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Abstract
Irregular breakfast consumption and food timing patterns in relation to weight status and inflammation were investigated in a cross-sectional
manner among 644 participants in the Cancer Prevention Study-3 Diet Assessment Sub-study. Breakfast consumption, and the individual
means and the intra-individual standard deviation (iSD) of time at first intake of the day, duration of daily intake window andmidpoint of daily
intakewindowwere collected via six 24-h recalls and examined in relation to BMI, waist circumference (WC) and inflammation (glycoprotein
acetyl (GlycA)). Compared with consuming breakfast on all six recalls, linear regression models showed those who consumed breakfast on 4
or 5 of the days had a 1·29 (95 % CI 0·19, 2·38) and 1·64 (95 % CI 0·12, 3·16) kg/m2 higher BMI; no association was found for consuming
breakfast ≤3 d. At 1 h later, the average time of first intake was associated with a 0·44 (95 % CI 0·04, 0·84) kg/m2 higher BMI. A 1-h increase in
the iSD of first intake was associated with a 1·12 (95 % CI 0·49, 1·75) kg/m2 higher BMI; iSD in duration and midpoint of intake window were
significant prior to additional adjustment for iSD in the first intake. One-hour increases in iSD for the first intake time (β: 0·15; 95 % CI 0·04, 0·26)
and the midpoint of intake window (β: 0·16; 95 % CI 0·02, 0·31) were associated with higher GlycA. No associations were observed for WC
independent of BMI. The results provide evidence that irregularity in breakfast consumption and daily intake timing patterns, particularly
early in the day, may be related to weight status and inflammation.
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Altering the frequency and timing of meal consumption is
often suggested as a weight loss strategy(1). It is hypothesised
that consumption habits influence cardiometabolic health
partly through a circadian mechanism, as food intake is
known to entrain peripheral circadian oscillators(2). The oscil-
lators represent a feedback loop of circadian-related gene
expression and proteins, which have downstream metabolic
effects that influence weight status(3–5). Breakfast consump-
tion may be particularly important in entraining circadian
oscillators compared with other meal times. Animal studies
have shown that the first meal of the day determines the
circadian phases of peripheral clocks, possibly because it
is the first meal following a prolonged overnight fast(6,7).
Further, evidence from human research has indicated that
infrequent breakfast consumption is associated with poor
weight status and indicators of cardiometabolic risk(8–14).

In addition to behaviours related to the consumption or
omission of meals, the timing of food intake may have important
metabolic effects. There is evidence that eating late at night or
consuming a higher proportion of energy later in the day has

adverse metabolic consequences(15–17), though results from
human observational studies are limited. Regularity in the day-
to-day timing of consumption behaviours may be important.
Circadian misalignment from irregular sleep patterns due to
shift work or social jetlag (i.e. when people have different sleep
patterns on weekends compared with weekdays) results in poor
weight status(18). Therefore, it is plausible that de-synchronisation
of these rhythms from irregular meal consumption patterns may
have similar unfavourable consequences.

Research onmeal timing is difficult to investigate in free-living
populations because 24-h diet recalls or dietary records are
needed over multiple time points to accurately classify these
complex exposures. The Cancer Prevention Study-3 (CPS-3)
Diet Assessment Sub-study (DAS) presents a unique opportunity
with up to six 24-h recalls collected per participant over a 1-year
period. Based on the established relationships between food
intake, circadian rhythms and metabolic health, we used infor-
mation collected in the CPS-3 DAS to investigate breakfast con-
sumption and food intake timing behaviours in relation to body
weight status and waist circumference (WC). We also examined

Abbreviations: CPS-3, Cancer Prevention Study-3; DAS, Diet Assessment Sub-study; GlycA, glycoprotein acetyl; iSD, intra-individual standard deviation;
WC, waist circumference.
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food intake behaviours and their association with an inflamma-
tory biomarker, as chronic low-grade inflammation can be a
consequence of circadian misalignment(19). It was hypothesised
that irregular consumption patterns (i.e. inconsistent breakfast
consumption and timing of intake) and consumption habits
occurring later in the day would be associated with higher
weight status and inflammation.

Methods

Study population

Participants were drawn from CPS-3, a prospective cohort of
303 682 men and women enrolled between 2006 and 2013
from thirty-five states and Puerto Rico(20). The CPS-3 DAS
was designed to test the validity and reproducibility of the
CPS-3 modified FFQ. Before completing the 2015 follow-up
survey, invitations to preregister for the CPS-3 DAS were
mailed to 10 000 CPS-3 participants living in five different geo-
graphical regions of the USA, among whom 1801 participants
expressed willingness to participate. Of these, 866 (48 %) were
preliminarily enrolled in the DAS after they returned the CPS-3
2015 survey. The survey contained separate sections for spe-
cific questions on demographics, medical history, sleeping
habits, smoking and tobacco use and physical activity, which
were evaluated using a validated instrument. Participants
provided self-reported race/ethnicity during enrolment into
the CPS-3(20). DAS participants were asked to complete six
24-h recalls approximately 2 months apart (four on week days,
two on weekends), to provide two fasting blood and urine
samples 6 months apart at a Quest Diagnostics Inc. Patient
Services Center, and to complete a follow-up FFQ at the end
of the 1-year study period. Among the 866 participants initially
enrolled in the DAS, exclusions were made for the present
analysis if participants did not respond to inquiries regarding
the availability for 24-h recall telephone interviews (n 47),
moved outside of the five study regions (n 4), did not complete
at least one recall (n 146), had missing outcome data (n 3),
reported shift work (n 20) or had an implausible BMI
(<15 or >50 kg/m2; n 2), bringing the final analytic cohort to
644men andwomen. Participants in the present analytic cohort
were similar to CPS-3 cohort participants with respect to age, BMI
and prevalence of healthy behaviours, though there were more
men and they were slightly more racially/ethnically diverse
(due to oversampling) and had a higher proportion of graduate
degrees. All aspects of CPS-3 were approved by the institutional
review board at Emory University.

Breakfast consumption and meal timing definitions

The 24-h recall interviews were conducted via telephone
and included detailed questions about everything the participant
had to eat and drink over the previous 24-h period. The partic-
ipants were queried for food preparation, portion size and
time and place of consumption. They were also asked to name
the eating occasion with one of the following: breakfast, brunch,
lunch, dinner, snack, beverage only and other. If a participant
reported consumption of breakfast or brunch, regardless of

the time, they were considered to have consumed breakfast
that day.

The meal timing exposures included the time of first intake,
duration of intake window (i.e. time between the first intake
and the last intake of the day) and midpoint of intake window
to the nearest minute. We chose these measures of meal timing
because the first intake of the day has been implicated in setting
the phase of circadian clocks(6,7), and the midpoint of the
daily intake window indicates whether consumption habits
are typically centred around an earlier or a later time in the
day. The duration of the intake window provides insight to over-
night fasting, which may be associated with weight status(21).
Eating occasions in which at least 210 kJ were consumed were
used to identify the first and last intake of the day. Using the
210 kJ criterion has been suggested to define an eating occasion
because it best predicts variation in total energy intake(22).
Caffeine has been shown to have circadian effects(23); therefore,
coffee or tea consumption was also included as the first or last
intake time, regardless of the energy content. The average time
of all six 24-h recalls was taken for first intake, intake window
and midpoint of the window to see whether increasing times
(i.e. later in the day or longer window) were associated with
weight status and inflammation. To determine whether an
irregular pattern in meal timing behaviours is associated with
the outcomes, we calculated the intra-individual standard
deviation (iSD) in each exposure across the six recalls for each
participant. Accordingly, individuals with a high iSD in the behav-
iour exhibit an irregular consumption timing pattern.

Weight status

Participants were asked to report their body weight and were
mailed a tape measure with instructions to measure their WC at
two timepoints during the study, coincidingwith the times of urine
and fasting blood sample collection. Participants were instructed
to measure WC over only a single layer of clothes at the navel for
men and just above the navel forwomen. Self-reported height col-
lected from the baseline CPS-3 surveywas used with the DAS self-
reported weights to calculate BMI (kg/m2). To reduce variation
from measurement error, the average of the two reports for
BMI and WC was used in cross-sectional analyses. BMI was cate-
gorised as overweight (25·0–29·9 kg/m2) andobese (≥30·0 kg/m2)
outcomes(24). WC was dichotomised as having visceral obesity in
women if ≥88 cm and in men if ≥102 cm(25).

Pro-inflammatory glycoprotein acetyls

Two fasting blood samples were collected by a trained, certified
phlebotomist from Quest Diagnostics, Inc., approximately
6 months apart. A total of 40 ml of blood was collected and
transported to a Quest Diagnostics regional processing labo-
ratory for specimen aliquoting and initially frozen at −80°C.
Specimen aliquots were then shipped on dry ice to a central
repository at Fisher BioServices, Inc. where they are stored
long-term in liquid N2 vapour phase. A high-throughput pro-
ton NMR metabolomics platform was used to quantify serum
concentrations of glycoprotein acetyls (GlycA) at Nightingale
Health Ltd laboratories(26). It is recognised that protein
glycosylation affects the innate immune system, particularly
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in the form of inflammatory responses(27). It has been
established that GlycA strongly correlates with high-sensitivity
C-reactive protein, thus making it a good marker of low-grade
systemic inflammation(28,29). The average of the two GlycA
measurements was used for this analysis.

Statistical approach

Logistic and linear regression models were used in cross-sectional
analyses of breakfast consumption and food intake timing
behaviours in relation to weight status and GlycA. Individuals
who reported consumption of breakfast on all six 24-h recalls were
the referent group in models with breakfast consumption as the
exposure. A small proportion of participants reported consuming
breakfast on less than three recalls (n 40), so they were combined
into a single group. The individual average and iSD in intake timing
behaviours were treated as continuous exposures, with OR and
betas (β) reported for a 1-h later intake time (average) or 1-h
increase (for iSD) in each exposure. Polytomous logistic regression
was used for categorical BMI outcomes with the OR and 95% CI
reported for overweight and obese, respectively, compared with
normal weight. Standard logistic regression was used for the
categorical WC outcome. Multiple linear regression models were
used for continuous outcomes of BMI, WC and GlycA, with β
and corresponding 95% CI reported. Results from models with
GlycA were reported for a 1-SD increase (SD= 0·20 mmol/l) in
the marker. Potential covariates were chosen from a priori knowl-
edge and through the use of directed acyclic graphs (DAG). Those
potential covariates that changed the point estimates by greater
than 10% were included in the final models. All models included
adjustment for age (years), sex (male; female), daily energy intake
(kJ/d), diet quality (Healthy Eating Index-2015)(30), sleep duration
(average sleep hours), moderate-vigorous physical activity
(metabolic equivalent of task (MET)-hours/week), race/ethnicity
(White, Black, Hispanic), employment status (full-time, part-time,
unemployed, retired, other), smoking status (current, former,
never, missing) and alcohol consumption (abstainer, ≤1 drink/d
for women and ≤2 for men, >1 drink/d for women and >2 for
men); with additional adjustment for BMI (kg/m2) in models with
GlycA as the outcome. Diet quality was assessed using the Healthy
Eating Index-2015, which quantifies the concordance of an individ-
ual’s diet with the 2015–2020Dietary Guidelines for Americans and
is comprised of adequacy components for healthy foods and
moderation components for nutrients(30).

Multiple sensitivity analyses were performed. Food intake
timing exposures were evaluated without inclusion of coffee
or tea consumption to see whether results changed substantially.
In a separate analysis, we calculated a weighted average of the
six recalls, so that responses more accurately characterise the
5 week days and 2 weekend days that make up a week.
Furthermore, individuals who reported participation in a weight
loss diet over the past year on the post-FFQ (n 44)were excluded
in an additional sensitivity analysis as their responses may reflect
reverse causation. We additionally included models of WC
outcomes with and without adjustment for BMI to examine
whether any of the meal timing behaviours were associated with
central adiposity independent of general adiposity. The mean
and iSD of first intake were included as covariates in models of

mean and iSD intake window and midpoint of intake window
in separate sensitivity analyses as they may be important
confounders in models of weight status and inflammation.
Lastly, there may be some degree of misreporting of dietary
intake in the study population and that misreporting of energy
intake may correlate with misreporting of eating occasions. To
evaluate the potential of bias from misreporting, we calculated
the ratio of expected to observed energy intake using the revised
Goldberg equation(31), with suggested physical activity level
multipliers from the WHO(32) to account for different energy
needs among individuals with inactive (multiplier of 1·21 for
both sexes), low (multiplier of 1·55 for men, 1·56 for women),
medium (1·78 for men, 1·64 for women) and high (2·10 for
men, 1·83 for women) moderate-vigorous physical activity
levels. Physical activity levels were estimated from the responses
to the CPS-3 2015 survey questions on physical activity(33). The
Pearson correlations for the ratio with BMI and our meal timing
exposures were subsequently examined.

Results

Descriptive characteristics stratified by breakfast consumption
frequency are shown in Table 1. Over half of the participants
(n 399) reported breakfast consumption on all six 24-h recalls.
Participants who consumed breakfast on all 6 d were typically
older, consumed themost energy but had the highest diet quality
(as measured by the Healthy Eating Index-2015), were most
active, had higher BMI, more likely to be White, work full-time
and never smoke compared with those who reported skipping
breakfast at least 1 d. Those who reported breakfast consump-
tion on 3 d or less had the lowest energy intake, lowest dietary
quality, lowest BMI and the highest proportion of alcohol
abstainers. Centre and dispersion statistics for the meal timing
exposures can be seen in Table 2. The mean time at first intake
was 07.58 hours. The average length of the intake window was
11 h and 54 min, with an average midpoint of the intake window
occurring at 13.55 hours. The mean iSD of time at first intake,
length of intake window and midpoint of intake window was
1 h and 8 min, 1 h and 43 min and 54 min, respectively.

There was a similar prevalence of overweight (30·7 %) and
obesity (29·5 %) as defined by BMI. Results from models with
BMI are shown in Table 3. Polytomous logistic regression
models showed that, compared with individuals who consumed
breakfast on every day, those who consumed it on 5 d had
2·60 (95 % CI 1·57, 4·31) and 1·86 (95 % CI 1·07, 3·24) greater
odds of being overweight and obese, respectively. In linear
regression models, individuals who consumed breakfast on
5 or 4 of the days had a 1·29 (95% CI 0·19, 2·38) and 1·64 (95%
CI 0·12, 3·16) kg/m2 higher BMI than those who consumed
breakfast on all 6 d. A non-significant inverse association
was seen among participants who consumed breakfast less
than or equal to 3 d. None of the average meal timing expo-
sures was associated with the categorical BMI outcomes,
but a 1-h later average time of first intake was associated with
a 0·44 (95 % CI 0·04, 0·84) kg/m2 higher BMI. Further, a 1-h
increase in the iSD of first intake, length of intake window and
midpoint of intake window was significantly associated with a
1·12 (95 % CI 0·49, 1·75), 0·70 (95 % CI 0·15, 1·25) and 0·97
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Table 1. Descriptive characteristics of Cancer Prevention Study-3 Diet Assessment Sub-study stratified by breakfast
consumption frequency
(Mean values and standard deviations; frequencies and percentages)

Number of recalls reporting breakfast consumption

0–3 4 5 6

n % n % n % n %

n 40 65 140 399
Age (years)
Mean 51·3 51·4 50·8 53·0
SD 9·3 10·0 10·4 9·5

Daily energy intake (kJ/d)
Mean 7024·5 7596·5 8037·9 8125·3
SD 1745·1 2209·2 2251·4 2111·1

MVPA (h/week)
Mean 10·2 10·0 7·8 8·3
SD 9·4 10·7 7·1 9·1

Sedentary (h/week)
Mean 52·0 53·8 47·8 48·7
SD 20·8 20·2 18·6 18·6

Healthy Eating Index-2015*
Mean 58·4 59·8 64·4 67·9
SD 12·7 12·7 12·1 13·0

BMI (kg/m2)
Mean 26·9 29·0 30·0 29·7
SD 5·5 6·3 8·0 7·9

Sex
Male 16 40·0 22 33·8 44 31·4 147 36·8
Female 24 60·0 43 66·2 96 68·6 252 63·2

Race/ethnicity
White 17 42·5 40 61·5 82 58·6 255 63·9
Black 14 35·0 21 32·3 39 27·9 84 21·1
Hispanic 9 22·5 4 6·2 19 13·5 60 15·0

Education
Missing 0 0·0 0 0·0 0 0·0 3 0·8
Some high school 0 0·0 0 0·0 1 0·7 2 0·5
High school graduate 1 2·5 3 4·6 3 2·1 12 3·0
Some college 7 17·5 9 13·8 11 7·9 42 10·5
2-year college degree 3 7·5 8 12·3 16 11·4 31 7·8
4-year college degree 12 30·0 20 30·8 47 33·6 149 37·3
Graduate degree 17 42·5 25 38·5 62 44·3 160 40·1

Work status
Full time 25 62·5 40 61·5 88 62·9 259 64·9
Part time 6 15·0 7 10·7 15 10·7 50 12·5
Unemployed 5 12·5 3 4·6 3 2·1 7 1·8
Retired 3 7·5 9 13·8 22 15·7 60 15·0
Other 1 2·5 6 9·2 12 8·6 23 5·8

Average sleep duration
<6 h 68 17·0 28 20·0 10 15·4 6 15·0
6–6·9 h 73 18·3 26 18·6 13 20·0 10 25·0
7–7·9 h 195 48·9 67 47·8 36 55·4 19 47·5
8–8·9 h 43 10·8 12 8·6 5 7·7 4 10·0
≥9 h 20 5·0 7 5·0 1 1·5 1 2·5

Alcohol consumption
Missing 0 0·0 0 0·0 1 0·7 0 0·0
Abstainer 17 42·5 17 26·2 44 31·4 138 34·6
≤1 drink/d for women, ≤2 for men 17 42·5 34 52·3 68 48·6 204 51·1
>1 drink/d for women, >2 for men 6 15·0 14 21·5 27 19·3 57 14·3

Smoking
Current 1 2·5 2 3·1 7 5·0 8 2·0
Former 11 27·5 18 27·7 28 20·0 84 21·1
Missing 0 0·0 0 0·0 0 0·0 2 0·5
Never 28 70·0 45 69·2 105 75·0 305 76·4

Ever had weight loss surgery
No 39 97·5 65 100·0 138 98·6 393 98·5
Yes 1 2·5 0 0·0 2 1·4 6 1·5

Participation in weight loss diet
No 38 95·0 60 92·3 132 94·3 370 92·7
Yes 2 5·0 5 7·7 8 5·7 29 7·3

MVPA, moderate-vigorous physical activity.
* Krebs–Smith et al.(30).
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(95 % CI 0·11, 1·83) kg/m2 higher BMI. However, polytomous
logistic regression models showed no statistically significant
associations.

The prevalence of obesity was substantially larger when
using WC criterion (43·6 %) compared with BMI. Using WC to
define central adiposity (Table 4) resulted in no statistically

Table 2. Descriptive statistics for meal timing exposures (24-h:min)
(Mean values and standard deviations; minimum and maximum values; percentiles)

Exposure Mean SD Minimum

Percentiles

25th 50th 75th Maximum

Individual average time of day at first intake* 8:10 1:16 5:30 7:20 8:05 8:47 13:15
Individual average length of intake window* 11:39 1:28 4:47 10:50 11:42 12:35 15:40
Individual average midpoint time of intake window* 13:59 0:57 11:49 13:20 13:59 14:31 17:42
iSD in time of day at first intake† 1:13 0:47 0:00 0:41 1:02 1:31 5:13
iSD in length of intake window† 1:47 0:52 0:00 1:10 1:33 2:16 5:25
iSD in midpoint time of intake window† 0:57 0:33 0:00 0:36 0:51 1:08 5:37

* Average of each individual’s exposure across all six 24-h recalls.
† Intra-individual standard deviation (iSD) in exposure across all six 24-h recalls.

Table 3. Breakfast consumption and intake timing behaviours in relation to weight status measured by BMI*
(Odds ratios and 95 % confidence intervals; β-coefficients and 95% confidence intervals)

Overweight (25–29·9 kg/m2) Obese (≥30 kg/m2) Continuous BMI

No. of cases OR† 95% CI No. of cases OR† 95% CI β‡ 95% CI

Number of recalls reporting breakfast
6 111 1·00 Ref 103 1·00 Ref 0·00 Ref
5 58 2·60 1·57, 4·31 46 1·86 1·07, 3·24 1·29 0·19, 2·38
4 23 1·59 0·79, 3·19 23 1·33 0·63, 2·79 1·64 0·12, 3·16
0–3 6 0·42 0·15, 1·19 18 0·91 0·39, 2·14 0·77 −1·14, 2·69

Average time of first intake§ 198 1·20 0·99, 1·44 190 1·12 0·92, 1·37 0·44 0·04, 0·84
Average length of intake window§ 198 0·99 0·85, 1·15 190 0·93 0·79, 1·09 −0·30 −0·63, 0·04
Average time of midpoint of intake window§ 198 1·28 1·02, 1·60 190 1·09 0·85, 1·38 0·35 −0·14, 0·85
iSD in first intake time§ 198 1·21 0·89, 1·63 190 1·17 0·86, 1·61 1·12 0·49, 1·75
iSD in length of intake window§ 198 1·10 0·85, 1·42 190 1·06 0·81, 1·38 0·70 0·15, 1·25
iSD in midpoint of intake window§ 198 1·32 0·89, 1·97 190 1·15 0·75, 1·79 0·97 0·11, 1·83

Ref, reference; iSD, intra-individual standard deviation.
* All models include adjustment for age, sex, total energy intake, Healthy Eating Index-2015, sleep duration, physical activity, race, employment status, smoking status and alcohol
consumption.

† OR and corresponding 95% CI from polytomous logistic regression are reported.
‡ Regression coefficients and corresponding 95% CI from multiple linear regression are reported.
§ OR and regression coefficients are for a 1-h increase in exposure (average time or iSD).

Table 4. Breakfast consumption and intake timing behaviours in relation to weight status measured by waist circumference*
(Odds ratios and 95 % confidence intervals; β-coefficients and 95% confidence intervals)

Obese (≥88 cm in women,
≥102 cm in men) Continuous WC

No. of cases OR† 95% CI β‡ 95% CI

Number of recalls reporting breakfast
6 158 1·00 Ref 0·00 Ref
5 69 1·23 0·80, 1·89 1·52 −1·19, 4·24
4 36 1·24 0·68, 2·24 2·73 −1·03, 6·49
0–3 18 0·56 0·26, 1·21 0·30 −4·42, 5·03

Average time of first intake§ 281 1·06 0·91, 1·24 0·96 −0·02, 1·94
Average length of intake window§ 281 0·94 0·82, 1·07 −0·98 −1·79, −0·16
Average time of midpoint of intake window§ 281 1·02 0·84, 1·24 0·38 −0·84, 1·60
iSD in first intake time§ 281 1·02 0·79, 1·31 1·57 0·01, 3·13
iSD in length of intake window§ 281 1·10 0·88, 1·36 1·14 −0·22, 2·50
iSD in midpoint of intake window§ 281 1·05 0·73, 1·50 1·26 −0·87, 3·39

Ref, reference; iSD, intra-individual standard deviation.
* All models include adjustment for age, sex, total energy intake, Healthy Eating Index-2015, sleep duration, physical activity, race, employment
status, smoking status, and alcohol consumption.

† OR and corresponding 95% CI from logistic regression are reported.
‡ Regression coefficients and corresponding 95% CI from multiple linear regression are reported.
§ OR and regression coefficients are for a 1-h increase in exposure (average time or iSD).
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significant associations from logistic or linear regression models
with breakfast consumption frequency as the exposure. A 1-h
longer average length of intake window was associated with a
0·98 (95 % CI −1·79, −0·16) cm lower WC. Similar to BMI, we
saw a 1·57 (95 % CI 0·01, 3·13) cm higher WC for a 1-h increase
in iSD of first intake time, but not for any other meal timing regu-
larity exposures. However, these statistically significant results
were attenuated towards the null and no longer met the signifi-
cance threshold after additional covariate adjustment for BMI
(online Supplementary Table S1).

Individuals who ate breakfast on 5 d had higher GlycA levels
(β: 0·21; 95 % CI 0·03, 0·40) comparedwith those who consumed
breakfast on all 6 d, but no other exposure groups showed sta-
tistically significant associations (Table 5). Results with GlycA
corroborated WC results of an association for increasing length
of intake window, as a 1-h longer window was associated with
lower levels of GlycA (β: −0·07; 95 % CI −0·13, −0·02). A 1-h
increase in iSD for first intake time (β: 0·15; 95 % CI 0·04, 0·26)
andmidpoint of intake window (β: 0·16; 95 % CI 0·02, 0·31) were
associated with higher GlycA, but no association was observed
of iSD in length of intake window.

All null associations remained null when excluding coffee
and tea for defining intake timing exposures in a sensitivity
analysis, and regularity in intake timing exposures remained
statistically significant but were slightly attenuated toward the
null (online Supplementary Table S2). Results were slightly
attenuated but remained significant when using aweighted aver-
age of the days to represent a full week (online Supplementary
Table S3). No substantive changes in our estimates for the
associations between consumption timing and weight status
or inflammation were observed when excluding individuals
who self-reported participation in a weight loss diet (online
Supplementary Table S4). Interestingly, no results remained sta-
tistically significant after adjustment for first intake timing, with
point estimates sometimes crossing the null value, except for
the estimate for average length of intake window with GlycA,

which remained statistically significant (online Supplementary
Table S5). The ratio of expected to observed energy intake
did not correlate with BMI or any of our meal timing exposures
(online Supplementary Table S6).

Discussion

In this cross-sectional analysis of free-living adults, we observed
some evidence that breakfast consumption and intake timing
behaviours are related to BMI and the inflammatory marker,
GlycA. More specifically, participants who consumed breakfast
on 4 or 5 d had higher BMI than those who consumed breakfast
on all 6 d. No association was seen in individuals who consumed
breakfast on 3 or fewer days, perhaps due to a small number of
participants in that group (n 40). A 1-h later time in the day’s first
intake was associated with a higher BMI, but not WC, and no
associations were observed for a 1-h later average midpoint of
the intakewindow. Interestingly, a 1-h longer time in the average
length of intake window was associated with lower WC and
inflammation, though the association with WC was not indepen-
dent of the first intake time. With respect to regularity in intake
timing behaviours, as measured by a higher iSD, results showed
that irregular patterns were individually associated with higher
BMI and heightened levels of inflammation in continuous mod-
els. However, none was significant when accounting for regular-
ity in first intake time. No statistically significant associations
were observed for these relationships with categorical out-
comes, but point estimates were above the null value and it
may have been a result of limited power. Results from many,
but not all, of our models suggest regularity in meal behaviours
may be related to weight status and systemic inflammation,
particularly for the first intake of the day as they often impact
consumption habits(34) and metabolic responses to food later
in the day(35).

Our results for breakfast consumption frequency and weight
status are consistent with the previously published studies show-
ing that breakfast skipping may be associated with heavier
weight status(8–10,12,36–38). We did not observe significant associ-
ations among the frequent breakfast skippers but power was
severely limited in those groups. A recent study of women
showed that regular omission of breakfast may be inversely asso-
ciated with higher weight status if it is skipped every day, as
would be consistent with our hypothesis of regularity in promot-
ing better circadian health, but we were unable to investigate
regular omission as only three participants reported skipping
breakfast on all six 24-h recalls.

Meal timing behaviours that occurred later in the day were
generally not associated with any of the outcomes. To our
knowledge, no study has investigated the effects of a later first
intake or midpoint of intake window in relation to weight status.
One small human trial showed that shifting meals to later in the
day caused a delay in the phase of peripherally controlled circa-
dian glucose rhythms, but no changes were observed in mea-
sures of the central circadian clock phase and weight was not
assessed(39). The authors hypothesised that a change in the
peripheral, but not central, clocks indicates circadian misalign-
ment caused by the later meal times.

Table 5. Breakfast consumption and intake timing behaviours in relation to
pro-inflammatory glycoprotein acetyl (GlycA)*
(β-Coefficients and 95% confidence intervals)

Continuous GlycA†

β‡ 95% CI

Number of recalls reporting breakfast
6 0·00 Ref
5 0·21 0·03, 0·40
4 0·14 −0·11, 0·40
0–3 −0·09 −0·41, 0·23

Average time of first intake§ 0·07 0·00, 0·13
Average length of intake window§ −0·07 −0·13, −0·02
Average time of midpoint of intake window§ 0·02 −0·07, 0·10
iSD in first intake time§ 0·15 0·04, 0·26
iSD in length of intake window§ 0·05 −0·04, 0·15
iSD in midpoint of intake window§ 0·16 0·02, 0·31

Ref, reference; iSD, intra-individual standard deviation.
* All models include adjustment for age, sex, total energy intake, Healthy Eating Index-
2015, BMI, sleep duration, physical activity, race, employment status, smoking status
and alcohol consumption.

† GlycA standardised to have a SD of 1.
‡ Regression coefficients and corresponding 95% CI from multiple linear regression
are reported.

§ Regression coefficients are for a 1-h increase in exposure (average time or iSD).
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It is unclear why a longer duration of intake window was
inversely associated with WC and GlycA, the latter of the two
remaining significant independent of the first intake time. We
expected a longer intake window, indicating a shorter overnight
fast, to be positively associated with weight and inflammation.
Evidence from animal studies has shown that an increasing fast-
ing period (such an overnight fast) followed by a time-restricted
feeding regimen is associated with weight loss and improved
metabolic health, but human studies have been inconsistent(40).
Much of the published research in humans was conducted dur-
ing Ramadan in which the intake occurs during the night, thus
more research is needed in the field of time-restricted feeding
during normal hours.

Themost consistent relationships in the present analysis were
observed for exposures related to irregular food intake patterns,
as measured by iSD. More specifically, irregularities in the time of
first intake and in the midpoint of the intake window were asso-
ciated with higher weight status and inflammation in continuous
models; there was low power in categorical models to identify
statistically significant associations. Results of irregularity in
midpoint of the intake window became null after accounting
for irregularity in first intake time, which is backed by mechanis-
tic studies showing the importance of the day’s first intake as it
relates to metabolism(6,7,34). To our knowledge, there has only
been one other published study to investigate regularity in
food intake timing behaviours(41). In the cross-sectional study,
Zimmerman et al.(41) defined irregular meal timing through a
‘chaotic eating index’ which characterises the number of
30-min time intervals in which a participant eats divided by
the number of eating episodes. The index was not associated
with BMI in two separate study populations. In one of the
populations in which multiple diet records were available,
the variation in the time intervals between meals was not
related to BMI. It is possible the authors did not observe any
associations because they did not characterise their exposures
to relate to potential circadian mechanisms, but rather
attempted to capture the overall variability in possible con-
sumption times through an index that has yet to be validated.
In doing so, the concepts related to food intake timing that have
been shown to influence circadian phase (i.e. first intake or
overnight fast) may not have been adequately classified, as
was the objective herein.

The established impact of food intake on circadian rhythms
served as the basis for our hypothesis and is also a plausible
mechanism to explain the observed associations. There is
sufficient evidence that food intake entrains peripheral circadian
oscillators thus potentially inducing misalignment between cen-
tral and peripheral clocks(2). Misalignment occurs when inputs
from peripheral circadian oscillators operate in rhythms that
are out of sync from the central oscillators. Further, it is known
that circadian misalignment can lead to adipocyte dysfunc-
tion, increased ectopic fat and systemic inflammation, all of
which are related to obesity(42). It is also possible that irregular
food intake timing patterns result in subsequent behaviours
that influence weight or poor cardiometabolic health. For in-
stance, research has shown that high variability in timing may
be associated with overeating or snacking on nutrient-
deficient foods(43). However, the associations observed in

the present study between irregularity in meal timing and
weight status were independent of diet quality and energy
intake.

There are limitations in the present study that must be noted.
Foremost, our exposure and outcome data were self-reported
and may contain bias. We would expect individuals who are
overweight to underreport their weight. There is also evidence
that individuals who are overweight tend to underreport
meals(44). However, we found no evidence that misreporting
of dietary intake (defined as expected/observed energy intake)
for 24-h recalls was associated with our exposures or BMI; thus,
we suspect that underreporting of BMI may have attenuated our
results towards the null. Detailed information on sleep and cir-
cadian phase was not available concurrently with the dietary
recalls; therefore, making it difficult to rule out confounding.
Average sleep duration was included as a variable in all models,
but residual confounding may be present as we were unable to
account for regularity in sleep patterns which may be related to
both intake time and weight status(18). Future studies of food
intake regularity should take into account sleep and wake time.
Due to the cross-sectional design, it is possible that reverse cau-
sation may be biasing our results. However, results remained
similar when excluding individuals who reported participation
in aweight loss diet during the study period, as those participants
may have reported their exposure level because of their poor
weight status. Sample size limited our power to examine
differences across strata, such as sex. Although there are inherent
limitations to observational research, results of the present study
are potentially more generalisable than some trials that take
place in rigid and tightly controlled settings making it difficult
to translate to free-living populations. Other strengths of the
analysis include multiple criteria to define weight status and
inclusion of a novel biomarker for chronic low-grade inflamma-
tion. We also defined irregularity in meal behaviours in a novel
way that has been effective in identifying associations with
cardiometabolic disease in the literature pertaining to irregular
sleep(45).

In conclusion, the results of the present analysis provide
evidence that irregular breakfast consumption and intake
timing patterns may be related to weight status and inflamma-
tion. Specifically, behaviours pertaining to the first intake of
the day seem to be most relevant to weight status and systemic
inflammation. More research is required in larger prospective
studies with information on sleep and wake time. Further,
mechanistic work is needed to support, or refute, biological
plausibility.
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