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ABSTRACT

Background: There is a paucity of evidence regarding the role of
food timing on cardiometabolic health and weight loss in adults.
Objectives: To determine whether late eating is cross-sectionally
associated with obesity and cardiometabolic risk factors at baseline;
and whether late eating is associated with weight loss rate and success
following a weight loss intervention protocol. Also, to identify
obesogenic behaviors and weight loss barriers associated with late
eating.

Methods: Participants were recruited from a weight-loss program
in Spain. Upon recruitment, the midpoint of meal intake was
determined by calculating the midway point between breakfast
and dinner times, and dietary composition was determined from
diet recall. Population median for the midpoint of meal intake
was used to stratify participants into early (before 14:54) and
late (after 14:54) eaters. Cardiometabolic and satiety hormonal
profiles were determined from fasting blood samples collected prior
to intervention. Weekly weight loss and barriers were evaluated
during the ~19-wk program. Linear and logistic regression models
were used to assess differences between late and early eaters in
cardiometabolic traits, satiety hormones, obesogenic behaviors, and
weight loss, adjusted for age, sex, clinic site, year of recruitment, and
baseline BMI.

Results: A total of 3362 adults [mean (SD): age: 41 (14) y; 79.2%
women, BMI: 31.05 (5.58) kg/m?] were enrolled. At baseline, no
differences were observed in energy intake or physical activity levels
between early and late eaters (P >0.05). Late eaters had higher BMI,
higher concentrations of triglycerides, and lower insulin sensitivity
compared with early eaters (all P <0.05) prior to intervention. In
addition, late eaters had higher concentrations of the satiety hormone
leptin in the morning (P = 0.001). On average, late eaters had an
average 80 g lower weekly rate of weight loss [early, 585 (667) g/wk;
late, 505 (467) g/wk; P = 0.008], higher odds of having weight-loss
barriers [OR (95% CI): 1.22 (1.03, 1.46); P = 0.025], and lower odds

of motivation for weight loss [0.81 (0.66, 0.99); P = 0.044] compared
with early eaters.

Conclusion: Our results suggest that late eating is associated with
cardiometabolic risk factors and reduced efficacy of a weight-loss
intervention. Insights into the characteristics and behaviors related to
late eating may be useful in the development of future interventions
aimed at advancing the timing of food intake. =~ Am J Clin Nutr
2021;113:154-161.
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Introduction

The timing of food intake is emerging as an important predictor
of overall health and a relevant risk factor for obesity in adults (1).
Epidemiological evidence in healthy adults indicates that later
food times is associated with higher odds of being overweight
or obese (2, 3), decreased efficacy of weight-loss interventions
(4), and increased risk of other adverse cardiometabolic health
outcomes (5). The molecular mechanism linking late eating to
adverse health outcomes is likely multifactorial and may be partly
attributed to its contribution to circadian misalignment (6, 7),
a state where environmental and behavioral cycles are out of
synchrony with the endogenous circadian system (8). Indeed,
previous studies have shown that acute circadian misalignment
in the form of jet lag, shift work, and late meal timing, adversely
impacts energy balance and glycemic control (7, 9-12).

With the growing public interest in understanding food
timing as a novel dimension of nutrition and health, there
remains a paucity of consistent evidence regarding its relation
to obesity, cardiometabolic risk factors, and weight-loss success,
particularly from large studies. Some findings suggest that the
effect of late eating on obesity and health is mediated by its
contribution to a higher energy intake (13, 14). However, the
relevance of timing of food intake as an independent risk factor is
supported by investigations of night shift workers who consume
equivalent energy density diets as non-night shift workers yet
have a higher risk of metabolic alterations (15, 16). Further
confirmation of the adverse effect of late eating is critical for
devising individualized food timing health-promoting strategies.

In addition, there remains large uncertainty in the char-
acteristics and behaviors of late eaters. Early identification
of obesogenic behaviors and anticipation of potential weight-
loss barriers may improve the efficacy of weight-loss trials
in vulnerable populations. For example common weight-loss
barriers identified in other populations that may be targeted
include stress eating, eating when bored, and overall low
motivation to lose weight (17, 18). Recently, we described
environmental and genetic factors that may contribute to late
eating (1), but the exact characterization of late eaters undergoing
weight loss remains unknown.

Our previous study in 420 adults demonstrated that late
eating was associated with lower weight loss (4). Here, we
aim to expand our earlier findings in a larger, nonoverlapping
cohort of 3362 adults to determine whether late eating is cross-
sectionally associated with obesity and cardiometabolic risk
factors upon enrollment (i.e., baseline); and whether late eating is
associated with weight-loss rate and success following a weight-
loss intervention protocol. Furthermore, we aim to identify
obesogenic behaviors and weight-loss barriers associated with
late eating, which may promote persistent obesity, weight-loss
failure, and future weight regain.

Methods

Participants

Participants were overweight or obese adults who were
non-night shift workers from the Obesity, Nutrigenetics, Tim-
ing, and Mediterranean study (ONTIME; -clinicaltrials.gov:
NCT02829619) recruited across 6 weight-loss clinics in Spain.
Participants were excluded if receiving treatment with thermo-
genic or lipogenic drugs; undergoing treatment with anxiolytic or
antidepressant drugs; or having diabetes mellitus, chronic renal

failure, hepatic diseases, or cancer diagnosis; diagnosed with
bulimia or prone to binge eating. Participation was voluntary
and conditional on written informed consent. All data collection
procedures have been approved by the Committee of Research
Ethics of the University of Murcia and were in accordance with
good clinical practice.

All participants followed a standardized weight-loss program

(Garaulet meth0d©), which has been previously described (19).
Briefly, participants attended 1 weekly 60-min therapy session
in small support groups (n = 10 per group) during a weight-
loss intervention period followed by a 5-mo maintenance period.
The duration of the weight-loss intervention varied according to
weight-loss goal [mean (95% CI): 18.7 (18.2, 19.3) wk duration].
The program was led by certified nutritionists and was based on
the Mediterranean diet. Dietary energy was limited to 1200 to
1800 kcal per day for women and 1500 to 2000 kcal per day for
men to induce an approximate loss of 0.5 to 1 kg per week, in
order to achieve a total weight loss of 5-10% of the initial weight
(20).

Dietary intake timing and composition

Upon enrollment (i.e., baseline), participants were asked, “On
weekdays (or weekends), at what time do you usually have
breakfast (lunch or dinner)?” and responses were in 30-min
increments. Weighted weekly average of breakfast and dinner
times were computed with 5/7 weighting for weekdays and 2/7
weighting for weekends. Midpoint of meal intake was determined
by calculating the midpoint between the weekly averages for
breakfast and dinner times (21, 22). Participants were then
dichotomized by the population median into early (midpoint
before 14:54) and late (midpoint after 14:54) eaters.

In addition, dietary intake was assessed using a single 24-
h dietary recall where participants indicated type, quantity,
and preparation of each recorded eating episode. Recalls were
conducted from Monday through Friday and thus captured
weekends (Sunday) and weekdays (from Monday to Thursday).
Frequency of eating was determined as the count of eating
episode reported during the 24-h period. In addition, 24-h and
per meal energy intake and macronutrient composition were
determined using the nutritional evaluation software program
Nutrilet, based on Spanish food composition tables (23). From
the 24-h dietary recalls, the intake of several food groups and
dietary scores were also estimated including a Mediterranean
Diet Score that is comprised of 9 food groups: 7) vegetables and
greens; 2) pulses (lentils, beans, chickpeas, and peas); 3) fruit
and nuts; 4) dairy products (milk, yogurt, and cheese); 5) cereals;
6) meat, meat derivatives, and eggs; 7) fish; 8) fat quality index:
MUFASs to SFAs ratio; and 9) alcohol (24, 25). Other investigated
food groups included soft drinks, which included carbonated and
sweetened beverages.

Sleep traits, morningness—eveningness preference, and
physical activity

Sleep duration was estimated by the following questions: “On
weekdays (or weekends), at what time do you usually go to
bed?” and “On weekdays (or weekends), at what time do you
usually get up in the morning?” Sleep duration was determined
as the difference between bed and wake times. As no participants
worked irregular shifts, weighted weekly sleep duration was



156 Dashti et al.

calculated as: [(weekday sleep duration x 5) + (weekend sleep
duration x 2)]/7. In addition, the following question was asked
regarding the number of awakenings during nocturnal sleep: “On
weekdays (or weekends), how many times do you usually wake-
up during the night?” and a weighted weekly awakenings per
night was calculated as: [(weekday number of awakenings x 5)
+ (weekend number of awakenings x 2)]/7.

To define participants’ diurnal preference as morning or
evening chronotypes, participants also completed the 19-item
scale Morningness—Eveningness Questionnaire (MEQ) (26).
MEQ scores were used to classify participants as: evening types
when scores were <53 points, morning types when scores
were >64 points, or intermediate types when scores were within
the range of 53-64 points. In addition, participants completed
the International Physical Activity Questionnaire that assesses
physical activity over the past 7 d. This questionnaire has
been previously validated in a Spanish population, and good
correlation was obtained with accelerometer-derived physical
activity estimates (27, 28). A total activity score capturing
intensity and timing was calculated as Metabolic Units (METSs)
in minutes per week.

Body composition and cardiometabolic profiles

Participants were weighed upon enrollment (i.e., baseline)
on a digital body weighing scale to the nearest 0.1 kg while
barefoot and wearing light clothing at a clinical center. Height
was assessed using a Harpenden digital stadiometer (with a rank
of 0.7 to 2.05) while standing in a relaxed upright position with
their head oriented in the Frankfurt plane. BMI was calculated
as weight (kg)/height? (m), and obesity was defined as BMI >30
kg/m?. In addition, waist circumference was measured at the level
of the umbilicus. Body fat composition was determined with
bioelectrical impedance, using the TANITA TBF-300 equipment
(Tanita Corporation of America).

Participants were asked to fast for 8 h for their baseline
visit and blood was collected between 08:00 and 08:30.
Fasting glucose was determined in serum with the glucose
oxidase method (29). Plasma concentrations of triglycerides,
total cholesterol, and HDL cholesterol were determined using
standard commercial kits (Roche Diagnostics GmbH), whereas
LDL was estimated by the Friedewald equation. Using fasting
glucose and insulin measures, HOMA-IR was calculated using
the standard formula: fasting glucose (mmol/L) x fasting insulin
(mIU/L)/22.5 (30). Arterial systolic and diastolic blood pressures
were measured with a mercury sphygmomanometer. Morning
appetite was also determined via survey with the question: “How
is your appetite during the first hour after waking up in the
morning?” with responses “very low,” “low,” “high,” and “very
high.” Furthermore, in a subset of participants (n = 685), satiety
and hunger hormones, leptin and ghrelin, were measured by
radioimmunoassay (LincoResearch).

Weight-loss rate and weight-loss barriers survey

Weight loss was measured weekly during the intervention at
the clinical center. Weight-loss rate was determined as the average
grams of body weight lost per week during the intervention
period. Weight-loss success was defined as those participants who
had not dropped out of the weight-loss program and had lost

>7% of their initial body weight or achieved a cumulative total
weight loss of 5.8 kg (median) by the end of the intervention
period, which varied across participants, and before starting the
maintenance period.

In addition, during the fifth week of the weight-loss interven-
tion, participants completed the Barriers to Weight Loss survey
(19). The optional survey consisted of 29 questions across 6
sections (Supplemental Table 1): /) meal recording, weight
control, and weekly interviews; 2) eating habits; 3) portion size;
4) food and drink choice; 5) way and timing of eating; and 6) other
obstacles to weight loss. Questions had 3 possible responses:
“never,” “sometimes,” and ‘“always,” which corresponded to
specific points (Supplemental Table 1). A higher cumulative
score generally reflects more barriers to weight loss. Scores were
dichotomized to presence (score >1) or absence (score <1) of
weight-loss barriers. Furthermore, weight-loss motivation was
assessed with the question: “Have you lost your motivation to
lose weight?” and dichotomized to yes/no.

Statistical analysis

Nonnormally distributed variables including fasting insulin,
HOMA-IR, leptin, and ghrelin, were logarithmically trans-
formed. Baseline analyses included all 3362 enrolled participants
and weight-loss analyses were limited to the first 19 wk of
treatment (mean duration of the weight-loss intervention period)
and restricted to 2119 participants who had completed the weight-
loss intervention. Linear regression models were performed
to assess differences between late and early eaters in their
baseline BMI (primary outcome) and other adiposity measures,
cardiometabolic traits, and satiety hormones. Analyses were
adjusted for age, sex, clinic site, year of recruitment, and
BMI (for all outcomes except BMI). In sensitivity analyses,
models were then further adjusted for the following potential
confounders separately: meal frequency, dietary factors (soft
drinks and dairy products), sleep duration, or MEQ score. Results
are presented as S-coefficients and their corresponding 95%
CIs. Moreover, logistic regression models were fitted to estimate
the ORs and 95% Cls of late eating with /) morning appetite
(low compared with high), 2) baseline obesity (obese category
compared with normal weight) and weight-loss success, and
3) obesogenic behaviors and dichotomized barriers score and
motivation. Similarly, models were adjusted for age, sex, clinic
site, year of recruitment, and baseline BMI (for all outcomes
except obesity), and further adjusted for potential confounders in
sensitivity analyses. We further performed analysis of covariance
to assess differences between early and late eaters in their
dietary intake, adjusted for age, sex, clinic site, and year of
recruitment. Statistical analyses were conducted using SPSS 20.0
software (SPSS, IBM) and the STATA 15 statistical software
(Stata Corporation). A 2-tailed P-value of <0.05 was considered
statistically significant.

Results

Baseline characteristics and lifestyle traits

A total of 3362 overweight and obese adults [mean (SD): age:
41 y (14)(range 18, 84); 79.2% women, BMI: 31.0 (5.6) kg/mz;
51.4% obese] were enrolled (Table 1). The average clock times
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TABLE 1 Baseline characteristics and lifestyle traits of participants (n = 3362)

Early eaters Late eaters

Characteristic Total (n =1670) (n=1692) P value
Sex, % female 79.2 77.5 80.8 0.02
Age,y 40.7 £ 135 412 £ 129 402 £+ 14.1 0.02
BMI, kg/m? 31.0 £ 5.6 307 £ 53 314 £ 59 0.001
Dietary traits
Energy intake, kcal 1931.6 £ 706.5 1934.0 £ 709.3 1929.3 + 703.9 0.99
Protein, g 82.6 £ 31.9 83.2 £+ 32.7 81.9 £ 31.2 0.58
Fat, g 86.9 + 45.8 86.1 + 45.9 87.8 &£ 45.7 0.29
Carbohydrates, g 197.1 £ 87.0 197.8 £ 86.2 196.1 £ 87.9 0.42
Meal frequency 4.1 £ 0.8 4.1 £ 038 40 = 0.8 <0.001
Morning appetite, % high or very high 40.8 453 35.8 <0.001
Meal timing
Breakfast 08:31 £ 0:58 07:51 £ 0:37 09:11 £ 0:49 <0.001
Lunch 14:36 £+ 0:34 14:32 + 0:34 14:39 £ 0:33 <0.001
Dinner 21:21 £ 0:37 21:02 £ 0:31 21:39 £ 0:34 <0.001
Midpoint of intake 14:56 £ 0:37 14:27 £ 0:20 15:25 £ 0:25 <0.001
Meal energy density, % total
Breakfast 183 £ 11.8 17.8 £ 11.5 189 + 12.2 0.12
Second breakfast 10.1 £ 10.5 11.3 £ 104 8.8 £ 10.5 <0.001
Lunch 38.8 £ 13.9 383 + 134 39.3 + 143 0.30
Evening 7.9 £ 10.0 7.6 £ 99 8.2 £ 10.0 0.43
Dinner 28.3 £ 135 28.0 £ 135 28.7 £ 135 0.28
Sleep traits
MEQ score 524 £ 9.7 545 £ 93 50.2 £ 95 <0.001
Bedtime 23:52 £ 0:52 23:34 £ 0:48 0:13 £ 0:50 <0.001
Waketime 07:28 £ 0:54 07:06 £ 0:42 7:52 + 0:56 <0.001
Sleep duration, h 7.73 £ 1.02 7.65 + 0.96 7.81 = 1.07 <0.001
Nocturnal awakenings, n 2.03 £ 1.13 1.93 £+ 1.03 2.14 £ 1.22 0.004
Physical activity level, METs 3774.5 (5858.2) >3807.2 (5145.4) >3742.6 (6479.4) 0.05

Values are mean £ SD. P values are derived from the Kruskall-Wallis test for all variables except sex (chi-square test) and BMI and age (student’s
t-test). Significant values are represented in bold. MEQ, Morningness—Eveningness Questionnaire; METs = Metabolic Equivalents.

for breakfast, lunch, and dinner were 08:31, 14:36, and 21:21,
respectively, and lunch comprised the highest relative energy
density (39%), followed by dinner (28%) and breakfast (18%)
(Table 1). The population median midpoint of intake was ~15:00.
As expected, late eaters reported having all meals at a later clock
time than early eaters (all P <0.05), with the largest difference
of over 1 h observed for the timing of breakfast followed by
dinner with a 0.5-h difference. Except for soft drinks and dairy
product intake, no other differences were evident between early
and late eaters in dietary amount and quality and in the total and
per meal energy density and macronutrient composition (Table 1,
Supplemental Table 2).

Late eaters had lower MEQ scores (reflecting more evening
preference) compared with early eaters. In addition, late eaters
reported ~39 min later bedtime, ~46 min later wake time,
~9 min longer sleep duration, and 0.21 higher number of
nocturnal awakenings than early eaters (all P <0.05) (Table 1).
Physical activity levels were similar between late and early eaters
(Table 1).

Baseline adiposity and cardiometabolic profiles

Adiposity measures, cardiometabolic disease risk factors, and
morning satiety hormone concentrations differed between late
and early eaters at baseline and prior to weight-loss intervention.

Late eaters had a significantly higher baseline BMI (S-coefficient
0.80 kg/m 2; 95% CI: 0.44, 1.16 ; P value <0.001) (Table 2) and
22% [OR (95% CI): 1.22 (1.03, 1.44); P value = 0.02] higher
odds of being obese compared with early eaters (Figure 1). In
addition, body fat percentage (S-coefficient 0.47%; 95% CI: 0.04,
0.80; P value = 0.03) and waist circumference (B-coefficient
1.62 cm; 95% CI: 0.73, 2.50; P value <0.001) were higher in
late compared with early eaters (Table 2). In sensitivity analyses,
the associations observed for BMI and waist circumference did
not change upon further adjustment for diet- and sleep-related
covariates, however, the association for body fat percentage was
attenuated (Table 3).

Atbaseline, late eaters had higher fasting insulin (8-coefficient
0.03 mIU/L; 95% CI: 0.01, 0.05; P value = 0.005), HOMA-
IR (B-coefficient 0.03; 95% CI: 0.01, 0.06; P value = 0.003),
and triglycerides (B-coefficient 5.60 mg/dL; 95% CI: 1.67, 9.52;
P value = 0.005) compared with early eaters (Table 2). No
differences were observed in fasting glucose and blood pressure
(Table 2). In a subset of 685 participants with data on appetite
hormones, late eaters also had higher concentrations of the satiety
hormone leptin in the morning compared with early eaters, but
not the hunger hormone ghrelin (Table 2). In sensitivity analyses,
differences in cardiometabolic risk factors and morning leptin
concentrations remained significant after accounting for sleep-
and diet-related covariates, but not after accounting for MEQ
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TABLE 2 Cross-sectional associations between late eating and baseline adiposity traits, cardiometabolic traits, and satiety hormones in 3362 participants’

Late versus early eaters

Characteristic Early eaters Late eaters B2 (95% CI) P value
Adiposity traits
BMI, kg/m? 307 £ 53 314 £ 59 0.80 (0.44, 1.16) <0.001
Body fat, % 36.4 + 6.7 37.1 £ 6.9 0.47 (0.04, 0.80) 0.03
‘Waist circumference, cm 101.2 &+ 14.8 102.3 &+ 15.3 1.62 (0.73, 2.50) <0.001
Cardiometabolic traits
Fasting glucose, mg/dL 873 £ 155 87.1 £ 17.2 0.72 (—0.46, 1.90) 0.23
Fasting insulin,® mIU/L 73 + 64 7.8 £ 7.0 0.03 (0.01, 0.05) 0.005
HOMA IR, 1.66 £ 1.71 1.75 £ 1.87 0.03 (0.01, 0.06) 0.003
Triglycerides, mg/dL 99.6 + 52.7 103.1 £ 52.2 5.60 (1.67,9.52) 0.005
Total cholesterol, mg/dL 193.5 £ 37.9 190.0 &+ 35.7 —1.03 (—3.88, 1.83) 0.48
LDL-C, mg/dL 116.2 + 32.6 113.6 £ 31.2 —1.40 (—3.90, 1.09) 0.27
HDL-C, mg/dL 57.7 £ 15.1 56.1 + 14.6 —0.71 (—1.77,0.35) 0.19
Systolic blood pressure, mmHg 117.1 &+ 14.6 1169 + 14.8 0.002 (—0.10,0.11) 0.97
Diastolic blood pressure, mmHg 72.8 & 9.96 72.3 £ 10.3 —0.02 (=0.10, 0.04) 0.53
Satiety hormone
Leptin,>** ng/mL 18.1 + 137 20.2 + 14.1 0.06 (0.03, 0.10) 0.001
Ghrelin,>* ng/mL 1084.0 £ 1033.9 1077.5 £ 1008.5 —0.02 (—0.06, 0.01) 0.23

'Values are mean =+ SD.

2Data are presented as mean difference (95% CI) for late eaters compared with early eaters derived from linear regression models. Significant values are
represented in bold. Models are adjusted for age, sex, clinic site, year of recruitment, and BMI (except for adiposity outcomes).

3Trait log transformed in analytical model.

4n = 685.

score (Table 3). Consistent with measured satiety hormones, = Weight-loss rate and weight-loss barriers
compared with early eaters, late eaters reported being less likely

' F e ; Among 2119 participants who completed the weight-loss
to have a high appetite in the morning [OR (95% CI): 0.68 (0.56,

intervention, weight-loss success was 17% lower among late

0.82); P <0.001] (Figure 1). eaters compared with early eaters [OR (95% CI): 0.83 (0.70,

Outcome % Late, yes % Early, yes Adjusted OR (95% CIl) Pvalue
|

Baseline obesity 52.4% 50.2% :I—.—| 1.22 (1.03, 1.44) 0.02
|

High morning appetite 35.8% 45.3% e M| : 0.68 (0.56, 0.82) <0.001
|

Weight-loss success 48.2% 51.9% I—I—(: 0.83 (0.70, 0.99) 0.04
1
:

Weight-loss barriers 55.9% 49.3% :|—.—| 1.22 (1.03, 1.46) 0.03
:
|

Motivation 75.5% 79.1% '_.—|: 0.81 (0.66, 0.99) 0.04
i

Eating when stressed  46.5% 40.4% il—l—| 1.23 (1.03, 1.47) 0.03
|
|

Overeating at night 53.9% 48.4% :}—.—¢ 1.23 (1.01, 1.49) 0.04
I

Eating while watching TV 76.7%  71.6% R 1.28 (1.05, 1.57) 0.01
|
I I T

T T T 1
0.6 0.8 1.0 1.2 1.4 1.6 1.8
OR (later eaters vs. early eaters)

FIGURE 1 Significant associations between late eating and baseline obesity (n = 3362), weight-loss success at the end of the weight-loss program
(n = 2119) and barriers and obesogenic behaviors determined from the Barriers to Weight Loss survey at the fifth week of treatment (n = 2154). Data are
presented as OR (95% CI) for late eaters compared with early eaters. Logistic regression models are adjusted for age, sex, clinic site, year of recruitment, and
baseline BMI (except for baseline obesity outcome).



TABLE 3 Sensitivity analyses for the cross-sectional associations between late eating with baseline adiposity traits, cardiometabolic traits, and satiety hormones further adjusting for potential confounders:

meal frequency, dietary factors, sleep duration, and morningness—eveningness score

Model 4

Model 3

Model 2

Model 1

P value B (95% CI) P value B (95% CI) P value B (95% CI) P value

B (95% CI)

Characteristic

Adiposity traits

0.61 (0.15, 1.07) 0.009
0.30
0.08

<0.001

0.80 (0.40, 1.19)

<0.001
0.11

0.01 0.84 (0.39, 1.29)

0.29
0.01

0.59 (0.14, 1.03)

BMI, kg/m?
Body fat, %

0.29 (—0.25, 0.82)
1.01 (=0.11, 2.13)

0.15

0.35(—0.12,0.81)
1.53(0.57,2.49)

0.44 (—0.10, 0.97)
1.69 (0.59, 2.79)

0.28 (—0.24, 0.79)
1.35(0.27,2.43)

0.002

0.003

‘Waist circumference, cm

Cardiometabolic traits

0.40
0.

0.59 (—0.79, 1.97)
0.02 (—0.004, 0.05)
0.02 (—0.003, 0.05)
1.78 (—3.06, 6.62)
—1.77 (—5.31, 1.78)
—2.01 (—5.12, 1.09)

0.14

0.03

0.01
<0.001

1.02 (—0.34, 2.39)
0.02 (0.002, 0.05)
0.03 (0.007, 0.06)
8.20 (3.72, 12.69)

—0.07 (=3.26,3.12)

—1.49 (—4.29, 1.30)

—0.42 (~1.62,0.78)

~0.02 (=0.12, 0.09)

—0.02 (=0.10, 0.06)

0.26
0.10

0.

0.83 (—0.61, 2.28)
0.02 (—0.004, 0.05)

0.59
0.02

0.38 (~1.00, 1.76)
0.03 (0.006, 0.05)
0.03 (0.006, 0.06)
5.53(0.90, 10.2)

—1.69 (=5.07, 1.69)

—1.97 (~4.93,0.99)

—0.56 (—1.85, 0.72)

—0.01 (—0.13,0.11)
—0.04 (—0.13, 0.04)

Fasting glucose, mg/dL

10

Fasting insulin,' mIU/L

HOMA-IR!

0.09
0.47
0.33
0.20
0.93
0.52
0.79

05

0.03 (—0.0003, 0.06)
5.40 (0.23, 10.6)

—1.22(—4.88, 2.45)

— 1.14 (=4.35,2.07)

—1.21 (=259, 0.17)

—0.01 (=0.14, 0.12)

—0.03 (=0.12, 0.06)

0.02

0.04
0.51

0.02
0.33
0.19
0.39
0.83
0.29

Triglycerides, mg/dL

0.97

Total cholesterol, mg/dL

LDL-C, mg/dL

0.30
0.49

0.48
0.09
0.87
0.50

0.06 (—1.28, 1.39)
0.04 (—0.09, 0.17)
—0.01 (—0.10, 0.08)

HDL-C, mg/dL

77
63

0.

Systolic blood pressure, mmHg

0.

Diastolic blood pressure, mmHg

Satiety hormone

0.008
0.43

0.06 (0.02, 0.11)
—0.02 (—0.06, 0.02)

0.35
0.

0.03 (—0.03, 0.08)
—0.0009 (—0.04, 0.04)

0.16
0.97

0.04 (=0.02, 0.10)
0.0008 (—0.04, 0.04)

0.02

0.06 (0.009, 0.11)
0.006 (—0.04, 0.05)

Leptin,"2 ng/mL
Ghrelin,"2 ng/mL
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96

0.79

Data are presented as mean difference (95% CI) for late eaters compared with early eaters derived from linear regression models. Significant values are represented in bold. All models are adjusted for age, sex, clinic site, year of recruitment, and BMI
(except for adiposity outcomes), then further adjusted for additional covariates: model 1 further adjusted for meal frequency; model 2 further adjusted for dietary factors (soft drinks and dairy products); model 3 further adjusted for sleep duration; and model 4

further adjusted for MEQ score.

! Trait log transformed in analytical model.

2n = 685.
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Morningness—Eveningness Questionnaire.
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FIGURE 2 Average weekly weight-loss rate (in grams per week) in early
and late eaters at the end of the weight-loss program (n = 2119). Data are
mean and SE of the mean for early and late eaters. P value is from the student’s
t-test.

0.99); P = 0.04] (Figure 1). On average, participants lost 537
(570) g per week, and late eaters had an average 80 g lower
weekly rate of weight loss than early eaters [weekly weight loss:
early, 585 (667) g; late, 505 (467) g; P = 0.008] (Figure 2). This
weight-loss rate accounted for 1.520 kg less weight loss at 19 wk
of the intervention. Each hourly delay in the midpoint of food
intake was associated with 49 (21) g less weight loss per week.

Based on responses from 2154 participants who completed
the optional Barriers to Weight Loss survey, overall, late eaters
had higher odds of facing weight-loss barriers [OR (95% CI):
1.22 (1.03, 1.46); P = 0.03] and lower odds of motivation for
weight loss [OR (95% CI): 0.81 (0.66, 0.99); P = 0.04] compared
with early eaters (Figure 1). Specifically, late eaters had higher
odds of eating when stressed, overeating at night, and eating
while watching TV, compared with early eaters (Figure 1). In
sensitivity analyses, effect estimates remained largely unchanged
following further adjustment for other potential confounders
(Supplemental Table 3).

Discussion

In this large cohort of 3362 adults, we found that prior to
weight-loss intervention, late eaters had higher baseline BMI,
higher concentrations of triglycerides, and lower insulin sensi-
tivity compared with early eaters. These associations remained
significant after accounting for several lifestyle traits except for
individual chronotype (MEQ score), an important determinant
of food timing (1). Among 2119 participants who completed
the weight-loss intervention, we found that late eaters had lower
success and a lower weekly average rate of weight loss compared
with early eaters. In assessing the characteristics of late eaters,
we identified that late eaters were likely to have an evening
chronotype and lower morning appetite. In addition, we observed
that late eating was associated with several obesogenic behaviors
that may hinder weight-loss success.

Our findings are consistent with human studies that have
previously shown that late food timing is associated with
obesity (31), hyperglycemia (32), dyslipidemia (33, 34), insulin
sensitivity (35), and metabolic syndrome (36). We also found that
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the associations between late eating and higher concentrations of
triglycerides and lower insulin sensitivity were independent of
BMI. Furthermore, we identified no differences in total energy
intake and several dietary components, and physical activity
levels between late and early eaters, except for the intake of soft
drink and dairy products, providing additional evidence to food
timing as an independent risk factor and a novel dimension for
cardiometabolic health.

The lower weight-loss success rate of 80 g less body weight
per week in late eaters compared with early eaters is comparable
to previous smaller weight-loss trials, including postbariatric
surgery patients (4, 37). Although the weekly difference may
appear small, it accounts for ~1.5 kg difference in weight loss
at the end of the treatment program. Presented differently, each
hourly delay in the midpoint of meal intake was associated with
~50 g less weight loss per week. Thus, a 3-h delay in the midpoint
of meal intake resulting from delayed breakfast and dinner timing
(i.e., 07:00 to 10:00 breakfast and 20:00 to 23:00 dinner), for
instance, may contribute < ~150 g per week lower weight loss.

As expected, late eaters presented more obesogenic behaviors
and other characteristics known to act as barriers for successful
weight loss, likely impeding weight-loss success. Obesogenic
behaviors included being prone to stress-related eating and eating
at night while watching TV (38). Stress increases weight-loss trial
attrition and is a risk factor for weight gain (19). In addition, when
stressed, palatable foods may become increasingly rewarding
(39, 40). Late eaters were also more likely to be less motivated,
a critical characteristic that may hamper the initiation and
maintenance of any behavior change, including maintaining
a healthy diet (41, 42). Thus, future weight-loss strategies
designed for late eaters should target perceived weight-loss
barriers through motivational interviews or cognitive behavioral
therapies (43). Late eating in the present study was also associated
with higher concentrations of morning leptin contributing to low
morning appetite. Thus, behavioral therapies may be focused
on advancing dinner timing, rather than other meals (21), in
order to enhance appetite in the next morning. The attenuation
of the association between late eating and higher morning leptin
by sleep duration and dietary factors points towards potential
mechanisms mediating this relation.

Despite our large sample size and comprehensive car-
diometabolic and lifestyle evaluation of our participants, our
study has some limitations. In the present study, timings of eating
episodes were recalled in response to 2 questions at baseline
and may be susceptible to various biases and inaccuracies. In
addition, we dichotomized our population into early and late
eaters based on the midpoint of food intake. This approach
differs from other studies that based their classification on the
temporality of energy intake distribution (44, 45) or on the timing
of consuming 50% of daily calories (7). Analogous to sleep
midpoint [the midway point between sleep onset and wake-up
times that reflects overall sleep timing (46)], the midpoint of meal
intake is a heritable trait (64% heritability) that aims to reflect
overall timing of meals (21). This metric shows strong phenotypic
association with MEQ score (22), and substantial shared genetic
architecture, and likely common biological pathways, with sleep
timing and chronotype (21). In order to allow future comparisons
across studies and enable pooled analyses across datasets, it
is necessary to establish consensus with regards to the most
suitable and scalable approach to quantify food timing. Despite

our covariate adjustment for several sleep- and diet-related traits,
we recognize that a general weakness of observational studies is a
risk of bias due to residual confounding. Finally, genetic variants
relevant to food timing were unaccounted for in our analyses,
and future studies should investigate their specific role in the
associations between late eating and obesity (21, 47).

Overall, our findings show that late meal timing was associated
with reduced efficacy of weight-loss intervention, which is
consistent with the notion that advancing the timing of meal
intake may serve as a novel strategy for effective weight
management (35, 48, 49). Insights into the characteristics and
obesogenic behaviors related to late eating may be useful in the
development of future individualized and successful weight-loss
interventions.
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