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Abstract
Eating architecture is a term that describes meal frequency, meal timing and meal size and the daily variation in each of these. The aim of this
study was to determine the relationship between components of eating architecture on body fat and markers of glycaemic control in healthy
adults at increased risk of type 2 diabetes (T2DM). Participants (n 73, 39 males, age 58·8 (8·1) years, BMI 33·4 (4·4) kg/m2) recorded food intake
and wore accelerometers and continuous glucose monitors (CGM) for 7–14 d under free-living conditions. Body fat and glycated Hb (HbA1c)
were alsomeasured. Themean and day-to-day variation (calculated as the standard deviation during themonitoring period) of each component
of eating architecture were calculated. Multivariable linear regression models were constructed for three separate outcome variables (body fat
mass, mean CGM glucose and HbA1c) for each component of eating architecture before and after adjustment for confounders. Higher variability
in the time of first meal consumption was associated with increased body fat mass after adjusting for confounders (β= 0·227, 95 % CI: 0·019,
0·434,P= 0·033). Increased variability in the time lag fromwaking to first meal consumptionwas also positively associatedwith increasedHbA1c
after adjustment (β= 0·285, 95 % CI: 0·040, 0·530, P= 0·023). Low day-to-day variability in first meal consumption was associated with lower
body fat and improved glucose control in adults at increased risk of T2DM. Routine consumption of meals may optimise temporal regulation to
anticipate and respond appropriately to a glucose challenge.
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Eating architecture refers to when and how much, rather than
what, we eat(1,2), and encompasses the concepts of meal fre-
quency, meal size (or energetic density), meal regularity and
meal timing (Fig. 1). There is renewed interest in the concept
of eating architecture as meal timing has emerged as a strong
external cue that regulate circadian clock genes in peripheral tis-
sues, such as liver, gut and adipose tissue in rodentmodels(3,4). In
humans, delaying breakfast by 5 hours delayed the expression of
period 2 by 1 hour in adipose tissue from healthy individuals(3).
Whereas eating dinner late at night inverted the daily rhythm of
salivary microbiota(5) and increases the cortisol nadir, impairing
glycaemic control the following morning(6). The most studied
form of eating architecture in the literature is ‘breakfast skipping’.
Breakfast skipping is associated with an increased risk of

developing type 2 diabetes (T2DM) in epidemiological stud-
ies(7–10). Other studies suggest that skipping breakfast plus
concomitant late evening meals was associated with poorer
glycaemic control in patients with T2DM(11,12). Randomised
controlled trials investigating whether breakfast skipping
alters health have produced mixed results(13–15). In the largest
study conducted to date, breakfast skipping did not produce a
greater body weight loss in 147 free-living adults attempting to
lose weight over 16 weeks v. breakfast eaters(15). However, a
recent systematic review of seven randomised clinical trials
showed that breakfast skipping reduced body weight by 0·5
kg, but increased low-density cholesterol by 9 mg/dl(16).
Late night eating and irregular energy intake and snacking
between meals are also associated with increased risk of
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adiposity and cardiovascular diseases (CVD) and poorer glu-
cose control(6,17–21). Irregular energy intake and snacking
between meals has also been positively associated with
BMI, waist circumference(22) and increased CVD risk at > 10
years follow-up(23).

Typically, all of the epidemiological studies referenced above
have relied on 24-h recalls or have asked a single question
regarding usual eating habits. However, meals are highly
personalised and highly variable from day to day(22,24,25). To
our knowledge, there is no study that has investigated the varia-
tion in components of eating architecture and measures of
obesity or glucose control in real time over 1–2 weeks either
in the general population or in those at increased risk of
obesity or T2DM, who would likely benefit most from this
knowledge given they are more likely to have irregular eating
patterns(26,27) and dampened peripheral clocks in adipose tis-
sue and skeletal muscle(28,29). Therefore, we hypothesised that
high variability in components of eating architecture, and par-
ticularly the first meal of the day, would positively associate
with outcomes, body fat mass as a marker of obesity, HbA1c
and mean 24-h glucose by CGM as markers of overall glycaemic
control in men and women at increased risk of T2DM.

Materials and methods

Participants

Data analysed in this study were baseline information from
two registered clinical trials (ClinicalTrials.gov Identifier:
NCT03590158 and NCT03689608, respectively), which were
collected between July 2018 and June 2020. Ethics approval
for both studies was obtained from Central Adelaide Local
Health Network (CALHN) Human Research Ethics Committee
and participants provided written informed consent. Use of
the MyCircadianClock application was approved by Salk

Institute Institutional Review Board(30,31). Inclusion criteria
were aged between 35 and 75 years old, score 12 or greater
on the Australian Type 2 Diabetes Risk Assessment Tool
(AUSDRISK) calculator(32), without diabetes, non-shift workers,
weight-stable (< 5 % fluctuation in their body weight for past
6-months at study entry). All participants were assessed for their
risk of developing diabetes by the Australian Type 2 Diabetes
Risk Assessment Tool (AUSDRISK) score determined by gender,
ethnicity, BMI, waist circumference, exercise level, family or per-
sonal hypoglycaemia history and vegetable and fruit consump-
tion(32). A score of 9 to 11 indicates intermediate risk (1 in 30 will
develop diabetes within 5 years), 12 to 15 indicates high risk (1 in
14), 16 to 19 indicates very high risk (1 in 7) and≥ 20 indicates 1
in 3 will develop diabetes within 5 years. Participants who took
medications that might affect glucose metabolism and HbA1c,
and smokers were excluded. Womenwhowere pregnant or lac-
tating at the time of study enrolment were not eligible.

Eligible participants underwent a 1- to 2-week baseline mon-
itoring period prior to the baseline metabolic test. During this
monitoring period, participants were fitted with an Actigraph
(wGT3X-BT, ActiGraph LLC) to measure sleep patterns and
physical activity (steps per day) (ActiLife software, version
6.13.3). A continuous glucose monitor (CGM; FreeStyle Libre
Pro, Abbott) was also fitted on the back of the upper arm of
the non-dominant hand. This measured blood glucose levels
every 15 min for the duration of the baseline monitoring period.
One of two smartphone applications (app), myCircadianClock
(mCC; https://mycircadianclock.org/)(30,31) and Easy Diet Diary
(https://xyris.com.au/products/easy-diet-diary/)(33), were used
to photograph and annotate meal timing and eating/drinking
events.

Of the 122 participants from both studies who wore CGM,
forty-nine participants excluded from the analysis for the follow-
ing reasons: incomplete food records (thirty-four participants;
meal timing not documented or poorly documented), missing
ActiGraph data (four participants) and missing CGM data (seven
participants with< 72 h CGM data, four participants with techni-
cal issues where the CGM failed to collect data). As such, a total
of seventy-three (46·6 % females) participants were included in
the final analysis (Fig. 2).

At the end of the baseline monitoring period, whole body
composition was assessed by dual-energy X-ray absorptiometry
(Lunar Prodigy; GE Health care, Madison, Wisconsin) and ana-
lysed by EnCore software (GE Healthcare; version 16.2). Body
weight was measured on calibrated scales with participants in
the fasted state, in a gown and after voiding.Waist circumference
was measured at the mid-point between the participant’s lowest
rib and the top of the iliac crest. Blood samples were taken to
evaluate HbA1c using commercially available enzymatic kits
on an AU480 clinical analyzer (Beckman Coulter, Inc.). Sleep
on and sleep off time were obtained from ActiGraph and mark-
ers reflecting sleep–meal relationship were calculated as defined
in the following section.

Continuous glucose monitoring

Days for which any of CGM data were not recorded was
excluded from the analysis, including the day when the CGM
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Fig. 1. Eating architecture components.
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was put on, and the day when it was taken off. If the CGM acciden-
tally fell off at anypoint prior to the scheduledendof testing, that day
was also excluded. 24-h mean blood glucose was calculated as the
mean of the daily 96 readings and 24-h SD as the standard deviation
of these 96 readings. The 24-hmean glucose in the following analy-
siswas calculated as the average glucose on all recording days. Each
CGM glucose reading was counted as one data point, and the data
were summarised from midnight to midnight for each participant.
For diurnal variations of glucose metrics, daytime was defined as
06.00 to 00.59 andnight time as 01.00 to 05.59 (only<0·5%of eating
events occurred during these hours, Fig. 3(b)).

Smart phone applications for food intake

Participants who used the mCC app were asked to photograph
all eating events prior to any food and/or drink consumption
(n 28). Annotation was used to describe what they ate, while the
app provides a timestamp to note when they ate. Participants
who used the Easy Diet Diary app also photographed all eating
events and annotated the food they ate (n 45). They were required
to record the time the meal was consumed manually as an anno-
tation. Only participants with≥ 2 recording days and meal fre-
quency≥ 2 times per day were included in the analysis. Total
energy, fat, protein, carbohydrate and fibre intakes were estimated
from the food images and annotations by nutritionally trained
researchers using FoodWorks (Version 10, Xyris Software) with
meal timing aligned from the apps. The reliability of digital photo-
graphs to estimate energy intake by trained investigators has pre-
viously been validated against weighed food records. In this
study, they were utilised to obtain a timestamp of food consump-
tion as we were primarily interested in meal timing(34).

Definition of eating event, meal and snacks and eating
architecture components

The metabolic recording day was defined as from 03.00 on day 1
to 03.00 on day 2 in our dataset as very few eating events
occurred between 03.00 and 04.00 (Fig. 3(b)). The following def-
initions were applied to food intake data that generated through
FoodWorks based on the information from smartphone apps.

1. Eating event: any food/drink (except water) consumed at a
unique timewas considered an eating event(31,35); this included
drinks such as black coffee or artificial sweeteners(36,37).

2. Hourly percentage of eating events: percentage of all eating
events in 1 h bin. It was calculated as eating events at each
hour divided by the total eating events.

3. Meal: classified as all eating event only if they occurred
within 15 min of a preceding eating event, including main
meals and snacks.

4. Meal frequency: the number ofmeals on each recording day
including meals after midnight.

5. Inter-meal interval: the average time difference between
two subsequent meals during each recording day (e.g., if
there were two eating events 14 min apart within a meal,
and then another meal 2 h later, inter-meal interval was
counted from the second eating event); then mean values
of recording days were calculated.

6. Time of the first meal: depicted as the time of first meal (HH:
MM) which occurred after 03.00.

7. Time of the last meal: depicted as the time of last meal (HH:
MM). If the time of a meal occurred after midnight but
before 03.00, this was recorded as the time of the last meal
of the previous day.

8. Eating window: the duration between the first and the last
meal within a day (hours) and was obtained by subtracting
the first from the last recorded time of eating from the 95 %
(2·5 %tile to 97·5 %tile) of all energy-containing eating
events occur during the monitoring period.

9. Percentage of energy in first/last meal: the energy content
of the first/last meal divided by total energy intake on each
recording day.

10. Total energy intake: the mean daily energy intake.
11. Meal timing relative to sleep onset/wake: time lag fromwake

to the first meal (wake to first meal) and time lag from the
last meal to sleep onset (last meal to sleep onset).

12. Meal regularity: day-to-day variation of each component of
the eating architecture. Calculated as the standard deviation
of each eating architecture component during the monitor-
ing period for each participant.

Outcome measures

Outcome measures included body fat mass, 24-h mean glucose
and HbA1c. The body fat mass covariate-unadjusted model
(model 1) was first adjusted for age, sex, fat free mass, app type
(shown as model 2) and further adjusted for physical activity,

Par�cipants wore con�nuous glucose 
monitors (CGM) at baseline for 1-2 

weeks (n 122)

Ac�Graph data were available (n 84)

• Meal �ming data were not available (n 31)
• Food intake records missing (n 1)
• Only one day food diary data (n 2)Dietary and meal �ming data were 

recorded (n 88)

• Ac�Graph technic issue (n 4)

Analysed data (n 73)

n 11 excluded
• CGM sensor failed < 72 hours data (n 7)
• CGM technical issue (n 4)

n 4 excluded

n 34 excluded

Fig. 2. Participant flow chart.
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total energy intake and total sleep time (shown as model 3). The
HbA1c and glucose unadjusted models (model 1) were first
adjusted for age, sex, app type, waist circumference, BMI
(shown as model 2) and further adjusted for the percentage of
energy intake from carbohydrates (shown as model 3).

Statistical methods

Calculations of eating architecture components were performed
after synchronising data from food records, activity and sleep
patterns and continuous glucose levels in real time. Data are pre-
sented as mean ± SD. Mann–Whitney U test was applied to assess
the difference between mean percentage of energy in first meal
and mean percentage of energy in last meal. Linear regression
models were constructed with each eating architecture compo-
nent as predictors. To ensure that the assumption of normality
did not affect the performance of the models, we assessed qua-
nitle–quanitle plots of the residuals of each model. Where nec-
essary, dependent variables were log transformed before the
regression (body fat mass). Each eating architecture variable
was investigated independently of the others, i.e. each model
had only one eating architecture component included as the pre-
dictor. All regression coefficients (β) were reported as standar-
dised estimates with a 95 % confidence interval. Plots and
statistical analysis were performed using R software (version
3.6.1; The R Foundation for Statistical Computing, Vienna,
Austria) and its interaction software jamovi (Version 1.1) with
the significance level set at 0·05.

Results

Baseline characteristics

Caucasians (n 73, 34 females, 39 males, mean ± SD, age
58·8 ± 8·1 years, BMI 33·4 ± 4·4 kg/m2) with elevated waist cir-
cumference (113 ± 13 cm) were included in the final analysis
(Table 1). The average body fat mass and lean mass were
38·6 ± 10·4 kg and 59·2 ± 11·9 kg, respectively. Sleep patterns
showed that the total sleep time was 7·7 ± 1·1 h with sleep
onset time at 22:48 ± 1:07 and sleep offset time at
6:56 ± 0:59. The group mean of average 24-h glucose was
5·3 ± 0·6 mmol/l (Fig. 3(a)), and HbA1c was 5·5 ± 0·4 %. The
glucose distribution over 24-h is shown in Fig. 3(a); mean glu-
cose during the daytime was 5·4 ± 0·6 mmol/l and 4·9 ± 0·6
mmol/l during the night.

Eating architecture

Eating events peaks occurred at 08.00, 12.00 and 18.00 (Fig.
3(b)). The 95% (2·5–97·5 percentile) eating window was
11·5 ± 2·0 h, with a variation in the day-to-day eating window
of 2·0 ± 1·5 h (Table 2, note: the SD in this table represents the
daily variation between participants). A polar plot shows the eat-
ing events spread against the clock time (Fig. 3(c)) and more
clearly depicts the day-to-day within-individual variation in meal
timing. The mean inter-meal duration was 187 ± 59 min with a
mean day-to-day variation of 46 ± 24 min. The mean time of
the first meal and last meal was 08:30 ± 01:24 and
19:48 ± 13:24, respectively, with a similar day-to-day variation

of 84 min. Meal frequency was on average 5·0 ± 1·5 times/day
with 1·2 ± 0·6 times/d variation between days. Average reported
daily total energy intake was 8405 ± 2056 kJ with 2250 ± 1326 kJ
day-to-day variation in daily energy intake, and more food was
consumed during the last meal of the day than the first meal of
the day (26·1 ± 13·7 % v. 19·6 ± 9·44 %, P< 0·001). Substantial
day-to-day variations in percentage of energy intake in the first
(10·5 ± 6·7 %) and last (14·6 ± 7·1%) meals were observed. The
average time lag from waking to first meal was 114 ± 57 min,
and time lag from last meal to sleep was 197 ± 90 min, with
78 ± 48 min and 88 ± 81 min daily variation, respectively.

Table 1. Participants’ characteristics
(Mean values and standard deviations)

All (n 73)

Mean SD

Sex (n, female/male) 34/39
Age at recruitment (year) 58·8 8·1
Height (m) 1·7 0·1
Weight (kg) 98·2 16·3
BMI (kg/m2) 33·4 4·4
Waist circumference (cm) 113 13
Glycated haemoglobin (%) 5·5 0·4
Body fat mass (kg)† 38·6 10·4
Fat-free mass (kg)† 59·2 11·9
Sleep onset time (HH:MM)‡ 22:48 01:07
Sleep offset time (HH:MM)‡ 06:56 00:59
Total sleep time (h)‡ 7·7 1·1
Steps per day (steps)‡ 10 351 5447

† n 67.
‡ n 69.

Table 2. Characteristics of eating pattern components
(Mean values and standard deviations)

All (n 73)

Mean SD

Meal timing
Eating window (h) 11·5 2·0
Inter-meal interval (min) 187 59
Time of first meal (HH:MM) 08:30 01:24
Time of last meal (HH:MM) 19:48 01:24
Time lag from last meal to sleep (min)† 197 90
Time lag from wake to first meal (min)† 114 57

Meal frequency
Number of meals/day (times/d) 5·0 1·5

Meal size
Total daily energy intake (kJ) 8405 2056
Percentage of energy in first meal (%) 19·6 9·4
Percentage of energy in last meal (%) 26·1 13·7

Meal regularity
Eating window (h) 2·0 1·5
Time of first meal (min) 84 78
Time of last meal (min) 84 60
Inter-meal interval (min) 46 24
Time lag from last meal to sleep onset (min)† 88 81
Time lag from wake to first meal (min)† 78 48
Meal frequency (times/d) 1·2 0·6
Total daily energy intake (kJ) 2252 1326
Percentage of energy in first meal (%) 10·5 6·7
Percentage of energy in last meal (%) 14·6 7·1

† n 69.
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Associations between components of eating architecture
and metabolic health markers

As shown in Table 3, later consumption of the first meal was
associated with increased body fat mass before (model 1,
P= 0·05, β= 0·26, 95 % CI: 0·01, 0·51) and after adjustment of
age, sex, fat-free mass and app type (model 2, P= 0·03,
β= 0·22, 95 % (CI): 0·02, 0·41). A trend was evident after further
adjustment of physical activity, total energy intake and total sleep
time (model 3, P= 0·09, β= 0·17, 95 % CI: −0·03, 0·37) (Table 3).
Higher day-to-day variability in the time of first meal consump-
tion was associated with higher body fat mass after adjusted for
age, sex, fat-free mass and app type (model 2: P= 0·03, β= 0·22,
95 % CI: 0·02, 0·42) and further adjusted by physical activity, total
energy intake and total sleep time (model 3: P= 0·03, β= 0·23,
95 % CI: 0·02, 0·43) (Table 3). There were no significant associ-
ations between other eating architecture components and body
fat mass after adjustment for confounders as shown in Table 3.
There were no significant associations between any eating archi-
tecture components and mean glucose by CGM as shown in
Supplementary Table S1. There was a positive association
between HbA1c and day-to-day variation in the time lag from
waking to the first meal before (model 1, P= 0·02, β= 0·30,
95 % CI: 0·06, 0·54) and after adjustment for age, sex, app type,
BMI and waist circumference (model 2, P= 0·02, β= 0·28, 95 %
CI: 0·04, 0·52) and further adjustment for percentage of energy
intake from carbohydrates (model 3, P= 0·02, β= 0·29, 95 %
CI: 0·04, 0·53) (Table 4).

Discussion

In this cross-sectional study in adults at risk of T2DM, eating
breakfast earlier and smaller variation in the daily timing of
breakfast were both associated with decreased body fat mass.
Less day-to-day variation in the size of the first meal and the time
lag from waking to the first meal were also associated with
improved glycaemic control in this population.

Observational studies have shown associations between
meal irregularity and cardio-metabolic health(9,18,22,25,38–45).
Most of the previous population-based studies have investigated
the relationship between frequency of breakfast consumption
and weight status by categorising participants into either daily
breakfast consumers or have combined never eating breakfast
with irregular breakfast consumption(25,39,41–45). Additionally,
the data are typically collected by a single 24-h recall or a single
question about breakfast habits(38,43,46), which may not represent
habitual eating patterns(47). Guinter et al.were first to investigate
the day-to-day regularity in breakfast consumption in the Sister
study cohort of 46 037 women in relation to weight status after
stratifying the frequencies of breakfast consumption per week (0
d/week, 1–2 d/week, 3–4 d/week, 5–6 d/week and 7 d/
week)(25). Compared with irregular breakfast eaters (3–4 d/week),
regular daily breakfast eaters (7 d/week) and those who never ate
breakfast (0 d/week) were less likely to be obese and showed a
decreased risk of 5-year incidence of overweight and obesity(25).
However, this study did not examine the relationship between
day-to-day variation in breakfast size or timing and obesity and

Table 3. Associations between body fat mass and each component of eating pattern after adjustment of confounders*
(coefficient values and 95 % confidence intervals)

Model 1 Model 2 Model 3

P trend β 95% CI P trend β 95% CI P trend β 95% CI

Meal timing
Eating window 0·02 –0·30 –0·54, −0·05 0·14 –0·16 –0·36, 0·05 0·25 –0·12 –0·32, 0·09
Inter-meal intervals 0·69 0·05 –0·21, 0·31 0·77 0·03 –0·19, 0·25 0·59 0·07 –0·18, 0·31
Time of first meal 0·05 0·26 0·01, 0·51 0·03 0·22 0·02, 0·41 0·09 0·17 –0·03, 0·37
Time of last meal 0·22 –0·16 –0·41, 0·10 0·84 –0·02 –0·24, 0·19 0·99 0·11 –0·21, 0·21
Last meal – sleep 0·04 0·27 0·02, 0·52 0·55 0·07 –0·15, 0·28 0·69 0·05 –0·18, 0·27
Waking – first meal 0·29 0·14 –0·12, 0·40 0·60 0·05 –0·15, 0·25 0·82 0·02 –0·18, 0·23

Meal frequency
Number of meals 0·27 –0·14 –0·40, 0·11 0·40 –0·09 –0·30, 0·12 0·36 –0·11 –0·34, 0·12

Meal size
First meal size 0·97 0·01 –0·25, 0·26 0·53 0·07 –0·14, 0·27 0·63 0·05 –0·16, 0·26
Last meal size 0·04 0·26 0·01, 0·51 0·30 0·12 –0·11, 0·34 0·33 0·11 –0·12, 0·33

Meal regularity
Meal timing

Eating window 0·82 –0·03 –0·29, 0·23 0·13 0·16 –0·05, 0·37 0·17 0·16 –0·07, 0·38
Inter-meal intervals 0·81 –0·03 –0·29, 0·23 0·76 0·03 –0·17, 0·23 0·61 0·05 –0·14, 0·24
Time of first meal 0·52 0·08 –0·17, 0·34 0·03 0·22 0·02, 0·42 0·03 0·23 0·02, 0·43
Time of last meal 0·46 –0·10 –0·35, 0·16 0·92 –0·01 –0·22, 0·19 0·67 –0·04 –0·25, 0·16
Last meal – sleep 0·78 –0·04 –0·31, 0·23 0·81 0·03 –0·19, 0·25 0·87 0·02 –0·21, 0·25
Waking – first meal 0·85 –0·03 –0·29, 0·24 0·86 –0·02 –0·23, 0·19 0·51 –0·07 –0·26, 0·13

Meal frequency
Number of meals 0·18 –0·17 –0·43, 0·08 0·99 0·00 –0·23, 0·23 0·71 –0·04 –0·28, 0·19

Meal size
First meal size 0·50 –0·09 –0·35, 0·17 0·94 0·01 –0·21, 0·23 0·66 –0·05 –0·28, 0·18
Last meal size 0·96 –0·01 –0·27, 0·25 0·87 –0·02 –0·22, 0·18 0·33 –0·10 –0·29, 0·10

* Linear regression analyses were performed to estimate strength of associations between log 10 transformed body fat mass and each component of eating architecture without
covariate adjustment model 1 and multivariable models adjusting for age, gender, fat-free mass, application-type model 2, and model 2 plus the physical activity, total energy intake
and total sleep time model 3. β are the standardised coefficients; 95% CI.
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did not assess cardiometabolic risk. Pot’s research team devel-
oped a method to score meal regularity based on the variabil-
ity in energy intake per meal relative to the 5-consecutive-day
mean energy intake of that meal (i.e., calculated breakfast,
lunch, evening meal, between meals and total daily energy
intake separately), with a higher score reflecting a more irregular
eating pattern(22,40). In that study, more irregular energy intake
at breakfast was associated with an increased risk of metabolic
syndrome in 1768 adults(22). Further prospective analysis con-
firmed the positive association between irregular energy intake,
particularly at breakfast, lunch and between meals, and cardio-
metabolic risk after 10 and 17 years follow-up(40). In the present
study, we only observed associations with the first meal of the
day and did not observe any significant relationships between
the last meal of the day and glucose control or obesity.

In the present study, we found that higher day-to-day vari-
ability in the time lag fromwaking to the first mealwas associated
with higher HbA1c. Adults with type 1 and T2DM who eat regu-
lar meals have better glycaemic control than those who eat
irregularly timed meals(11,48). Xiao et al. examined the associa-
tions between timing of energy intake relative to sleep and
BMI in 872 middle-to-old-aged adults utilising six non-consecu-
tive 24-h dietary recalls over 12 months. In that study, a higher
percent of total daily energy intake consumed within 2 h after
waking and a lower percent of total energy intake consumed
within 2 h before bedtime was associated with lower BMI(18).
However, glucose status was not evaluated.

Randomised clinical trials have reported the importance
of breakfast consumption and breakfast size in glucose con-
trol(49–52). Jakubowicz et al. established that high-energy
breakfast with low-energy dinner improved glucose tolerance
in women with obesity(49) and improved glycaemic control in
patients with T2DM(50) as compared with the reverse feeding
pattern. A high-energy breakfast rich in carbohydrates also
upregulated clock gene expression in white blood cells as
compared with breakfast skipping(53). Consuming a large
breakfast (47 % energy requirements) and small dinner
(13 % of energy requirements) also upregulated expression
of clock genes and reduced HbA1c after 12 weeks v. eating
six isoenergetic meals over the day in fourteen adults with
T2DM(54). In the latter study, meal frequency, inter-meal inter-
val, time of the last meal, the length of eating window, the size
of the first meal and the last meal, time lag from last meal to
sleep were all different between the two arms making it
impossible to untangle which factor was the main contributing
factor to the glycaemic benefit. Overall, these studies suggest
that skewing food intake towards earlier in the day allows for
appropriate temporal regulation of glucose metabolism, a
finding that is supported by the results of the present study.

Meal timing considerations could also be important during
intermittent fasting (IF) diets. IF is a diet pattern in which zero
or minimal energies are consumed 1 to 4 d per week, followed
by ad libitum eating on the remaining days(55). Some controver-
sial results exist as to whether IF is superior for metabolic health

Table 4. Associations between glycated haemoglobin HbA1c and each component of eating pattern after adjustment of confounders*
(coefficient values and 95 % confidence intervals)

Model 1 Model 2 Model 3

P trend β 95% CI P trend β 95% CI P trend β 95% CI

Meal timing
Eating window 0·97 0·01 –0·23, 0·24 0·30 –0·13 –0·38, 0·12 0·30 –0·13 –0·39, 0·12
Inter-meal intervals 0·38 –0·11 –0·34, 0·13 0·53 –0·08 –0·33, 0·17 0·53 –0·01 –0·33, 0·17
Time of first meal 0·91 –0·01 –0·25, 0·22 0·74 0·04 –0·21, 0·29 0·74 0·04 –0·22, 0·30
Time of last meal 0·99 0·00 –0·24, 0·24 0·50 –0·09 –0·34, 0·17 0·49 –0·09 –0·36, 0·17
Last meal – sleep 0·94 0·01 –0·24, 0·26 0·34 0·13 –0·14, 0·39 0·34 0·13 –0·14, 0·39
Waking – first meal 0·22 0·15 –0·09, 0·39 0·08 0·21 –0·02, 0·44 0·08 0·21 –0·03, 0·45

Meal frequency
Number of meals 0·86 0·02 –0·21, 0·26 0·79 –0·03 –0·27, 0·21 0·79 –0·33 –0·28, 0·21

Meal size
Total daily energy intake 0·40 0·10 –0·14, 0·34 0·96 0·00 –0·25, 0·25 0·99 0·00 –0·26, 0·25
First meal size 0·56 –0·07 –0·31, 0·17 0·83 –0·03 –0·26, 0·21 0·08 –0·03 –0·03, 0·22
Last meal size 0·95 –0·01 –0·24, 0·23 0·54 0·08 –0·18, 0·33 0·54 0·80 –0·18, 0·34

Meal regularity
Meal timing

Eating window 0·99 0·00 –0·24, 0·24 0·78 –0·04 –0·28, 0·21 0·780 –0·04 –0·29, 0·22
Inter-meal intervals 0·58 0·06 –0·17, 0·30 0·72 0·04 –0·19, 0·28 0·714 0·05 –0·20, 0·29
Time of first meal 0·98 0·00 –0·23, 0·24 0·69 –0·05 –0·31, 0·20 0·694 –0·05 –0·31, 0·21
Time of last meal 0·93 0·01 –0·24, 0·25 0·99 –0·00 –0·24, 0·24 0·990 –0·00 –0·24, 0·24
Last meal – sleep 0·39 –0·11 –0·36, 0·14 0·39 –0·11 –0·38, 0·15 0·387 –0·12 –0·39, 0·15
Waking – first meal 0·02 0·30 0·06, 0·54 0·02 0·28 0·04, 0·52 0·023 0·29 0·04, 0·53

Meal frequency
Number of meals 0·97 –0·01 –0·24, 0·23 0·60 –0·07 –0·34, 0·19 0·600 –0·07 –0·34, 0·20

Meal size
Total daily energy intake 0·80 0·03 –0·21, 0·27 0·64 –0·59 –0·31, 0·19 0·644 –0·59 –0·31, 0·19
First meal size 0·82 –0·03 –0·26, 0·21 0·83 –0·03 –0·29, 0·23 0·827 –0·03 –0·29, 0·24
Last meal size 0·33 0·12 –0·12, 0·35 0·17 0·16 –0·07, 0·40 0·166 0·17 –0·07, 0·41

* Linear regression analyseswere performed to estimate strength of associations between glycated haemoglobin HbA1c and each component of eating architecture without covariate
adjustment model 1 and multivariable models adjusting for age, gender, body mass index, waist circumference, application type model 2 and model 2 plus the percentage of car-
bohydrates model 3. β are the standardised coefficients; 95% CI.
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when compared with continuous energy restriction(56–58).
Some of the discrepancies could be the result of meal timing
on fasting and non-fasting days. In anticipation of a fasting
day, it is possible that some individuals may choose to eat
late-night snacks. Furthermore, fasting protocols have been
initiated after breakfast(56), lunch(59) and dinner(59–61).
Ending the fasting period at the onset of the rest phase (akin
to dinner in humans) inverted peripheral clock gene expres-
sion in mice(62). Whilst the impacts of meal timing during IF
have not been adequately studied in humans, IF initiated after
breakfast did not alter clock genes in human adipose tissue and
skeletal muscle(55). However, future studies should assess eating
architecture in both CR and IF interventions. In addition, time-
restricted eating (a subtype of IF, in which daily energy intake
is restricted to between 6 and 11 h) is a dietary tool that has
emerged as a practical intervention for improving cardiometa-
bolic health(63–70). However, many questions as to the optimal
time to initiate time-restricted eating also remain to be tested.

The present analysis was a cross-sectional study with a rela-
tively small sample size, which limited the number of multi-var-
iables that could be adjusted for. This also limited the exploration
of the impact of combining components of eating architecture
which are likely to interact with each other(11,44,45,71).
Additional limitations include that food intake was not assessed
by weighed food records, subjective appetite was not measured,
and that data were lost from a number of participants due to
incomplete food records (28 %), technical issues with acceler-
ometry (3 %) or CGM loss (9 %) resulting in the final sample size
was 73. Finally, the outcomes from the present study cannot be
extrapolated to the general population. Thus, more prospective
studies with larger sample sizes and in wider population groups
are needed to evaluate the long-term risk of obesity or chronic
diseases with respect to irregular eating patterns. The strengths
of this work are that this is the first study synchronising data from
objective food records, activity and sleep patterns and continu-
ous glucose levels in real time for 1–2weeks to capturemeal size,
frequency, timing and meal regularity. The use of smartphone
apps may offer a practical tool for collecting personalised food
diaries in real time in the future, as opposed to paper-based
questionnaires or 24-h diet recall. This is also the first study to
evaluate the components of eating architecture in relation to
body fat mass and glucose control among adults at increased risk
of T2DM.

In conclusion, the results from the present analysis show that
eating breakfast earlier, and at a consistent time each day was
associated with decreased body fat mass, and improved glycae-
mic control as indicated by lower HbA1c, in adults with
increased risk of T2DM. Routine consumption of meals may
therefore optimise temporal regulation to anticipate and respond
appropriately to a glucose challenge.
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