufficient to explain differences in weight loss associated with
early energy intake in the magnitudes observed in free-living
studies(9,10,29). A controlled, in-patient metabolic ward intervention
by Ravussin et al.(30) which compared isocaloric diets of threemeals
per day consumed either between a 6-hour (08.00–14.00) early
time-restricted eating (eTRE) condition or a 12-hour
(08.00–20.00) control condition, is illustrative of this point.

While the proximity of energy intake in the condensed 6-hour
eTRE condition did result in elevated postprandial TEF in response
to the second and third meals, this effect was transient and
ultimately amounted to a difference in 24-hour TDEE of just
~10 kcal(30). The fact that there were no significant differences in
TDEE provides evidence against the contention that minor and
transient differences in TEF would be sufficient to manipulate
energy balance in favour of weight loss in humans.

The second point against the potential role of diurnal variation
in TEF in weight loss is, however, arguably more fundamental as it
relates to the methods by which large diurnal differences in TEF
have been demonstrated. Oscillating diurnal rhythms in resting
respiratory metabolism were identified as early as 1973, with the
implication that such variation, if unaccounted for, could
confound measures of postprandial metabolism(31). In 2018,
Zitting et al.(32) demonstrated a robust circadian rhythm in
RMR, with the nadir in RMR corresponding to the nadir of core
body temperature (CBT) at ~05.00, and the peak corresponding
to the peak in CBT at ~17.00. The nadir-to-peak difference of
~129 kcal is of such a magnitude that any RMRmeasure at a given
clock time would be superimposed over meaningful time-of-day
variance in underlying RMR. We have recently shown that the
methods by which TEF is calculated and resulting values for
postprandial energy expenditure are inextricably linked to under-
lying variation in RMR (Fig. 1(a) and (b))(33). TEF is typically
calculated as the incremental AUC in postprandial energy
expenditure over and above a preceding measure of RMR.
However, the timing of the RMR measurement which is used as
the ‘baseline’ for the calculation, above which postprandial energy
expenditure is calculated, has a crucial influence on the calculated
TEF value. Uniformly, the research showing large diurnal variation
in TEF has calculated TEF as the postprandial energy expenditure
above an RMR measured immediately preceding a meal,
irrespective of the timing of the meal(11–13). This method, however,
has the effect of resulting in a TEF calculation for a first meal which
is above a fasted basal RMR measure, while the RMR measured
preceding subsequent meals is inflated both from the energy intake
at prior meal(s) and/or the underlying circadian RMR value at the
specific clock time of the measurement(33). Consequently, this
method results in lower values for TEF calculated postprandial to
lunch and dinner, reflecting the overinflated value of the RMR
measure immediately preceding those respective meals. Another
method is to calculate TEF responses to all meals, irrespective of
the clock time at which they occur, as the postprandial energy
expenditure above the first fasted RMR measure(16,30). While this
method abolishes the artefact in TEF values from calculations
based on immediate pre-meal RMR measures for meals following
breakfast, it introduces another source of error in assuming that the
value for the fasted RMR represents a constant value across the day,
when as stated RMR exhibits circadian variance(31,32).

Using data from Zitting et al.(32) to model underlying circadian
changes in RMR across the day, we have demonstrated that any
apparent differences in TEF are unlikely to reflect any true
variation in postprandial energy expenditure, but represent an
artefact of underlying circadian variance in RMR (Fig. 1(a)
and (b))(33). Our analysis, as part of the Big Breakfast Study(34),
utilised energy expenditure measurements taken over a full
16-hour day, including 5 h of postprandial energy expenditure
following three isocaloric meals (consumed 1-, 6- and 11 h after
waking, respectively), to calculate TEF responses to each meal
according to each aforementioned method; above the RMR
immediately preceding each meal (‘pre-meal RMR method’);
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above the fasted baseline RMR only (‘fasted RMR method’); and
as the postprandial energy expenditure above the modelled
underlying circadian RMR value (‘circadian RMR method’)(33).
Calculating TEF according to the pre-meal RMR method
replicated the findings of previous research using this
method(11–13), showing a 2·4-fold greater TEF response following
breakfast compared to dinner (Fig. 1(b)). The fasted RMR
method abolished this apparent diurnal difference and significant
between-meal effect of TEF but resulted in higher absolute values
for TEF for each meal compared to the circadian RMR method.
Finally, the circadian RMR method not only abolished the
apparent diurnal variation in TEF but further attenuated the
magnitude of the postprandial TEF estimates relative to the fasted
RMR method (Fig. 1(b)). Thus, TEF is not a component of TDEE
that may be manipulated by timed eating strategies to influence
energy balance and is likely of little importance in the context of
weight loss and weight management.

This lack of effect of timed eating on energy expenditure and
weight loss has been further confirmed by the related findings
from the Big Breakfast Study RCT(20) which accounted for all
components of energy balance by controlling the energy intake
of participants and measuring energy expenditure using the
doubly labelled water technique, the gold standard for free-
living energy expenditure measurements(35). The intervention
compared two temporal energy distributions, a sequence of
45 %, 35 % and 20 % energy at breakfast (~08.00), lunch
(~13.00), and dinner (~18.30), respectively, compared to the
inverse of 20 %, 35 % and 45 % energy, respectively, for four
weeks. TDEE was unaffected by the distribution of energy intake
and there was no difference in TDEE between the two
conditions, and at matched, controlled, hypocaloric energy
intakes, weight loss was practically identical at –3·33 kg and
–3·38 kg (se diff., 0·51) in the high morning energy and high
evening energy diets, respectively. The similar magnitude of
weight loss between diets corresponded to a similar magnitude
of decrease in RMR, as would be anticipated from energy
restriction and weight loss(36–38), with RMR thus unaffected by
the respective energy distributions. This extended the findings

of Ravussin et al.(30) that showed no significant effect of eTRE on
TDEE, thus it appears that temporal energy distribution
patterns do not alter RMR in humans.

As the final component of TDEE, it should be noted that PAT
was assessed in the Bath Breakfast Project(39,40), an RCT which
compared the consumption of> 700 kcal before 11.00, with at least
50 % within 2 h of waking, to fasting until lunch, in both lean
participants and participants with obesity.While PATwas elevated
in the high-energy breakfast group compared to fasting until noon,
the increase was proportional to the additional energy intake in the
breakfast group, thus maintaining energy balance(39). The increase
in PAT was only observed concurrently with the additional
morning energy intake compared to the fasted morning group,
with no differences beyond 12.00 following the onset of eating in
the morning fasting group, and no significant differences in whole-
day PAT(40). Thus, the short-term elevations in PAT were
proportional to the greater energy intake in the breakfast group,
maintaining energy balance and demonstrating a lack of overall
difference in PAT between the respective timed eating regimens in
the Bath Breakfast Project(39,40).

Cumulatively, there is little evidence that timed eating
interventions exert any meaningful effect on individual compo-
nents of energy expenditure or TDEE, in humans. However, the
fact that several trials have reported greater weight loss despite
similar self-reported energy intakes(10,29,41), warrants further
scrutiny.

Timing of eating and energy balance: energy intake

Energy balance in humans is a function of exogenous dietary
energy intake and endogenous energy expenditure requirements
for physiological functions and activity, and the relationship
between intake, expenditure and energy storage(42). Thus, the
stability, net gain, or net loss, of body mass is relative to whether
energy intake is, respectively, equivalent to, surplus to, or in deficit
to, the energy level required for expenditure(42). While this energy
balance principle is fundamental to human nutrition, amultiplicity
of factors may influence the ultimate state of energy balance,
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Figure 1. (a) Energy expenditure (solid black line) measured fasted for 30min immediately after waking and over subsequent 15 h (900min) following three isocaloric (33 % total
daily energy intake) test meals: breakfast 1 h after waking (0 min); lunch 5 h after breakfast (300 min); dinner 5 h after lunch (600 min). Grey lines represent the underlying RMR for
different calculation methods: dotted line represents the ‘fasted RMR method’, i.e. constant underlying RMR; short grey dashes represent the ‘pre-meal RMR method’,
i.e. underlying RMR inflated from carryover energy of preceding meals and underlying circadian variance in RMR; long grey dashes represent the ‘circadian RMRmethod’, variation
in underlying RMR across the day. (b) Thermic effect of food (TEF) responses to the same isocaloric test meals measured over 5 h (300 min) postprandial, calculated according to
the pre-meal RMR method, the fasted RMR method and the circadian RMR method, respectively. All data are presented as means and se. Fig. 1(a) and data for Fig. 1(b) from
Ruddick-Collins et al.(33), reproduced with permission.
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including biological, behavioural, social, economic and environ-
mental factors(42–49). Nevertheless, it is important to emphasise in
the context of weight loss that the essential principle, established
for up to 60 years, holds that at a constancy of energy intake and
relatively constant physical activity, the rate of weight loss is
relatively unaffected by dietary modifications(50). This is important
to reiterate as a guiding interpretative principle for considering the
potential effect of timed eating interventions on weight loss,
i.e. whether there is a biologically plausible explanation for
differences in weight loss observed between timed eating
interventions and a comparative/control group, but with similar
self-reported energy intakes(9,10,51). Given the well-established
systematic bias and underestimation of energy intake in self-
reported dietary assessment methods(52,53) and the fact that
nutrition intervention trials seldom adjust for energymisreporting,
differences in weight loss should be considered an indication of
differences in self-reported energy intake(54,55).

Two papers published in the same year, 2013, showed that
participants consuming a greater proportion of energy intake
earlier had significantly greater weight loss compared to those
consuming energy later in the day(9,10). The first was an
observational analysis of female participants consuming their
largest energy meal of the day at lunch (~40 % TDEI), which
categorised participants as ‘early eaters’ or ‘late eaters’ depending
on whether they consumed that meal before or after, respectively,
the median reported time of 15.00(9). Despite similar self-reported
energy intake, the early eaters lost ~2·2 kg more total weight over
20 weeks compared to the late eaters. The findings, however, were
primarily hypothesis-generating given the observational nature of
the design. However, the second study by Jakubowicz et al.(10) cited
previously showed in an RCT that women with overweight/obesity
in the high-energy breakfast group lost –8·7 kg (± 1·4 kg)
compared to –3·6 kg (± 1·5 kg) in the high-energy dinner group,
despite similar self-reported energy intakes.

The fact that the latter trial was an RCT invites the assumption
that the difference in weight loss between diet groups was the
downstream effect of the intervention, i.e. was independent of
other potential causes of the outcome(56,57). However, this assumes
that no post-randomisation differences but for the addition of the
intervention are introduced between groups, which may be an
untenable assumption for many free-living diet RCTs given that
changes in dietary intake and behaviours may occur in both
intervention and control groups(58). In particular, modelled
differences in free-living energy intake, based on the energy
balance principle of estimated energy intakes as a function of
dynamic changes in weight(54), may be present post-randomisation
even with no significant differences in self-reported energy intakes
between comparative diet groups(59). The energy balance principle,
i.e. that changes in body mass reflect the balance between energy
intake from food and daily energy expenditure, remains
fundamental to human nutrition(42,55). Thus, in the absence of
control of energy intake, mathematically modelled changes in
energy intake may provide more representative assessments of
changes in energy intake during an intervention and correlate
strongly with observed changes in bodyweight(55,59).

This principle holds important implications for timed eating
research as it indicates that the most parsimonious explanation
for differential weight loss in a free-living context is differences in
energy intake, similar self-reported energy intake notwithstand-
ing. As a case study in point, Jamshed et al.(51) randomised
participants with obesity to an 8-hour eTRE intervention or
a ≥ 12-hour eating duration control, with both groups counselled

to achieve the same energy restriction of 500 kcal/d. Over
14 weeks the eTRE group lost 2·3 kg (95 % CI, –3·7, –0·9 kg),
despite a self-reported difference of 1 kcal/d. However, applying
energy intake-balance modelling(55) to participants with repeated
bodyweight measurements showed an average decrease in energy
intake in the eTRE group of ~214 kcal/d greater than the control
group. This additional energy deficit would be sufficient to
explain the differential weight loss observed between groups(51).
Similarly, the TREAT trial randomised participants with over-
weight/obesity to either time-restricted eating (TRE; 12.00–
20.00) or a conventional meal timing (CMT; 3 main meals
between 06.00–10.00; 11.00–15.00; 17.00–22.00, respectively), with
no limitations on energy intake or dietary prescriptions provided(60).
The intervention was delivered through a mobile app, and
participants were provided with a Bluetooth weight scale to weigh
weekly, which the app would record. Over 12 weeks there was no
significant difference in weight loss between groups, with weight loss
of 0·94 kg (95 %CI, –1·68, –0·20 kg) and 0·68 kg (95%CI, –1·41, 0·05
kg) in the TRE and CMT groups, respectively. Using the same energy
intake-balance modelling approach(54,59) based on the at-home scale
weight measurements, there were no significant differences in
estimated energy intake between the TRE and CMT groups(60).

Other TRE research is indicative of the issue of the validity of
energy intake assessments related to weight loss in human RCTs.
A 5-week trial by Xie et al.(61) compared an eTRE (06.00–15.00)
and midday TRE (mTRE; 12.00–20.00) against a control group
with a habitual daily eating window of > 8 h. Compared to the
control group, the eTRE group lost 1·6 kg (± 1·4 kg) while the
mTRE group lost 0·2 kg (± 2·2 kg), despite relatively estimated
decreases in energy intake (–240 kcal/d and –159 kcal/d for eTRE
and mTRE, respectively). However, energy intake was estimated
from food photographs using an unvalidated methodology, with
the potential for misestimations of energy intake and no
adjustments for the potential measurement error. The differential
in weight loss likely reflects differences in energy intake, with
greater reductions in energy intake in the eTRE group(61).
Conversely, Liu et al.(62) compared prescribed 25 % energy
restriction with additional eTRE (08.00–16.00) to 25 % continu-
ous energy restriction (CER, i.e. daily energy restriction with no
limits on eating duration) alone over 1 year of intervention;
achieved weight loss was similar between groups at ~7–8 % initial
body weight while self-reported energy intake was also similar. A
recent meta-analysis by Schroor et al.(63) provided an instructive
synthesis of the relationship between TRE, weight loss and
reported energy intakes. Based on six included trials, the
summary estimate was –0·93 kg (95 % CI, –1·69, –0·17 kg)
greater weight loss in the TRE group compared to CER. However,
the included primary trials reported either no differences in
weight loss and no differences in energy intake(64,65), or no
differences in energy intake but greater weight loss in the TRE
groups(51,66,67), one of which was the Jamshed et al.(51) trial where
the lack of differences in energy intake was no longer evident after
correction for weight loss modelling. Such discrepancies between
the included trials preclude any inference that the magnitude of
the effect between TRE and CER was independent of energy
intake(63). Further, the point estimate of < 1 kg of weight loss and
confidence intervals < 2 kg places the entire range of the effect
estimate far short of clinically meaningful thresholds (i.e. a
minimum of 5 %) for weight loss(68,69), and thus of questionable
validity for clinical practice. Taken together, TRE interventions
appear to influence weight loss through influencing reductions in
energy intake, but there is little to no additional weight loss
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advantage to TRE compared to CER at the same magnitude of
energy restriction(51,60,62,63).

The evidence for other timed eating interventions exhibits
similar characteristics. A 1997 review of human eating frequency
research found that, among seven experimental interventions, six
showed no significant difference in weight loss across a range
from 1–9 meals per day(70). In particular, as no differences in
energy expenditure were observed between eating frequencies,
the authors emphasised that any effect of meal frequency on
weight loss was explained by energy restriction, and the frequency
of eating had no significant impact on the rate of weight loss
under hypocaloric conditions. A 2020 network meta-analysis of
the effect of eating frequency included 22 RCTs, of which 13 had
prescribed energy-restricted diets(71). Compared to ≥ 8/d ‘meals’,
there were no significant effects of 1/d, 3/d, 4/d, or 6/d meals. 2/d
meals, however, showed a decrease in weight of –1·32 kg (95 %
CI, –2·19, –0·45 kg) when compared to ≥ 8/d meals, –1·29 kg
(95 % CI, –1·74, –0·84 kg) compared to 6/d meals, and –1·02 kg
(95 % CI, –1·70, –0·35 kg) compared, 3/d meals. However, this
effect of the 2/d meal frequency appeared to be mediated by
energy restriction, with a sensitivity analysis confined to
hypocaloric studies indicating that decreases in weight evident
for the 2/d meals condition were explained by energy restriction.
More particularly, the entire range of the effect estimates for the
2/d eating frequency were of an insufficient magnitude to be
considered clinically relevant for weight loss(68,69). A more recent
2023 systematic review and meta-analysis of eating frequency
from Blazey et al.(72) included 16 RCTs that compared either ‘low’
(≤ 3/d) or ‘high’ (≥ 4/d) meal frequencies. Based on eight trials
that met the criteria for meta-analysis, there was no significant
difference in weight loss observed, with a mean difference of
–0·62 kg (95 %CI, –2·75, 1·52 kg). The trials included in themeta-
analysis included three with prescribed energy deficits, four trials
with prescribed energy balance, and one with an unclear energy
prescription. Overall, there is little to no evidence that eating
frequency modifies weight loss independent of restricted energy
intake.

However, arguably the form of timed eating intervention,
other than TRE, that has received the most attention is the
temporal distribution of energy, in particular high morning/
breakfast energy intake(10,29,41). Lombardo et al.(29) reported that
distribution of ~35 %, 35 % and 30 % energy intake at breakfast,
lunch and dinner, respectively (no data provided on clock time),
resulted in an 8·2 kg (± 3·0 kg) weight loss compared to weight
loss of 6·5 kg (± 3·4 kg) on a 20 %, 35 % and 45 % energy
distribution, respectively. Similar to the Jakubowicz et al.(10) trial,
the difference showed by Lombardo et al.(29) was also observed in
the context of similar self-reported energy intakes. Conversely, in
the Bath Breakfast Project, while the breakfast group consumed
more TDEI compared to the extended fasting group, this was
reflected in a proportional increase in TDEE, such that energy
balance was maintained and there was no difference in weight
after 6 weeks in either lean or participants with obesity(39,40).
However, methodologically the Big Breakfast Study supersedes
prior evidence given that energy intake was controlled with full
provision of meals to participants tailored to individual energy-
restriction requirements(20). As highlighted in the previous
section, weight loss was practically identical at ~3·3 kg over four
weeks between the morning-loaded and evening-loaded diets,
matched for energy intakes. Thus, with control over energy
intake, any apparent differences in weight loss from timed eating
interventions are no longer evident.

Behavioural mediators of time-of-day energy intakes

While timed eating interventions may not lead to greater weight
loss under conditions of controlled energy intake, in the free-living
context in which individuals are required to achieve weight loss,
behavioural factors which influence energy intake may act as
importantmediators of weight loss andmanagement. In particular,
appetite regulation appears to exhibit time-of-day variation which
may be influenced by the timing of energy intake. In the Big
Breakfast Study(20), the high morning energy condition exhibited
significantly reduced subjective appetite ratings, both acutely in
response to an in-laboratory test breakfast comparing 45 % to 20 %
meal energy, and over three days of hourly subjective appetite
ratings during the high morning energy and high evening energy
diets, respectively. This corresponded with greater suppression of
ghrelin and elevations in gastrointestinal incretin hormones
related to satiety, such as glucagon-like peptide 1 (GLP-1) and
gastric inhibitory polypeptide (GIP)(20). Suppression of ghrelin,
lower subjective appetite and greater subjective satiety associated
with higher energy intake in the morning have previously been
shown in the context of hypocaloric weight loss interventions(10,41),
and also with an eTRE (08.00–14.00) intervention conducted in
energy balance(30). It is interesting to note that GLP-1 andGIP have
previously been shown to exhibit diurnal variation, with greater
responsiveness to a test meal consumed at 08.00 compared to the
same isocaloric meal consumed at 17.00(73).

The potential for enhanced appetite regulation associated with
earlier temporal energy distribution may reflect diurnal variation
in appetite(21), and a tendency for greater proportions of energy
consumed in the evening to be positively associated with
TDEI(74,75). Scheer et al.(21) demonstrated a circadian rhythm in
subjective hunger and appetite, increasing over the day with a peak
at a clock time of ~20.00. Such rhythms in subjective appetite may
explain why satiety appears to decrease over the course of the
day(76). Using a metric known as the satiety ratio, reflecting the
duration between meals relative to the energy content of the
preceding meal, de Castro showed that the satiety ratio was highest
in the morning and declined steadily over the remainder of the
day(76). This could explain why greater earlier temporal distribu-
tion of energy appears to exert an influence on appetite over the
rest of the day(10,20,41), i.e. mitigating against a pattern of increasing
meal size over the day, and a shorter duration between meals as the
day progresses, combining with higher evening subjective appetite
to promote overeating. In a rigorous recent in-patient laboratory
study using a crossover design, Vujović et al.(19) compared two
meal schedules, one with isocaloric meals consumed 1-, 5- and
9-hours, respectively, after wake time and the other a delayed
schedule with meals consumed 5-, 9- and 13-hours, respectively,
after wake time. Despite the isocaloric energy content of the diets,
the later meal schedule resulted in significantly elevated subjective
hunger and appetite scores, decreased 24-hour leptin levels and a
34 % increase in the ratio of leptin to ghrelin during waking hours,
all indicative of dysregulated appetite regulation associated with
later temporal meal timing(19).

Such time-of-day associations may provide a more plausible
explanation for the difference in weight loss observed with high-
energy intake at breakfast compared to dinner in previous
trials(10,29,41). However, some caution is required against the
temptation to fill in evidential gaps. In the wider literature on the
relationship between appetite regulation and weight loss, it
remains unclear whether interventions targeting appetite enhance-
ment improve weight loss outcomes(77,78). Differences in subjective
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appetite ratings may be present independent of significant
differences in weight loss between intervention and control
groups(77). In the SATIN study, which was not a specific timed
eating intervention but aimed to assess the effects of a satiety-
enhancing diet on weight loss, there were weak inverse correlations
(r= –0·33) between appetite suppression scores and weight loss
and maintenance(78). Further, elevated subjective appetite and
hunger hormones do not appear to correlate with weight
regain(79,80). These evidential gaps highlight some potential
disconnects in the hypothesised chain of causation, which is that
reduced appetite leads to reduced energy intake, which leads to
improved body weight regulation. In the context of timed eating
interventions, it should be noted that the potential for such
interventions to influence weight loss through enhanced appetite
regulation remains to be directly tested as an a priori hypothesis. In
the Big Breakfast Study(20), the controlled and isocaloric diets
meant that any effect of appetite on enhancing weight loss could
not be demonstrated. Thus, to what extent any diurnal variation in
appetite regulatory hormones, and subjective appetite and satiety,
may influence energy intake and weight loss, remains to be directly
tested in human intervention trials.

Other novel research opportunities exist, particularly with
regard to the relationship between circadian typology and
behavioural factors. As a behavioural phenotype, chronotype has
attracted interest in potential relationships with personality
traits(81). In particular, chronotype exhibits associations with Big
Five Factor Inventory (BFI) personality traits, with early
chronotypes (‘morning larks’) tending to correlate with traits like
conscientiousness and agreeableness, while late chronotypes
(‘night owls’) show stronger correlations with traits such as
neuroticism and extraversion(81,82). A late chronotype has been
associated with several negative health-related behaviours, includ-
ing low diet quality, higher prevalence of smoking, and less
physical activity(17,18). In addition, BFI personality traits such as
conscientiousness have been associated with breakfast consump-
tion, and chronotype has been shown to mediate the relationship
between attitudes toward breakfast consumption and personality
traits(83). Breakfast consumption also correlates strongly with
wider health-promoting behaviours(84), therefore the potential for
chronotype tomediate relationships between behaviours and time-
of-day energy intake preferences may have important implications
for health outcomes(83,84). Specifically, chronotype may influence
time-of-day energy intake, given associations between evening
chronotypes and a tendency to redistribute energy and macro-
nutrient intake later in the wake cycle(18,24). This may be relevant
given that several cross-sectional studies have demonstrated an
association between energy intake close to dim-light melatonin
onset, a marker of endogenous circadian timing used to determine
chronotype, and higher adiposity(85–87). However, the relevance of
any potential interaction in the context of weight loss has yet to be
tested in a human intervention.

Thus, the extent to which chronotype may mediate relation-
ships between chronotype, timing of eating, weight loss and
management, remains unclear. Xiao et al.(88) investigated the
associations between chronotype, meal timing and obesity in a U.S.
cohort, and found that increasing levels of energy consumedwithin
2 h of waking were only associated with lower odds of obesity in
early chronotypes, while neither higher nor lower energy intake
within 2 h of waking was protective in late chronotypes. Late
chronotypes also exhibited a ~5-fold (OR 4·94; 95 % CI, 1·61,
15·14) higher odds of overweight and obesity associated with the
highest quintile of energy intake within 2 h of bedtime(88). This

suggests that chronotype may mediate associations between
time-of-day energy intake and health outcomes. The lower odds
for overweight/obesity associated with high morning energy intake
in early chronotypes observed by Xiao et al.(88) may reflect a
correlation between chronotype and meal timing with a genetic
heritability component. Lopez-Minguez et al.(89) investigated the
heritability of food timing among 56 pairs of monozygotic and
dizygotic female twins, which showed 56 % and 38 % heritability
for breakfast and lunch timing, respectively, but no such
heritability was found for dinner timing. This suggests that, while
earlier temporal energy intake may have a strong genetic
component, evening energy intake may be influenced by
behavioural factors and preferences(89). However, to date, there
is a dearth of interventions specifically testing the potential
interaction between chronotype, the timing of eating and weight
loss. In one such RCT published in 2020 by Galindo Muñoz
et al.(90), a control diet of CER was compared against the same
prescription of energy restriction, but with the distribution of
energy-adjusted according to individual chronotype. Thus, early
chronotypes consumed 40 %, 40 % and 20 % energy between
breakfast, lunch and dinner, respectively, while late chronotypes
consumed 30 %, 45 %, and 25 % energy between breakfast, lunch
and dinner, respectively(90). Both the CER and chronotype-
adjusted diet groups achieved a significant weight loss of 7–8 kg,
with a between-group difference of –1 kg (95 % CI, –1·4, –0·06 kg)
in favour of the chronotype-adjusted diet. Thus, the magnitude of
the difference is unconvincing. A further protocol for a similar
chronotype-adjusted diet RCT was published this year, for which
we await the results(91). At this juncture, however, the evidence in
relation to behavioural mediation of chronotype remains
suggestive but lacks the probity to come to any confident
conclusions.

Conclusions

Insofar as timed eating interventions may be effective for weight
loss, this effect is proportional to the magnitude of energy
restriction and is not superior to CER when matched for
hypocaloric energy intakes. Manipulations of eating duration or
distribution of energy confer no additional energetic advantage in
the form of enhanced TEF, PAT or TDEE. The apparent diurnal
difference in TEF between morning and evening meals represents
an artefact of the method of calculating TEF, when in fact
underlying circadian rhythms in RMR better explain such apparent
time-of-day differences in TEF. Consequently, evidence is lacking
for time-of-day variation in TEF that would be of any relevance, as a
component of TDEE, for weight loss andmanagement. In relation to
behavioural mediators of time-of-day energy intake, however, the
existing evidence offers potential for timed eating interventions
directed toward specific behavioural mediators, such as appetite
regulation or behavioural correlates of chronotype, to be further
investigated and directly tested as a priori hypotheses.
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90. Galindo Muñoz JS, Gómez Gallego M, Díaz Soler I, et al. (2020) Effect of a
chronotype-adjusted diet on weight loss effectiveness: a randomized
clinical trial. Clin Nutr 39, 1041–1048.

91. DinuM, Lotti S, Pagliai G, et al. (2024) Effects of a chronotype-adapted diet
on weight loss, cardiometabolic health, and gut microbiota: study protocol
for a randomized controlled trial. Trials 25, 152.

Meal timing and weight loss 9

https://doi.org/10.1017/S0029665124007547 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665124007547

	Is the timing of eating relevant for weight loss?
	Conceptual and methodological challenges in timing of eating research
	Timing of eating and bodyweight in humans: energetic and behavioural hypotheses
	Timing of eating and energy balance: energy expenditure
	Timing of eating and energy balance: energy intake
	Behavioural mediators of time-of-day energy intakes
	Conclusions

	References


