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ORIGINAL RESEARCH

Association of Eating and Sleeping Intervals 
With Weight Change Over Time: The 
Daily24 Cohort
Di Zhao , PhD; Eliseo Guallar , MD, DrPH; Thomas B. Woolf , PhD; Lindsay Martin , MA;  
Harold Lehmann , MD, PhD; Janelle Coughlin, PhD; Katherine Holzhauer , BA; Attia A. Goheer , PhD; 
Kathleen M. McTigue, MD, MPH, MS; Michelle R. Lent , PhD; Marquis Hawkins , PhD;  
Jeanne M. Clark , MD, MPH; Wendy L. Bennett , MD, MPH

BACKGROUND: We aim to evaluate the association between meal intervals and weight trajectory among adults from a clinical 
cohort.

METHODS AND RESULTS: This is a multisite prospective cohort study of adults recruited from 3 health systems. Over the 6- month 
study period, 547 participants downloaded and used a mobile application to record the timing of meals and sleep for at least 
1 day. We obtained information on weight and comorbidities at each outpatient visit from electronic health records for up to 10  
years before until 10 months after baseline. We used mixed linear regression to model weight trajectories. Mean age was 51.1 
(SD 15.0) years, and body mass index was 30.8 (SD 7.8) kg/m2; 77.9% were women, and 77.5% reported White race. Mean 
interval from first to last meal was 11.5 (2.3) hours and was not associated with weight change. The number of meals per day 
was positively associated with weight change. The average difference in annual weight change (95% CI) associated with an 
increase of 1 daily meal was 0.28 kg (0.02– 0.53).

CONCLUSIONS: Number of daily meals was positively associated with weight change over 6 years. Our findings did not support 
the use of time- restricted eating as a strategy for long- term weight loss in a general medical population.

Key Words: eating behavior ■ eating intervals ■ weight trajectory

Overweight and obesity are well- established modifi-
able chronic disease risk factors that affect >70% 
of US adults.1 The limited success of behavioral 

approaches targeting calorie restriction, modified diet 
composition, and increased physical activity to control 
overweight and obesity have prompted the develop-
ment of alternative strategies that can increase success 
rates.2– 5 Experimental and mechanistic studies suggest 
that the timing of food intake (eg, through intermittent 
fasting or time- restricted feeding) could regulate meta-
bolic function and reduce body weight.2,6– 8 Specifically, 

time- restricted feeding, restricting food intake to 4 to 
12  hours per day without reduced calorie intake, has 
been associated with improved body weight homeo-
stasis and is a proposed weight reduction strategy.9– 11 
However, in randomized clinical trials, time- restricted 
meal regimens resulted in similar weight loss compared 
with eating throughout the day12– 15 but had beneficial ef-
fects on cardiometabolic risk factors, including abdomi-
nal fat loss, glucose regulation, insulin resistance, blood 
pressure, and lipid profile.7,14,16 Nevertheless, these stud-
ies were limited by small sample sizes, relatively short 

Correspondence to: Wendy L. Bennett, MD, MPH, Associate Professor of Medicine, Department of Medicine, Division of General Internal Medicine, Johns 
Hopkins School of Medicine, 2024 E. Monument Street, Baltimore, MD, 21205. Email: wendy.bennett@jhmi.edu

Presented in part at the American Heart Association EPI|Lifestyle Scientific Sessions 2021, held virtually from May 20- 21, 2021, and published in abstract form 
[Circulation. 2021;143:A017 or https://doi.org/10.1161/circ.143.suppl_1.017].

Supplemental Material is available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.122.026484

For Sources of Funding and Disclosures, see page 8.

© 2023 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution- NonCommercial- NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non- commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

D
ow

nloaded from
 http://ahajournals.org by on February 15, 2023

https://orcid.org/0000-0002-9978-6773
https://orcid.org/0000-0002-4471-9565
https://orcid.org/0000-0003-4523-2772
https://orcid.org/0000-0002-5822-6542
https://orcid.org/0000-0002-7698-219X
https://orcid.org/0000-0002-4121-8319
https://orcid.org/0000-0001-5908-7049
https://orcid.org/0000-0001-7892-1879
https://orcid.org/0000-0002-8633-556X
https://orcid.org/0000-0003-1194-0092
https://orcid.org/0000-0001-9828-0706
mailto:
mailto:wendy.bennett@jhmi.edu
https://doi.org/10.1161/circ.143.suppl_1.017
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.122.026484
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2023;12:e026484. DOI: 10.1161/JAHA.122.026484 2

Zhao et al Eating Intervals and Weight Trajectories

durations, and populations with specific conditions such 
as prediabetes13 or overweight/obesity.12,14

Questions remain about the potential bene-
fits of time- restricted eating patterns, especially the 
challenges with maintaining this eating behavior.17 
Observational studies are better suited to evaluate 
long- term changes, but no population- based stud-
ies have been specifically designed to evaluate the 
association between meal intervals and changes in 
weight over time. In a secondary data analysis from a 
weight loss trial of 420 Spanish participants followed 
for 20 weeks showed that later lunch eaters (after 3 pm) 
had less weight loss compared with early lunch eaters 
(before 3 pm) with equivalent caloric intake and physi-
cal activity.18 However, previous studies were not able 
to evaluate meal intervals as they lacked real- time as-
sessments of eating time.

In addition to windows between meals, the role of 
the frequency and size of meals on weight has been 
also controversial.19 Cross- sectional studies have 
shown that a greater meal frequency was either not as-
sociated,20 or associated with a reduced prevalence of 
abdominal21,22 and general obesity,22,23 while 2 large- 
scale prospective cohort studies showed that greater 
meal frequency was associated with increased weight 
gain and body mass index (BMI).24,25

The primary objective of this cohort study was to 
evaluate the longitudinal association between time 
from first to last meal with weight trajectories over time 
among adults in a population- based clinical cohort 

with detailed real- time information collected using a 
dedicated smartphone application. The secondary ob-
jectives were to evaluate the associations of time from 
wake- up to first meal, last meal to sleep, sleep dura-
tion, and the number of meals with weight trajectories.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon rea-
sonable request. We recruited a cohort of adults from 
3 health care systems included in the PaTH Clinical 
Research Network (Johns Hopkins Health System, 
Geisinger Health System, and University of Pittsburgh 
Medical Center).26 PaTH is a Partner Network of 
PCORnet (National Patient- Centered Clinical Research 
Network). Institutional review board approval was 
obtained at The Johns Hopkins School of Medicine, 
which has a reliance agreement with the other insti-
tutional review boards. All research participants gave 
informed consent.

Study Participants
Potentially eligible participants were adults aged 
≥18 years with electronic health records (EHR) in 1 of 
the 3 health systems, who had at least 1 weight and 
1 height measurement registered in the EHR within 
the 2 years before the enrollment window (February 
1, 2019– July 31, 2019). Patients received a recruit-
ment email or a patient portal message with an invita-
tion to participate and a personalized enrollment link. 
Interested subjects completed a web- based consent 
form and a baseline online questionnaire. We excluded 
subjects who were not proficient in English, as the 
consent, survey, and mobile app were only available 
in English.

Data Collection
Daily24 Mobile App

With feedback from end users and patient stakeholders, 
our team designed the Daily24 mobile application for 
participants to record their timing of waking up, sleep-
ing, and each eating occasion for each 24- hour window 
in real- time.27 The details of the design, functionality, 
and screen shots of the mobile app are described in a 
manuscript by Woolf and colleagues.27 Briefly, the only 
eating behaviors assessed were meal timing (ie, when 
meals were consumed) and approximate meal size. For 
each eating occasion, participants first indicated the 
time using a 24- hour wheel and then selected the type 
and estimated size of meal from a drop- down menu 
(ie, small meal [<500 calories], medium [500– 1000 cal-
ories], or large [>1000 calories]) (Figure  S1).28 Emails, 
short message service text messages, and in- app no-
tifications encouraged participants to use the app as 

CLINICAL PERSPECTIVE

What Is New?
• In this electronic health record- based cohort 

study of 547 participants from 3 health systems, 
the number of daily meals was positively associ-
ated with weight change over 6.3 years, but the 
time interval between first and last meal was not 
associated with weight change.

What Are the Clinical Implications?
• The frequency, rather than the timing, of meals 

is a stronger determinant of weight change over 
time.

• When counseling patients about weight gain pre-
vention, limiting the frequency of large meals is 
more beneficial than restricting eating windows.

Nonstandard Abbreviations and Acronyms

PCORnet Patient- Centered Outcomes Research 
Network
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much as possible during the first 4 weeks after down-
loading the app and then again in subsequent “power 
weeks” (1 per month for 6 months). For sleep duration, 
participants indicated on the 24- hour wheel the time of 
falling asleep the previous night and the time of waking 
up in the current day. Nighttime awakening and day-
time naps were not captured. The entries for a given 
day were considered complete when the participant 
selected the “done for the day.” To ensure data quality, 
participants were not allowed to enter information more 
than 48 hours, retrospectively. If the participants had 
questions, they reached out to the study staff through 
emails, phone calls, or text messages. We used multi-
ple engagement strategies to encourage frequent app 
use during the study period, including text reminders, 
badges, and raffles.

Based on the timing of sleep and eating occasions, 
for each day we calculated the duration of the interval 
from the first to the last meal, from waking to the first 
meal, and from the last meal to sleep. Sleep duration 
was calculated as the time from falling asleep to wak-
ing up. Meal and sleep intervals were calculated only 
for complete daily entries, and data from all complete 
days were averaged across all complete days for each 
participant.

Study Surveys

Participants completed an online survey at enrollment 
and were asked to report their weight at baseline and 
in a 4- month follow- up survey. Race, sex, education, 
income, smoking status, weight intentions, and be-
havioral variables were self- reported from the survey 
at enrollment. Physical activity was collected using 
the International Physical Activity Questionnaire29 and 
categorized into low, moderate, and high activity levels 
based on duration and intensity. Food intake was col-
lected using the Dietary Screener Questionnaire.30

Electronic Health Records

For each participant, we obtained all weight and 
height information available from up to 10 years be-
fore enrollment until 10 months after enrollment from 
EHR data collected in outpatient visits. Enrollment 
weight was identified as the EHR weight measure-
ment at the closest visit before the enrollment date. 
BMI was calculated as weight in kilograms divided by 
height in meters squared. Baseline and pre- enrollment 
BMI measurements were calculated from weight and 
height measurements available in the EHR. For pre- 
enrollment weights, we used as many outpatient 
EHR weight measurements as available. For post- 
enrollment weights, because of the fewer weight 
measurements available because of the short follow-
 up period, we used all available outpatient EHR weight 

measurements, as well as the self- reported weight 
from the 4- month follow- up survey. The Bland– Altman 
plot showed good agreement between EHR- derived 
and the self- reported enrollment weight (Figure  S2; 
Intraclass Correlation Coefficient=0.97). Comorbidities 
including chronic kidney disease, acute myocardial 
infarction, chronic obstructive pulmonary disease, 
heart failure, hypertension, ischemia heart disease, 
and stroke were obtained from EHR diagnoses and 
procedure codes obtained from each health system’s 
PCORNet Common Data Model.31

Deidentified Token and Data Linkages

A deidentified alphanumeric token (9 characters) was 
embedded in all enrollment links. Upon consent, par-
ticipants were asked to provide identifying information 
(full name, date of birth, and email) enabling staff to 
confirm eligibility and link each participants’ survey 
data to the EHR. Month of birth was inserted into the 
token as a check digit. Following enrollment, partici-
pants received a text message on their mobile phones 
with a unique link that included the token to the Daily24 
registration form allowing linkage of all participant data 
(survey, EHR, mobile app).

Statistical Analysis
We compared the baseline characteristics for all par-
ticipants by BMI categories using ANOVA for means, 
Kruskal– Wallis for medians, and the χ2 tests for per-
centages. We evaluated the association between aver-
age meal and sleep- related time intervals and weight 
trajectories. The primary analysis included all weight 
measurements available for each participant. In sec-
ondary analyses, we separated the weight trajectories 
in 2 periods, pre- enrollment and post- enrollment.

We created linear mixed effect models to evaluate 
the associations between each exposure and the lon-
gitudinal weight trajectories. The models included time 
since enrollment, the exposure of interest as a con-
tinuous variable (each exposure in a separate model), 
and interaction terms for the time variable and the ex-
posure. These interaction terms provided estimates for 
the differences in the slope in the weight trajectory per 
unit change in exposure. The linear mixed models in-
cluded random intercepts and random slopes for time. 
In secondary analyses, time since enrollment was 
modeled as a linear spline with a knot at enrollment 
time (time 0).

To control for potential confounders, we evaluated 3 
models with progressive degrees of adjustment. Model 
1 adjusted for age at enrollment, sex, health center, 
race, education, physical activity, and height. Model 
2 additionally adjusted for smoking, time- varying co-
morbidities including diabetes, chronic kidney disease, 
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acute myocardial infarction, chronic obstructive pulmo-
nary disease, heart failure, hypertension status, isch-
emic heart disease, stroke, and number of complete 
days of using the app for each participant. Additionally, 
we assessed the associations of all primary and sec-
ondary exposure variables of interest in a single, mutu-
ally adjusted model.

In sensitivity analyses, we restricted the analyses to 
participants who completed data entry for ≥21 days, 
to participants who did not plan to make changes to 
timing of meals, to participants with same meal pat-
terns for at least the past 2 years, and to weight mea-
surements up to 2 years before enrollment. Two- sided 
P<0.05 was considered statistically significant. All sta-
tistical analyses were performed using Stata version 
16.0 (StataCorp LP, College Station, TX). With 547 
participants and 12 805 records, the covariance ma-
trix among weight measurements of 0.9 and the SD of 
slope of 0.5, we were able to detect a limit of annual 
weight change of 0.42 kg, with a CI of 0.95, which was 
computed from a t distribution using a 2- sided, multi-
variate statistic.

RESULTS
Enrollment was determined by electronic consent and 
completion of baseline surveys (n=1017). Enrolled par-
ticipants then received instructions on how to down-
load the Daily24 mobile application. We excluded 
participants who did not download the Daily24 app 
or did not use it for at least 1 day (n=470). The final 
sample included 547 (54%) participants (Figure  S3). 
Differences between and determinants of participants 
who downloaded and did not download the applica-
tion are reported separately.32 Briefly, participants who 
downloaded and used the application were younger 
and more educated (Table S1).

Among the 547 in our sample, the mean (SD) num-
ber of weight measurements in the EHR were 23.7 
(22.9) overall, 21.3 (21.5) before enrollment, and 3.4 
(3.1) in the 6 months after enrollment. The mean (SD) 
follow- up time of weights in the EHR was 6.3 (SD 2.9) 
years (Table 1). The mean (SD) times from first to last 
meal, wake up to first meal, last meal to sleep, and 
sleep duration of study participants were 11.5 (2.3), 1.6 
(1.9), 4.0 (2.1), and 7.5 (1.2) hours, respectively (Table 2). 
Participants with higher BMI levels at enrollment were 
more likely to be Black and older, have diabetes or hy-
pertension, have a longer duration from last mealtime 
to sleep, and were more likely to have lower education, 
physical activity, less fruit/vegetable consumption, and 
shorter duration from first to last meal.

Time from first to last meal, wake up to first meal, 
last meal to sleep, and total sleep duration at enroll-
ment were not associated with weight change over 

follow- up time (Figure, Table 3). In models adjusted for 
potential confounders (Model 1), each 1- hour increase 
in time from first to last meal at baseline was associ-
ated with a 0.005 kg (95% CI, −0.08 to 0.09) average 
annual weight change. The annual weight changes 
over follow- up associated with time from wake up to 
sleep, time from last meal to sleep, and sleep duration 
were 0.02 kg (95% CI, −0.08 to 0.12), 0.07 kg (95% CI, 
−0.03 to 0.17), and 0.11 kg (95% CI, −0.06 to 0.28), re-
spectively. Results of the fully adjusted model (Model 2) 
were similar to Model 1. These associations were con-
sistent during the period before and after enrollment, 
except for time from last meal to sleep, which showed 
an inverse trend with weight change after enrollment 
(Table 3).

Total daily number of large and medium meals was 
associated with increased weight over follow- up time, 
while total number of small meals was associated 
with decreasing weight. The average annual weight 
changes (95% CI) associated with a daily increase of 
one large, medium, or small meal were 0.69 kg (95% CI, 
0.19– 1.18), 0.97 kg (95% CI, 0.64– 1.29), and −0.30 kg 
(95% CI, −0.53 to −0.07), respectively. These associ-
ations of number of meals with weight trajectory were 
consistent before enrollment and after enrollment, al-
though the associations after enrollment did not reach 
the level of statistical significance.

In sensitivity analyses excluding participants who 
used the app for a shorter duration (ie, <21 days of 
usage, Table S2), the association between time from 
wake up to first meal with weight gain was stronger. 
We also performed sensitivity analyses among par-
ticipants who self- reported not planning to change 
their meal timing (ie, used to assess stability of their 
eating patterns over time) (Table S3), among partici-
pants with <5% weight change in 3 months after en-
rollment (Table S4), among participants with weight 
measures up to 2 years before enrollment (Table S5), 
among participants with same meal patterns for at 
least the past 2 years (Table S6), and in analyses in 
which interval variables were mutually adjusted for 
one another (Tables S7 and S8). Results from these 
additional analyses were consistent with the main 
analysis.

DISCUSSION
In this EHR- based retrospective and prospective co-
hort composed of men and women with linked mo-
bile application recorded data, online surveys, and 
repeated EHR outpatient weight measurements, the 
window of time between first to last meal was not as-
sociated with weight change over an average of about 
6 years of follow- up. However, the average daily num-
ber of large and medium meals was associated with 
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increased weight over time, suggesting that the meal 
frequency and meal sizes, rather than the timing of 
meals, was a stronger determinant of weight gain over 
time. Our analysis also suggested that some dietary 
behaviors, such as the total number of meals per day, 
may be representative of long- term dietary patterns 

and were associated with weight trajectories up to 
10 years before the time of dietary measurements.

Although experimental studies have suggested that 
time- restricted eating could improve circadian rhythms 
and play a role in metabolic regulation,7,33 our study did 
not detect an association in a population with a wide 

Table 1. Characteristics of Study Participants by BMI Categories at Time of Enrollment*

Overall

BMI categories, kg/m2

P value†<25 25– <30 ≥30

No. 547 138 169 240

Follow- up time, y 6.3 (2.9) 6.2 (3.1) 6.2 (3.1) 6.4 (2.8)

Before enrollment 5.9 (2.8) 5.9 (2.9) 5.8 (3.0) 6.0 (2.7)

After enrollment 0.6 (0.4) 0.6 (0.3) 0.6 (0.4) 0.7 (0.4)

Annual weight change, kg/y

Before enrollment −0.1 (2.8) 0.3 (1.9) −0.1 (2.2) −0.3 (3.4) 0.12

After enrollment 0.1 (34.2) 0.4 (27.8) 2.6 (31.1) −2.9 (41.8) 0.55

Age, y 49.3 (15.0) 46.4 (17.3) 49.7 (15.5) 50.7 (13.0) 0.02

Men, % 110 (20.1) 26 (18.8) 47 (27.8) 37 (15.4) 0.008

Race, % <0.001

White 437 (79.9) 213 (85.5) 236 (79.5) 339 (72.0)

Black 67 (12.2) 13 (5.2) 37 (12.5) 99 (21.0)

Asian 16 (2.9) 17 (6.8) 7 (2.4) 5 (1.1)

Other (≥2 races) 27 (4.0) 6 (2.4) 17 (5.7) 28 (5.9)

Education ≥College, % 428 (78.2) 120 (87.0) 139 (82.2) 169 (70.4) 0.001

Current smoking, % 10 (1.8) 2 (1.4) 2 (1.2) 6 (2.5) 0.58

Fruit and vegetables, cup 
equivalent/day

3.0 (1.4) 3.2 (1.4) 2.8 (1.4) 2.9 (1.4) 0.03

Sugar sweetened beverages, 
tsp equivalent/day

0.7 (1.2) 0.6 (1.0) 0.8 (1.2) 0.8 (1.3) 0.38

Dairy, cup equivalent/day 1.1 (0.9) 1.1 (0.9) 1.0 (0.8) 1.2 (1.0) 0.05

Physical activity, % <0.001

Low 184 (33.6) 22 (15.9) 49 (29.0) 113 (47.1)

Moderate 208 (38.0) 58 (42.0) 65 (38.5) 85 (35.4)

High 155 (28.3) 58 (42.0) 55 (32.5) 42 (17.5)

Night eating syndrome, % 6 (14) 0 (0) 1 (7) 5 (21) 0.29

Health- related app use in past 
6 mo, %

0.03

0 85 (15.5) 33 (23.9) 24 (14.2) 28 (11.7)

≤5 406 (74.2) 93 (67.4) 129 (76.3) 184 (76.7)

>5 56 (10.2) 12 (8.7) 16 (9.5) 28 (11.7)

Diabetes, % 59 (10.8) 3 (2.2) 13 (7.7) 43 (17.9) <0.001

Chronic kidney disease, % 54 (9.9) 9 (6.5) 11 (6.5) 34 (14.2) 0.01

Acute myocardial infarction, % 1 (0.2) 0 (0.0) 1 (0.6) 0 (0.0) 0.33

Chronic obstructive pulmonary 
disease, %

80 (14.6) 14 (10.1) 20 (11.8) 46 (19.2) 0.03

Heart failure, % 13 (2.4) 5 (3.6) 3 (1.8) 5 (2.1) 0.53

Hypertension, % 200 (36.6) 26 (18.8) 50 (29.6) 124 (51.7) <0.001

Ischemic heart disease, % 38 (6.9) 7 (5.1) 11 (6.5) 20 (8.3) 0.47

Stroke, % 22 (4.0) 4 (2.9) 9 (5.3) 9 (3.8) 0.54

*BMI at the time of enrollment was the electronic health records weight measurement at the closest visit before the enrollment date. Data are mean (SD) or 
number (percentage). BMI indicates body mass index.

†P values were derived from ANOVA or χ2 tests.
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range of body weights. In a small pilot study (n=8) of 
participants whose dietary assessment was collected 
with a mobile application, reducing the daily eating 
duration contributed to weight loss over 16 weeks.10 In 
another pilot study (n=10) of elderly overweight adults, 
time- restricted feeding resulted in 2.6 kg weight loss 
after 4 weeks’ time- restricted feeding intervention.34 
Nevertheless, in randomized clinical trials of up to 116 
overweight or obese participants, up to 1 year after 
intervention, time- restricted eating did not increase 
weight loss compared with no intervention or consis-
tent meal timing schedule.12– 14 Our finding of a lack of 

association between the time from first to last meal 
and weight changes was consistent with the results of 
these clinical trials.

Importantly, we found an association between 
the eating of more frequent and larger meals per day 
and weight increase, indicating that total overall ca-
loric intake is the major driver of weight gain. In ran-
domized clinical trials of women who are lean (n=9),35 
overweight (n=10),36 or obese (n=30),37 greater meal 
frequency without additional caloric restriction did 
not change body weight after follow- up between 2 
to 8 weeks. Conversely, a crossover trial of 15 adults 

Table 2. Interval Duration of Study Participants by BMI Categories at the Outpatient Visit Closest to Enrollment

Overall

BMI categories, kg/m2

P value‡<25 25– <30 ≥30

No. 547 138 169 240

Time from first to last meal, h* 11.5 (2.3) 11.9 (2.2) 11.5 (2.1) 11.2 (2.4) 0.008

Time from wake up to first meal, h* 1.6 (1.9) 1.5 (1.9) 1.6 (2.0) 1.8 (1.8) 0.49

Time from last meal to sleep, h* 4.0 (2.1) 3.4 (1.2) 4.1 (2.6) 4.2 (2.0) 0.001

Sleep duration, h* 7.5 (1.2) 7.6 (1.0) 7.4 (1.0) 7.5 (1.4) 0.21

No. of meals per day† 3.0 (2.6– 3.4) 3.0 (2.5– 3.3) 3.0 (2.5– 3.4) 3.0 (2.6– 3.4) 0.48

No. of large meals per day† 0.2 (0.0– 0.6) 0.2 (0.0– 0.6) 0.2 (0.0– 0.5) 0.3 (0.0– 0.6) 0.67

No. of medium meals per day† 1.3 (0.9– 1.7) 1.2 (0.9– 1.6) 1.2 (0.9– 1.6) 1.4 (1.0– 1.8) 0.08

No. of small meals per day† 1.2 (0.7– 1.8) 1.1 (0.6– 1.7) 1.3 (0.7– 1.9) 1.2 (0.7– 1.7) 0.60

BMI indicates body mass index.
*Data are mean (SD).
†Data are median (interquartile).
‡P values were derived from ANOVA or Kruskal– Wallis tests.

Figure. Average differences in annual weight change (kg) per unit increase in interval duration and meal frequency.
The forest plot represents the average difference in annual weight change (kg) per 1 hour increase in interval duration and per 1 meal 
increase in meal frequency. For instance, an increase in 1 large meal per day was associated with an average annual weight increase 
of 0.69 kg (95% CI, 0.19– 1.18 kg). Models were adjusted for age at consent (continuous, years), sex (men; women), center (Geisinger; 
Johns Hopkins University; Pittsburgh), race (White; Black; Asian; Pacific Islander, American Indian, other; ≥2 races), education (≤high 
school; some college; ≥college), income (<$35k; $35– <50k; 50– <75k; ≥75k; do not know), height (continuous, meters), current smoking 
(yes, no), time- varying diabetes (yes, no), chronic kidney disease (yes, no), acute myocardial infarction (yes, no), chronic obstructive 
pulmonary disease (yes, no), heart failure (yes, no), hypertension status (yes, no), ischemia heart disease (yes, no), stroke (yes, no), and 
number of complete days for using the app (continuous, days). IQR indicates interquartile range.
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with normal- weight showed that reduced meal fre-
quency led to weight loss at 8 weeks.38 Two large lon-
gitudinal studies, the Adventist Health Study 2 with 
50 660 participants and 7 years of follow- up, and the 
Health Professionals Follow- up Study with 20 064 
participants and 10 years of follow- up, found an as-
sociation between greater eating frequency and in-
creased weight gain.24,25 On the contrary, the NHANES 
(National Health and Nutrition Examination Survey) I 
Epidemiologic Follow- up Study, with 7147 participants 
and 10 years of follow- up, did not find an association 
between eating frequency and weight changes.39 
Finally, cross- sectional studies have shown differ-
ent associations between eating frequency and BMI, 
ranging from positive,40 to null,20 to inverse associa-
tions.21– 23 The discrepant findings may be attributable 
to lack of standard approaches to define or measure 
eating behaviors, as eating frequency was measured 
using single- day 24- hour dietary recall,21,23,40 daily food 
booklet,20 or questionnaire that included both snacks 
and meals.22 Discrepancy may also be attributable to 
differences in study design, or to differences in adjust-
ment for confounders.

The mechanisms for the association between meal 
frequency and weight gain is unknown. While some 
studies suggested that increased meal frequency 
could lead to higher energy intake,19,20 other random-
ized trials did not show an effect of eating frequency 
on total energy intake or expenditure.41– 44 Conversely, 
higher eating frequency could be associated with 
meals with fewer meal sizes in both men and women.45 
Our understanding of the effects of varying meal fre-
quency is still incomplete, and additional research in 
this area is warranted.

In the prospective component of our analysis, par-
ticipants with shorter time from wake up to first meal 
and with longer time from last meal to sleep appeared 
to have less weight increase. This trend suggested 
that consuming energy early in the day might facil-
itate weight control. This finding is consistent with 2 
cohort studies conducted in Spain18 and the United 
Kingdom.46 Also, other cross- sectional and prospec-
tive cohort studies have found that skipping breakfast 
and night eating were associated with increased ad-
iposity.47,48 In fact, the American Dietetic Association 
guideline on weight management suggests that en-
ergy consumption during the day is preferable to eat-
ing in the evening.49 On the other hand, meta- analyses 
of randomized clinical trials showed that skipping 
breakfast reduced weight in the short term.50 These 
inconsistent results could indicate differences in the 
short- term versus the long- term effects of meal timing 
on weight change. The distribution of total energy con-
sumed in the day may not have immediate short- term 
effects on weight, as reflected in clinical trials, but could 
implicate a long- term effect on energy metabolism and Ta
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weight changes. More large- scale prospective studies 
with precise measurements of meal timing are needed 
to understand the long- term associations.

Some limitations need to be considered in the inter-
pretation of our findings. First, about half of all enrolled 
participants did not use the Daily24 app and had to be 
excluded from this analysis. Excluded participants were 
younger and less educated, so the study population 
may not be representative of the entire cohort popula-
tion. Second, the follow- up after enrollment was short 
(mean of 0.6 years) compared with before- enrollment 
period (mean of 5.9 years), and the associations be-
tween eating exposures and weight for the prospective 
associations were less precise likely because of fewer 
weight measurements. Third, we were not able to de-
termine the intentionality of the weight loss before en-
rollment and cannot rule out the possibility of reverse 
causation because of pre- existing illness. Nevertheless, 
in sensitivity analysis restricting to participants who did 
not plan to make changes to dietary patterns, and to 
participants with <5% weight loss after enrollment, the 
results were similar. Fourth, we used averages of the 
eating periods across the days of Daily24 app use. 
Even though we adjusted for the number of meals, 
we could not evaluate complex time- restricted eating 
or fasting behaviors such as fasting 1 day per week or 
skipping the middle meal each day. Fifth, meal sizes 
were estimated by the participants and not standard-
ized between participants. Dietary quality in this study 
was not evaluated. Finally, participants were recruited 
from patients engaged in care at 3 health systems, so 
the findings may not be generalizable to the general 
population who may seek care less frequently.

The strengths of our study included repeated mea-
sures of weight and other clinical covariates from the 
EHR, the evaluation of long- term association between 
eating window and weight change, detailed infor-
mation and adjustment on obesity risk factors and 
covariates, and the real- time assessment of eating 
behaviors. Participants were able to record their meal 
and sleep episodes any time for multiple days, and 
the measurements could be less subject to recall bias 
compared with 24- hour recall or food frequency ques-
tionnaire, the methods mostly used in previous studies. 
However, we have not evaluated the validity of the di-
etary measurements by the mobile application against 
more traditional food frequency registries.

In conclusion, in this clinically based prospective 
cohort, the number of large and medium meals was 
positively associated with weight change, while num-
ber of small meals was inversely associated with weight 
change. The distribution of energy intake earlier during 
the day appeared to be associated with less weight in-
crease after enrollment. Duration from first to last meal, 
as well as other meal patterns, did not show a clear 
association with weight trajectory. Our findings did not 

support the use of time- restricted eating as a strategy 
for long- term weight loss. Further large- scale studies 
with long follow- up time are needed to better character-
ize the association for time of eating with weight change.
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Table S1. Description of study participants baseline characteristics by app using status* 

Characteristics  Participants 
completed 
questionnaire 
(N=1017) 

Non–app users 
(n=470) 

App users
(n=547) 

P value† 

Age (years) 51.1 (15.0) 53.2 (14.6) 49.3 (15.0) <.001 
Sex, n (%) 0.07 
   Male 224 (22.0) 115 (24.5) 109 (19.9)  
   Female 790 (77.7) 355 (75.5) 435 (79.5)  
Race, n (%) 0.14 
   White 788 (77.5) 351 (74.7) 437 (79.9)  
   Black 149 (14.7) 82 (17.4) 67 (12.2)  
   Asian 29 (2.9) 13 (2.8) 16 (2.9)  
   Others 51 (5.0) 24 (5.1) 27 (5.0)  
Education ≥ college, % 749 (73.6) 321 (68.3) 428 (78.2) <.001 

BMI, kg/m2  30.5 (7.9) 30.8 (8.2) 30.3 (7.6) 0.29 
Physical activity, % 0.53 
   Low 20 (5.1) 11 (6.3) 9 (4.1)  
   Medium 221 (55.8) 94 (53.7) 127 (57.5)  
   High 155 (39.1) 70 (40.0) 85 (38.5)  
*Data are mean (SD) or number (percentage). 
† P-values were derived from t-test or χ2 tests. 
BMI: Body Mass Index 
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Table S2. Difference of annual weight change (kg) per unit increase in interval durations among participants who used the app for 21 
days or more (n = 250) 

 Overall Prior to enrollment After enrollment 
 Model 1* Model 2†  Model 1* Model 2†  Model 1* Model 2† 

Time from first to last meal, hours -0.10 (-0.23, 
0.02) 

-0.11 (-0.23, 
0.01)  -0.10 (-0.23, 

0.02) 
-0.11 (-0.23, 

0.02)  -0.30 (-1.38, 
0.79) 

-0.32 (-1.40, 
0.75) 

Time from wake up to first meal, 
hours 0.16 (0.03, 0.28) 0.17 (0.04, 0.29)  0.14 (0.01, 0.27) 0.15 (0.02, 0.28)  1.09 (-0.01, 

2.19) 
1.07 (-0.03, 

2.16) 
Time from last meal to sleep, 
hours 

0.05 (-0.12, 
0.22) 

0.03 (-0.14, 
0.20)  0.08 (-0.09, 

0.25) 
0.06 (-0.11, 

0.23)  -1.20 (-2.70, 
0.30) 

-1.33 (-2.82, 
0.16) 

Sleep duration, hours 0.05 (-0.25, 
0.34) 

0.03 (-0.27, 
0.32)  0.10 (-0.20, 

0.39) 
0.08 (-0.22, 

0.38)  -2.33 (-4.94, 
0.28) 

-2.14 (-4.74, 
0.46) 

Number of meals per day -0.10 (-0.46, 
0.26) 

-0.08 (-0.44, 
0.28)  -0.15 (-0.51, 

0.22) 
-0.12 (-0.49, 

0.25)  2.52 (-1.05, 
6.08) 

2.17 (-1.39, 
5.72) 

Number of large meals per day 0.16 (-0.37, 
0.69) 

0.18 (-0.35, 
0.71)  0.14 (-0.40, 

0.68) 
0.17 (-0.37, 

0.71)  0.97 (-4.05, 
5.98) 

0.53 (-4.46, 
5.52) 

Number of medium meals per day 0.65 (0.23, 1.07) 0.67 (0.24, 1.09)  0.63 (0.19, 1.06) 0.65 (0.21, 1.08)  1.77 (-2.04, 
5.57) 

1.36 (-2.44, 
5.16) 

Number of small meals per day -0.45 (-0.75, -
0.15) 

-0.45 (-0.75, -
0.15)  -0.46 (-0.76, -

0.16) 
-0.46 (-0.77, -

0.16)  0.22 (-2.49, 
2.92) 

0.34 (-2.35, 
3.03) 

*Model 1 adjusted for age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; Pittsburgh), race (White; Black; 
Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some college; ≥ college), physical 
activity (low; moderate; high), height (continuous, meter). 
†Model 2 additionally adjusted for current smoking (yes, no), time-varying diabetes (yes, no), chronic kidney disease (yes, no), acute 
myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, no), heart failure (yes, no), hypertension status (yes, no), 
ischemia heart disease (yes, no), stroke (yes, no), and number of complete days for using app (continuous, days). 
Bold font indicates p<0.05. 
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Table S3. Difference of annual weight change (kg) per unit increase in interval durations among participants who did not plan to make 
changes to timing of meals (n = 411) 
 Overall Prior to enrollment After enrollment 
 Model 1* Model 2†  Model 1* Model 2†  Model 1* Model 2† 

Time from first to last meal, hours -0.01 (-0.12, 
0.10) 

-0.01 (-0.12, 
0.11)  -0.01 (-0.13, 

0.10) 
-0.02 (-0.14, 

0.10)  0.26 (-0.59, 
1.11) 

0.36 (-0.55, 
1.28) 

Time from wake up to first meal, 
hours 

0.00 (-0.12, 
0.13) 

0.02 (-0.11, 
0.16)  -0.01 (-0.14, 

0.12) 
0.01 (-0.13, 

0.15)  0.57 (-0.35, 
1.49) 

0.53 (-0.50, 
1.56) 

Time from last meal to sleep, 
hours 

0.04 (-0.08, 
0.15) 

0.03 (-0.09, 
0.15)  0.06 (-0.06, 

0.18) 
0.06 (-0.07, 

0.18)  -0.85 (-1.81, 
0.10) 

-0.96 (-1.93, 
0.01) 

Sleep duration, hours 0.14 (-0.06, 
0.34) 0.23 (0.00, 0.46)  0.13 (-0.07, 

0.33) 
0.22 (-0.01, 

0.46)  0.65 (-0.88, 
2.18) 

0.51 (-1.34, 
2.37) 

Number of meals per day 0.30 (0.01, 0.59) 0.29 (-0.02, 
0.60)  0.30 (0.00, 0.59) 0.28 (-0.03, 

0.60)  0.57 (-1.84, 
2.99) 

0.57 (-2.11, 
3.24) 

Number of large meals per day 0.83 (0.25, 1.42) 0.74 (0.14, 1.35)  0.83 (0.24, 1.43) 0.75 (0.13, 1.36)  0.49 (-4.46, 
5.45) 

0.41 (-4.87, 
5.68) 

Number of medium meals per day 0.94 (0.56, 1.32) 1.03 (0.63, 1.43)  0.92 (0.54, 1.31) 0.99 (0.59, 1.40)  1.46 (-1.72, 
4.63) 

2.30 (-1.08, 
5.67) 

Number of small meals per day -0.37 (-0.64, -
0.09) 

-0.43 (-0.72, -
0.14)  -0.36 (-0.64, -

0.09) 
-0.42 (-0.71, -

0.12)  -0.37 (-2.64, 
1.91) 

-0.87 (-3.36, 
1.62) 

*Model 1 adjusted for age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; Pittsburgh), race (White; Black; 
Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some college; ≥ college), physical 
activity (low; moderate; high), height (continuous, meter). 
†Model 2 additionally adjusted for current smoking (yes, no), time-varying diabetes (yes, no), chronic kidney disease (yes, no), acute 
myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, no), heart failure (yes, no), hypertension status (yes, no), 
ischemia heart disease (yes, no), stroke (yes, no), and number of complete days for using app (continuous, days). 
Bold font indicates p<0.05. 
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Table S4. Difference of annual weight change (kg) per unit increase in interval, among people with < 5% weight change in 3 months 
after enrollment (n = 495) 
 Overall Prior to enrollment After enrollment 
 Model 1* Model 2†  Model 1* Model 2†  Model 1* Model 2† 

Time from first to last meal, hours 0.01 (-0.07, 
0.10) 

-0.03 (-0.12, 
0.07)  0.02 (-0.07, 

0.10) 
-0.03 (-0.13, 

0.07)  -0.07 (-0.74, 
0.60) 

0.11 (-0.65, 
0.87) 

Time from wake up to first meal, 
hours 

0.02 (-0.09, 
0.13) 

0.06 (-0.06, 
0.18)  -0.01 (-0.12, 

0.10) 
0.03 (-0.09, 

0.15)  0.89 (0.13, 
1.66)

0.90 (0.06, 
1.75)

Time from last meal to sleep, 
hours 

0.06 (-0.05, 
0.16) 

0.04 (-0.06, 
0.15)  0.08 (-0.03, 

0.18) 
0.07 (-0.04, 

0.17)  -0.58 (-1.37, 
0.21) 

-0.67 (-1.47, 
0.12) 

Sleep duration, hours 0.08 (-0.10, 
0.25) 

0.17 (-0.03, 
0.36)  0.07 (-0.11, 

0.25) 
0.16 (-0.04, 

0.36)  0.49 (-0.81, 
1.79) 

0.41 (-1.12, 
1.93) 

Number of meals per day 0.34 (0.10, 0.59) 0.30 (0.04, 0.57)  0.34 (0.08, 0.59) 0.28 (0.01, 0.55)  0.65 (-1.27, 
2.58) 

1.28 (-0.81, 
3.36) 

Number of large meals per day 0.70 (0.18, 1.21) 0.59 (0.06, 1.13)  0.68 (0.14, 1.21) 0.57 (0.02, 1.11)  1.33 (-2.58, 
5.23) 

1.66 (-2.43, 
5.76) 

Number of medium meals per day 1.05 (0.71, 1.39) 1.08 (0.72, 1.43)  1.03 (0.67, 1.38) 1.04 (0.67, 1.40)  1.78 (-0.76, 
4.31) 

2.41 (-0.25, 
5.07) 

Number of small meals per day -0.31 (-0.54, -
0.07) 

-0.38 (-0.63, -
0.12)  -0.29 (-0.54, -

0.05) 
-0.37 (-0.63, -

0.11)  -0.67 (-2.47, 
1.14) 

-0.58 (-2.51, 
1.35) 

*Model 1 adjusted for age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; Pittsburgh), race (White; Black; 
Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some college; ≥ college), physical 
activity (low; moderate; high), height (continuous, meter). 
†Model 2 additionally adjusted for current smoking (yes, no), time-varying diabetes (yes, no), chronic kidney disease (yes, no), acute 
myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, no), heart failure (yes, no), hypertension status (yes, no), 
ischemia heart disease (yes, no), stroke (yes, no), and number of complete days for using app (continuous, days). 
Bold font indicates p<0.05. 
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Table S5. Difference of annual weight change (kg) per unit increase in interval, among people with weight measured up to 2 years 
prior to enrollment (n = 531) 
 Overall Prior to enrollment After enrollment 
 Model 1* Model 2†  Model 1* Model 2†  Model 1* Model 2† 

Time from first to last meal, hours -0.07 (-0.31, 
0.16) 

-0.02 (-0.29, 
0.24)  -0.09 (-0.36, 

0.18) 
-0.05 (-0.36, 

0.25)  
-0.01 (-0.60, 

0.58) 
0.09 (-0.57, 

0.76) 
Time from wake up to first meal, 
hours 

0.25 (-0.04, 
0.54) 

0.24 (-0.08, 
0.57)  0.17 (-0.16, 

0.51) 
0.18 (-0.20, 

0.55)  
0.53 (-0.17, 

1.23) 
0.48 (-0.29, 

1.26) 

Time from last meal to sleep, hours -0.06 (-0.36, 
0.24) 

-0.07 (-0.37, 
0.23)  0.08 (-0.26, 

0.42) 
0.08 (-0.26, 

0.42)  
-0.73 (-1.50, 

0.04) 
-0.78 (-1.57, 

0.01) 

Sleep duration, hours 0.24 (-0.23, 
0.71) 

0.31 (-0.22, 
0.85)  0.37 (-0.16, 

0.91) 
0.54 (-0.07, 

1.15)  
-0.29 (-1.43, 

0.84) 
-0.62 (-1.92, 

0.69) 

Number of meals per day 0.32 (-0.35, 
1.00) 

0.38 (-0.35, 
1.11)  0.30 (-0.47, 

1.07) 
0.38 (-0.46, 

1.22)  
0.40 (-1.27, 

2.08) 
0.38 (-1.44, 

2.20) 

Number of large meals per day 1.49 (0.11, 2.87) 1.61 (0.18, 3.04)  1.40 (-0.19, 
2.99) 

1.61 (-0.03, 
3.25)  

1.85 (-1.48, 
5.18) 

1.62 (-1.85, 
5.09) 

Number of medium meals per day 1.01 (0.10, 1.92) 1.34 (0.39, 2.29)  1.55 (0.51, 2.60) 1.89 (0.80, 2.99)  
-1.08 (-3.29, 

1.13) 
-0.83 (-3.14, 

1.48) 

Number of small meals per day -0.51 (-1.15, 
0.12) 

-0.71 (-1.40, -
0.03)  -0.76 (-1.48, -

0.03) 
-0.98 (-1.76, -

0.20)  
0.46 (-1.11, 

2.02) 
0.37 (-1.31, 

2.05) 
*Model 1 adjusted for age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; Pittsburgh), race (White; Black; 
Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some college; ≥ college), physical 
activity (low; moderate; high), height (continuous, meter). 
†Model 2 additionally adjusted for current smoking (yes, no), time-varying diabetes (yes, no), chronic kidney disease (yes, no), acute 
myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, no), heart failure (yes, no), hypertension status (yes, no), 
ischemia heart disease (yes, no), stroke (yes, no), and number of complete days for using app (continuous, days). 
Bold font indicates p<0.05.  
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Table S6. Difference of annual weight change (kg) per unit increase in interval, among people with same meal patterns for at least 
past 2 years (n = 251) 
 Overall Prior to enrollment After enrollment 
 Model 1* Model 2†  Model 1* Model 2†  Model 1* Model 2† 

Time from first to last meal, hours -0.02 (-0.13, 
0.08) 

-0.02 (-0.13, 
0.09)  -0.01 (-0.12, 

0.09) 
-0.01 (-0.13, 

0.10)  
-0.33 (-1.18, 

0.51) 
-0.43 (-1.32, 

0.46) 
Time from wake up to first meal, 
hours 

0.06 (-0.06, 
0.19) 

0.05 (-0.08, 
0.17)  0.04 (-0.08, 

0.17) 
0.02 (-0.11, 

0.15)  0.76 (-0.10, 1.62) 1.03 (0.14, 1.92) 

Time from last meal to sleep, hours -0.10 (-0.24, 
0.03) 

-0.13 (-0.26, 
0.01)  -0.08 (-0.21, 

0.05) 
-0.10 (-0.24, 

0.04)  
-1.08 (-2.12, -

0.04)
-1.43 (-2.54, -

0.33)
Sleep duration, hours 0.28 (0.06, 0.50) 0.27 (0.02, 0.53)  0.28 (0.06, 0.51) 0.27 (0.01, 0.53)  0.19 (-1.40, 1.78) 0.38 (-1.71, 2.46) 
Number of meals per day 0.36 (0.06, 0.66) 0.41 (0.09, 0.72)  0.32 (0.01, 0.63) 0.35 (0.03, 0.67)  1.83 (-0.52, 4.17) 2.63 (0.16, 5.10) 
Number of large meals per day 0.11 (-0.49, 

0.71) 
0.04 (-0.58, 

0.65)  0.15 (-0.46, 
0.76) 

0.08 (-0.55, 
0.71)  

-1.15 (-5.29, 
3.00) 

-1.15 (-5.57, 
3.27) 

Number of medium meals per day 0.95 (0.56, 1.33) 0.99 (0.59, 1.39)  0.95 (0.55, 1.34) 0.96 (0.55, 1.37)  1.02 (-1.92, 3.96) 2.02 (-1.10, 5.13) 

Number of small meals per day -0.21 (-0.51, 
0.09) 

-0.20 (-0.52, 
0.13)  -0.26 (-0.56, 

0.05) 
-0.25 (-0.58, 

0.09)  1.18 (-0.90, 3.26) 1.37 (-0.92, 3.66) 
*Model 1 adjusted for age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; Pittsburgh), race (White; Black; 
Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some college; ≥ college), physical 
activity (low; moderate; high), height (continuous, meter). 
†Model 2 additionally adjusted for current smoking (yes, no), time-varying diabetes (yes, no), chronic kidney disease (yes, no), acute 
myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, no), heart failure (yes, no), hypertension status (yes, no), 
ischemia heart disease (yes, no), stroke (yes, no), and number of complete days for using app (continuous, days). 
Bold font indicates p<0.05.  
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Table S7. Difference of annual weight change (kg) per unit increase in time interval, adjusted for number of meals 
 Overall Prior to enrollment  After enrollment 
Time from first to last meal, hours -0.04 (-0.14, 0.05) -0.05 (-0.15, 0.05)  0.20 (-0.64, 1.05) 
Sleep duration, hours 0.18 (-0.001, 0.37) 0.18 (-0.01, 0.37)  0.37 (-1.23, 1.96) 
Number of large meals per day 0.58 (0.02, 1.14) 0.55 (-0.02, 1.12)  2.10 (-2.69, 6.88) 
Number of medium meals per day 1.00 (0.64, 1.36) 0.98 (0.61, 1.34)  1.85 (-1.12, 4.83) 
Number of small meals per day -0.02 (-0.31, 0.27) -0.01 (-0.30, 0.29)  -0.44 (-2.97, 2.08)
*Model adjusted for all variables listed in the table, age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; 
Pittsburgh), race (White; Black; Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some 
college; ≥ college), physical activity (low; moderate; high), height (continuous, meter), current smoking (yes, no), time-varying 
diabetes (yes, no), chronic kidney disease (yes, no), acute myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, 
no), heart failure (yes, no), hypertension status (yes, no), ischemia heart disease (yes, no), stroke (yes, no), number of complete days 
for using app (continuous, days). 
Bold font indicates p<0.05. 
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Table S8. Difference of annual weight change (kg) per unit increase in interval, with duration of sleep, time from wake up to first 
meal, time from last meal to sleep, and number of meal variables mutually adjusted 
 Overall Prior to enrollment  After enrollment 
Sleep duration, hours 0.25 (0.06, 0.44) 0.25 (0.05, 0.44)  0.38 (-1.25, 2.01) 
Time from wake up to first meal, hours 0.08 (-0.03, 0.19) 0.07 (-0.04, 0.18)  0.57 (-0.33, 1.47) 
Time from last meal to sleep, hours 0.08 (-0.02, 0.19) 0.10 (-0.0004, 0.21)  -0.71 (-1.57, 0.15)
Number of large meals per day 0.60 (0.03, 1.16) 0.57 (-0.01, 1.15)  1.66 (-3.14, 6.46) 
Number of medium meals per day 1.04 (0.68, 1.40) 1.02 (0.65, 1.38)  1.82 (-1.15, 4.79) 
Number of small meals per day 0.02 (-0.27, 0.31) 0.03 (-0.26, 0.33)  -0.67 (-3.23, 1.89)
*Model adjusted for all variables listed in the table, age at consent (continuous, year), sex (male; female), center (Geisinger; JHU; 
Pittsburgh), race (White; Black; Asian; Pacific Islander, American Indian, others; two or more races), education (≤high school; some 
college; ≥ college), physical activity (low; moderate; high), height (continuous, meter), current smoking (yes, no), time-varying 
diabetes (yes, no), chronic kidney disease (yes, no), acute myocardial infarction (yes, no), chronic obstructive pulmonary disease (yes, 
no), heart failure (yes, no), hypertension status (yes, no), ischemia heart disease (yes, no), stroke (yes, no), number of complete days 
for using app (continuous, days). 
Bold font indicates p<0.05. 
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Figure S1. Daily24 mobile application screenshot 
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Figure S2. Bland-Altman plot of EHR-derived and self-reported enrollment weight 
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Figure S3. Flow diagram of study participants 
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