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Abstract

Background Aerobic exercise is recommended for weight management. Recent evidence suggests that there may
be time-dependent differences in how exercise affects body weight and energy balance regulation. The primary pur-
pose of this study is to determine the effect of morning versus evening aerobic exercise on changes in body composi-
tion and components of energy balance in adults with overweight and obesity.

Methods The Timing Intervention of Morning versus Evening EXercise (TIMEX) study is a two-arm, 56-week, block
randomized (1:1) aerobic exercise intervention. One hundred twenty-eight adults with overweight and obesity will
be randomized to engage in morning (AM-Ex, 06:00-10:00) or evening (PM-Ex, 15:00-19:00) moderate- to-vigorous
intensity aerobic exercise progressing to 2000 kcal/week of energy expenditure. The primary outcome is change

in body weight at 7 months. Secondary outcomes include changes in body composition, energy intake, hunger
and eating behaviors, energy expenditure, and physical activity behaviors at 7 and 13 months.

Discussion Aerobic exercise elicits modest weight loss; however, there is substantial inter-individual variability

in the weight loss response with some individuals losing significant amounts of weight and others gaining weight.
The time of day exercise is performed may contribute to this weight loss variability. Understanding how the time

of day of exercise affects weight loss and components of energy balance may lead to tailored exercise interventions
that enhance weight loss. The TIMEX study will determine the effect of a guidelines-based dose of aerobic exercise
completed in the morning versus the evening on weight loss, energy intake, and energy expenditure.
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Introduction

Background and rationale {6a}

Exercise alone (i.e., without dietary intervention) is not
generally recommended for weight loss [1, 2]. However,
this is based on studies with insufficient exercise pre-
scriptions resulting in minimal mean weight loss (1-3 kg)
[3-5]. Several studies have shown that higher amounts of
exercise (>2000 kcal/week) result in clinically meaning-
ful (>5%) weight losses in both men and women [6-8].
However, regardless of exercise dose, there is substan-
tial inter-individual variability in weight loss response
to exercise interventions. Well-designed, long-term
(> 6 months) studies have consistently shown that weight
loss induced by exercise is significantly less than expected
based on the measured EE of the exercise sessions [3, 4,
6, 9—12]. Exploration of factors which contribute to the
variability in weight loss response to exercise is an impor-
tant research priority [10, 13]. Prior studies suggest that
the time of day that exercise is performed may contribute
to the variability in weight loss response.

It has been hypothesized that the time of day of
exercise may alter energy balance and compensatory
responses to exercise differentially, thereby introducing
variability to the weight loss response. This hypothesis
is supported by observational findings suggesting that
engagement in morning physical activity is beneficial for
weight management [14]. In addition, a secondary analy-
sis of the Midwest Exercise Trial-2 (MET-2) [15] found
that individuals who performed the majority of their
exercise in the morning lost significantly more fat mass
compared to individuals who performed the majority of
their exercise in the evening, despite no differences in
baseline characteristics, exercise adherence, and meas-
ured exercise energy expenditure (EE). In addition, that
secondary analysis found that morning exercise may
increase total EE and improve dietary intake compared
to evening exercise, though the differences observed
were not statistically significant. One subsequent, short-
term (i.e., 15-week) study also found preliminary evi-
dence that morning exercise increases total daily energy
expenditure (TDEE) compared to evening exercise [16].
Another short-term (6-week) study found that morn-
ing exercise resulted in greater weight loss compared to
evening exercise, and that this was driven by reductions
in self-reported energy intake [17]. Not all studies agree
with some demonstrating beneficial effects of morn-
ing exercise [15, 17, 18], others finding no differences
between morning and evening exercise [16, 19-21], and
others finding beneficial effects of evening exercise for
weight management [22, 23]. These prior studies suffer
from design limitations including non-randomization,
small samples, short study durations, limited control of
the exercise dose, and minimal study duration.
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Thus, longer-term randomized trials are needed to
evaluate the effect of exercise time of day on weight loss
and compensatory responses. In addition, there is a need
to rigorously control the exercise dose (time of day, inten-
sity, duration, etc.) and utilize an exercise prescription
that is aligned with current recommendations for weight
loss. The Timing Intervention of Morning versus Even-
ing EXercise (TIMEX) study was designed to compare
the effect of morning versus evening aerobic exercise
progressing to 2000 kcal/week on weight loss at 30 weeks
(primary endpoint) and 56 weeks in adults with over-
weight or obesity. The study will generate novel data on
the clinical effectiveness of exercising at different times
of the day, which is of significant interest to the gen-
eral population. In addition, this study will utilize rigor-
ous objective methods to examine how exercise time of
day affects energy balance (i.e., energy expenditure and
energy intake).

Objectives {7}

The aims of TIMEX are to (1) compare the effects of
morning exercise (AM-Ex) vs. evening exercise (PM-Ex)
on changes in body weight (primary outcome) and body
composition, (2) compare the effects of AM-Ex vs PM-Ex
on changes in energy intake (EI) and appetite, and (3)
compare the effects of AM-Ex vs PM-Ex on changes in
energy expenditure (EE), non-exercise physical activity
(PA), and sedentary time. Informed by our prior post hoc
analysis of a supervised, exercise-only intervention per-
formed in adults with overweight or obesity in which we
found morning exercisers lost significantly more weight
compared to evening exercisers, our a priori hypothesis
is that AM-Ex will result in greater weight loss (primary
outcome) and greater decreases in fat mass at 30 weeks
(primary endpoint) compared to PM-Ex. Based on pre-
liminary data which suggests AM-Ex may limit the devel-
opment of compensatory changes in EI and/or EE, we
also hypothesize that AM-Ex will attenuate increases
in hunger and food cravings and result in a lower over-
all increase in EI compared to PM-Ex, and that AM-Ex
will attenuate decreases in non-exercise physical activ-
ity, attenuate increases in sedentary time, and result in
a greater overall increase in TDEE compared to PM-Ex.
Finally, we will explore the effects of AM-Ex vs PM-Ex
on changes in meal timing and sleep timing and exam-
ine their association with changes in weight, EI, and EE
to provide insight on how consistent exercise timing may
shift circadian-related cues known to affect body weight
regulation.

Trial design {8}
TIMEX is designed as a two-arm randomized controlled
trial. Eligible participants will be randomized into one
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of two study arms: AM-Ex or PM-Ex. Both groups will
receive a 30-week supervised aerobic exercise interven-
tion progressing to 2000 kcal/week. Upon completion of
the supervised exercise phase, participants will be asked
to maintain this level of exercise during their randomized
AM or PM exercise windows for the following 26 weeks,
but exercise will no longer be supervised. This study was
powered as a superiority trial with differences between
the AM-Ex and PM-Ex groups in weight change (kg) at
30 weeks as the primary endpoint. The primary analy-
ses will be performed according to intent-to-treat (ITT)
principles and followed by sensitivity analyses including
a completer’s analysis and a per-protocol analysis (par-
ticipants with>75% adherence to supervised exercise).
There are no planned interim analyses. Outcome meas-
ures will take place at baseline (week 0) and weeks 15, 30,
and 56.

Methods: participants, interventions,

and outcomes

Study setting {9}

Participants will be recruited from the greater Denver
metro area and studied at a single site, the University of
Colorado Anschutz Medical Campus (CU AMC), which
is located in the USA. Exercise will take place at the CU
AMC Anschutz Health and Wellness Center (AHWC),
a 30,000 square foot state-of-the-art exercise facility.
Additional study procedures will be performed at the
AHWC Clinical Research Center, the Clinical Transla-
tional Research Center (CTRC) outpatient clinic, and the
UCHealth University of Colorado Hospital (UCH).

Eligibility criteria {10}

Participants will be included in this trial if they are
18-55 years old, have a body mass index (BMI) between
25 and 40 kg/m?, are physically inactive (defined as self-
reporting<150 min of moderate to vigorous intensity
PA per week over the past 3 months), live or work within
30 min of the AHWC, and have no contraindications to
exercise or limitations on ability to be physically active.
Participants will be excluded if they have the following:

(1) Plans to move out of the Denver area during the
study intervention.

(2) Plans for extended travel (>2 weeks continuous
travel) during the study intervention.

(3) Diastolic blood pressure >100 mm HG or systolic
blood pressure > 160 mm HG.

(4) Resting heart rate > 100.

(5) Diabetes (fasting glucose>126 mg/dL or hemo-
globin A1C>6.5%).

—
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(16)
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Undiagnosed hypo- or hyperthyroidism (TSH
outside of the normal reference range) or history
of uncontrolled thyroid disorder.

Clinically significant abnormalities in hematocrit,
white blood cell count, or platelets.

Triglycerides >400 mg/dL.

LDL cholesterol > 200 mg/dL.

Abnormal resting electrocardiogram.

The presence or history of any metabolic or
chronic health problems which would affect
appetite, food intake, energy metabolism, or the
ability to optimally participate in the exercise
component including the following: peripheral
vascular disease, cerebrovascular disease, signifi-
cant cardiac arrhythmias or cardiac valve disease,
cancer (within the last 5 years, except skin can-
cer or other cancers considered cured with excel-
lent prognosis), human immunodeficiency virus
infection, significant renal, musculoskeletal, neu-
rologic, hematologic, or psychiatric disease.
Significant gastrointestinal disorders (Crohn’s
disease, ulcerative colitis, chronic diarrhea, or
active gallbladder disease).

Significant  pulmonary  disorders (chronic
obstructive pulmonary disease, interstitial lung
disease, cystic fibrosis, or uncontrolled asthma).
Symptoms suggestive of cardiovascular disease
(chest pain, shortness of breath at rest or with
mild exertion, and syncope).

Regular use of prescription or over-the-counter
medications known to significantly impact appe-
tite, weight, sleep, or energy metabolism (e.g.,
appetite suppressants, lithium, stimulants, antip-
sychotics, and tricyclic antidepressants).

Use of medications that would impact ability to
achieve age-predicted maximum heart rate (e.g.,
beta blockers and cardio-selective calcium chan-
nel blockers).

Regular use of systemic glucocorticoids.

Regular use of obesity pharmacotherapeutic
agents within the last 6 months.

Previous obesity treatment with surgery or
weight loss device, except (a) liposuction and/
or abdominoplasty if performed>1 year before
screening; (b) lap banding if the band has been
removed > 1 year before screening; (c) intragastric
balloon if the balloon has been removed >1 year
before screening; (d) duodenal-jejunal bypass
sleeve, if the sleeve has been removed>1 year
before screening; or (e) AspireAssist or other
endoscopically placed weight loss device if the
device has been removed >1 year before screen-

ing.
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Current alcohol or substance abuse.

Nicotine use in the past 6 months.

History of clinically diagnosed eating disorders
including anorexia nervosa, bulimia, and binge
eating disorder.

Current severe depression or history of severe
depression within the previous year, based on the
Diagnostic and Statistical Manual of Mental Dis-
orders IV text revision criteria for major depres-
sive episode.

History of other significant psychiatric illness
(e.g., psychosis, schizophrenia, mania, bipolar
disorder).

Night-time shiftwork, rotating work, irregular
sleep/wake patterns, or other scheduling con-
straints which may hinder ability to consistently
exercise at specific times of the day.

Urinary incontinence or retention (as per prin-
cipal investigator’s [PI] discretion based on
whether degree of incontinence/retention may
impact doubly labeled water measures).

Weight loss > 5% in the past 3 months.

Weight gain>10% in the past 3 months requires
assessment by PI to determine reason for weight
gain and if it is appropriate for the participant to
participate in the study.

Weight loss of >50 lbs in the past 3 years for any
reason except postpartum weight loss requires
assessment by PI to determine reason for weight
gain and if it is appropriate for the participant to
participate in the study.

Currently participating in or planning to partici-
pate in any formal weight loss, dietary modifica-
tion, or physical activity/exercise programs or
clinical trials.

Women who are currently pregnant, who have
been pregnant in the past 6 months, are currently
breastfeeding, or whom are planning pregnancy
will be excluded. Women of childbearing poten-
tial who are sexually active with men may be
enrolled if they have had a tubal ligation or use a
reliable means of contraception during the study.

(20)
(21)
(22)

(23)

(24)

(25)

(26)

(27)
(28)

(29)

(30)

(31)

Who will take informed consent? {26a}

Participants will be recruited from the CU AMC and the
Metro Denver Area through mass emails, mailings, flyers,
and social media advertising. Following an online screen-
ing questionnaire to determine initial eligibility and pro-
vide an overview of the study, interested volunteers will
be scheduled for an in-person screening visit. Prior to
the in-person screening visit, the consent document will
be emailed to the participant, and the participant will
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be asked to review the study consent form in an unhur-
ried setting. Following independent review of the con-
sent documents by the potential study participant, study
staff will meet in person or virtually with the participant
to explain and review the study consent form, to con-
firm the participant’s understanding of the study, and to
answer any questions that the participant might have.
Once the participant demonstrates sufficient under-
standing of the study and study procedures and agrees to
participate, the consent will be signed electronically or
via pen and paper and returned to study staff. By signing
the study consent form, participants agree to participate
in the study intervention and to complete study assess-
ments, to allow their data and specimen to be stored and
used for future research, and to be contacted for future
research studies unless otherwise requested in writing by
the participant.

Additional consent provisions for collection and use

of participant data and biological specimens {26b}

NA. No additional consent provisions will be included.
All participants will consent to the full protocol as
proposed.

Interventions

Explanation for the choice of comparators {6b}

We chose to compare AM-Ex to PM-Ex as our prelimi-
nary data suggested that morning aerobic exercise may
produce superior weight loss when compared to evening
aerobic exercise. AM-Ex will perform all exercise during
a specified window in the morning (06:00-10:00), while
PM-Ex will perform all exercise in a specified window in
the late afternoon/evening (15:00-19:00). A no-exercise
control group was not utilized in this study as previous
research has sufficiently demonstrated the health and
weight loss benefits of exercise, and it is unethical to
withhold treatment (i.e., exercise) from individuals with
overweight or obesity.

Equating the exercise dose and merely shifting the
time-of-day window of when the exercise will be per-
formed permits us to compare the effect of exercise tim-
ing on weight loss and compensatory behaviors. Both
groups will receive a time-and-attention matched behav-
ioral support program to enhance adherence to the exer-
cise prescriptions.

Intervention description {11a}

Exercise intervention

Both AM-Ex and PM-Ex will receive a 30-week super-
vised aerobic exercise program followed by a 26-week
maintenance phase during which exercise is unsuper-
vised. AM-Ex will perform all exercise in the morning
(06:00-10:00), while PM-Ex will perform all exercise in
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the late afternoon/evening (15:00-19:00). Time of last
meal will not be controlled but will be recorded for each
exercise session. Participants will be instructed to eat ad
libitum during the study to allow us to ascertain the dif-
ferential impact of AM-Ex vs PM-Ex on energy intake
and eating behaviors.

A 30-week supervised exercise phase (weeks 1-30) Three
sessions per week will be supervised “on- site” at the
AHWC exercise facility to ensure treatment fidelity and
provide accountability and support for exercise. Dur-
ing on-site exercise sessions, study staff will periodically
check in with participants to ensure they are adhering
to the exercise prescription. Following on-site exercise
sessions, study staff will verify and record exercise data
and provide the participant feedback if necessary. One
session per week will be “on-own” to allow flexibility
and enhance adherence to the high volume of exercise.
On-own exercise sessions may consist of any form of
aerobic activity as long as heart rate (HR) is at the pre-
scribed target. All exercise sessions, including on-site and
on-own, will be performed within the randomized AM
or PM window and monitored electronically using HR
monitors (Polar H10, Polar Electro Inc., Kempele, Fin-
land). The Polar H10 connects via Bluetooth to AHWC
exercise equipment and the Polar Beat phone application
and transmits exercise data (date/time, mean HR, dura-
tion) to a secure, central database that can be checked by
study staff in real time to ensure adherence to prescribed
exercise. The exercise dose will progress from 750 kcal/
week of exercise EE to 2000 kcal/week of exercise EE over
the initial 20 weeks of the supervised exercise program
in accordance with American College of Sports Medicine
(ACSM) guidelines [24] (see Table 1).

Table 1 Description of exercise ramp-up
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Because exercise will be based on individual exercise
EE, participants will exercise for different durations.
Based upon data from MET-2, we anticipate average
exercise duration to achieve the target 2000 kcal/week in
four exercise sessions (500 kcal/session exercise EE) will
be ~60 min/session for females and ~45 min/session for
males. Target exercise intensity will progress from 70 to
80% of maximal heart rate (MHR) and will be tightly con-
trolled to avoid any differential effect of exercise inten-
sity on outcomes of interest. Exercise EE will be tested
and calibrated four times during the 30-week supervised
exercise phase to adjust for training adaptations. Partici-
pants will have their choice to exercise on six different
pieces of aerobic exercise equipment: treadmill, ellipti-
cal, stationary cycle, recumbent cycle, rowing machine,
and stair stepper. At least 50% of exercise minutes will be
treadmill based. At week 15, participants will be allowed
to perform two on-site supervised and two on-own ses-
sions per week. At week 21, participants with prescrip-
tions >60 min/session will be given the choice to com-
plete their exercise across five sessions/week to reduce
exercise session duration. On-site and on-own exercise
session data will be reviewed by study staff weekly, and
adherence reports will be emailed to participants every 2
weeks. The exercise ramp-up may be adjusted based on
participant feedback and exercise adherence. If adjust-
ments to the ramp-up are made, they will be applied
equally to both groups within a cohort (i.e., the ramp-up
will remain identical for AM-Ex and PM-EX).

Exercise prescriptions may be adjusted on a per partici-
pant basis in the event of illness or injuries.

A 26-week maintenance phase (weeks 31-56) Exer-
cise prescriptions will remain at 2000 kcal/week, and

Study week Sessions/week Exercise intensity Exercise prescription (kcal/ Total exercise

(%oHrmax) session) prescription (kcal/
week)

0 Establish fitness center membership, orientation

1-2 3 supervised, 1 on-own 70% 1875 750

3-4 3 supervised, 1 on-own 70% 250 1000

5-6 3 supervised, 1 on-own 75% 250 1000

7-10 3 supervised, T on-own 75% 3125 1250

11-12 3 supervised, 1 on-own 80% 3125 1250

13-14 3 supervised, 1 on-own 80% 375 1500

15-16 2 supervised, 2 on-own 80% 375 1500

17-20 2 supervised, 2 on-own 80% 4375 1750

21-30" 2 supervised, 2 on-own 80% 500 2000

31-56" 4 on-own 80% 500 2000

" Option to split exercise into five sessions/week (e.g., three unsupervised, two on-own) if Rx was > 60 min. Hrmax, maximum heart rate; Rx, prescription
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participants will be asked to continue to perform all exer-
cise in their randomized AM or PM window. Intensity
will remain at 80% MHR. Participants will be provided
access to the AHWC exercise facility; however, exercise
will no longer be supervised by study staff. HR monitors
and the Polar app will continue to be used to track adher-
ence to prescribed exercise.

Consideration of training response

We anticipate exercise training adaptations during the
30-week supervised exercise intervention (increased aer-
obic capacity and exercise efficiency) which will impact
exercise EE (kcal/min). In addition, changes in body
weight over the intervention will also impact exercise EE.
Thus, submaximal exercise energy expenditure testing
using indirect calorimetry will be performed four times
during the 30-week supervised exercise intervention to
adjust exercise prescriptions and ensure maintenance of
the target EE per session.

Criteria for discontinuing or modifying allocated
interventions {11b}

If participants experience fatigue or shortness of breath
during the exercise sessions, they will be permitted to
rest or reduce the exercise intensity to complete the
prescribed exercise session. It is anticipated that some
participants will experience soreness during the first
few days of exercise, but we expect the symptoms will
be minor and transient. If participants experience mus-
cle soreness, they will be permitted to rest or reduce the
exercise intensity to complete the prescribed exercise
session, and we will prescribe light stretching and hot/
cold therapy to reduce the soreness. If these approaches
do not alleviate the soreness, we will advise the use of
over-the-counter pain relievers (e.g., aspirin, acetami-
nophen, ibuprofen), unless contraindicated. Although
some minor to moderate orthopedic injuries may occur
during the exercise program (primarily lower body mus-
culoskeletal overuse injuries such as tendonitis, shin
splints, plantar fasciitis) given the gradual increase of
the exercise prescription, we do not expect any severe
orthopedic injuries. Participants who experience minor
to moderate orthopedic injuries or intercurrent illness
will be permitted to rest and allowed to remain in the
study and return to exercise as tolerated. If participants
are unable to safely return to exercise after an injury or
illness, they will be withdrawn from the study. Strategies
to minimize injury risk (including stretching and proper
footwear) will be reviewed at the orientation session and
reiterated during behavioral support sessions. Partici-
pants will not be permitted to switch randomized treat-
ment groups (i.e., change from AM-Ex to PM-Ex or vice

Page 6 of 20

versa). The exercise interventions can be discontinued
at any time at the participant’s request, and they will be
withdrawn from the study.

Strategies to improve adherence to interventions {11c}
Exercise behavioral support

Participants in both groups will receive theory-based
behavioral support to promote exercise adherence and
reduce attrition. Participants will receive approximately
six group exercise support sessions and six individual
exercise support sessions during weeks 1-56. These ses-
sions will be held virtually, and randomized groups will
meet separately. The exercise support sessions will fol-
low a standardized curriculum developed by the study
team to ensure both groups receive equivalent exposure.
The curriculum is based on core principles and behavior
change techniques used to support increases in PA in the
Diabetes Prevention Program (DPP) [25]. The curricu-
lum was designed using social cognitive theory [26] and
includes several behavior change techniques identified
by Michie [27] focusing specifically on shaping knowl-
edge, goals and planning, time management, feedback
and monitoring, associations, social support, and natural
consequences (with an emphasis on the immediate ben-
efits of exercise, e.g., reduced stress and improved mood).
Sessions will be led by an interventionalist trained to
focus on behavior change techniques proven to be effec-
tive for increasing PA in adults with overweight or obesity
[28]. The behavioral support program (i.e., class content,
frequency of meetings) may be adjusted based on par-
ticipant feedback and exercise adherence. If changes are
made, they will be applied equally to both groups within
a cohort (i.e., will remain identical between AM-Ex and
PM-Ex).

Additional strategies to enhance adherence and retention

The AHWC is equipped with interactive exercise equip-
ment, televisions, music, water fountains, men’s and
women’s locker rooms with sauna and steam room,
showers, towel service, and amenities. Participants will
have access to reserved exercise equipment during their
designated workout time. Participants will be updated
on their exercise adherence via email every 2 weeks
to provide feedback and accountability. If participants
are > 85% adherent to their prescribed exercise minutes,
they will receive a small payment (US $10) for completing
exercise sessions every 2 weeks. We will also implement
strategies to enhance adherence and reduce attrition in
the event of illness, injury, travel, or life events (which
are expected events during an exercise intervention of
this duration). Participants will also be allowed to per-
form sessions on on-own during travel. Participants will
be allowed to perform one make-up session per week in



Creasy et al. Trials (2026) 27:45

the event of illness, injury, or travel. In the event of sig-
nificant illness, injury, or life event, the exercise ramp-up
will be adjusted, and the intervention will be extended
accordingly.

Relevant concomitant care permitted or prohibited

during the trial {11d}

During the intervention, participants will not be permit-
ted to (1) participate in any other physical activity, exer-
cise, nutrition, weight loss programs, or clinical trials,
(2) engage in visits with a medical provider focused on
weight loss, (3) use prescription or over-the-counter anti-
obesity medications, or (4) undergo obesity treatment
via bariatric surgery or endoscopic weight loss device
placement.

Provisions for posttrial care {30}

In the event a participant experiences an injury or harm
as a direct result of their participation in the study, no
additional compensation will be provided. Participants
will continue to have access to a printed version of the
study materials provided during the intervention after
their study participation concludes.

Outcomes {12}

Outcome assessments will be conducted at baseline
(week 0) and at weeks 15, 30, and 56. The target windows
for completing these measures were as follows (+ 4 weeks
for baseline and week 56, + 2 weeks for weeks 15 and 30).
This timeline supports the assessment of the primary and
secondary outcomes and facilitates robust monitoring of
intervention adherence and impacts. The primary study
outcome is body weight, as measured in the clinic. Full
outcome measure definitions are provided in Table 2.

Anthropometric measures

Participants will have their body weight measured in the
morning after an overnight fast using a digital scale in
the AHWC Clinical Research Center, accurate to+0.1 kg
at baseline and weeks 15, 30, and 56. Participants will
also be given a smart scale (BodyTrace Smart Scales,
Palo Alto, CA, USA) for daily home weighing during
the 56-week study. These weights will be transmitted via
a wireless cellular network to a secure website. At base-
line, height will be measured to the nearest 1 mm with
a stadiometer in the clinic. Waist circumference (WC)
will be measured to the nearest millimeter using a tape
measure, parallel to the floor and just superior to the iliac
crest, at baseline and weeks 15, 30, and 56. Blood pres-
sure (BP) will be measured at baseline and weeks 15, 30,
and 56 with an automatic sphygmomanometer (average
of two seated readings) after 5 min of seated rest. Fat
mass (FM) and fat-free mass (FFM) will be quantified
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using dual-energy X-ray absorptiometry (DXA) at the
CU AMC CTRC at baseline, week 30, and week 56.

Resting energy expenditure (REE)

Resting energy expenditure will be measured in the
morning in a thermoneutral (68-74 °F) quiet room using
indirect calorimetry (Parvo Medics TrueOne 2400, Salt
Lake City, UT, USA) at baseline and week 30 after a 12-h
overnight fast and a 24-h abstention from exercise. Par-
ticipants will lay down and rest quietly for 30 min before
placing the transparent, ventilated hood over their heads.
The participant will be instructed to remain motionless,
awake, and relaxed and will be asked to breathe normally
during the test. Before REE measurement, the pneumo-
tach flowmeter will be calibrated using a 3-L calibration
syringe (Hans Rudolph Inc., Shawnee, KS, USA), and gas
analyzers will be calibrated using standardized gas mix-
tures. REE will be measured for a minimum of 20 min,
and the average of 10 stable minutes of measurement will
be used to calculate REE using the Weir Equation [55].

Free-living total daily energy expenditure (TDEE) and energy
intake (El)

Free-living total daily energy expenditure will be assessed
using the doubly labeled water (DLW) method over
14 days at baseline and week 30. A 14-day measurement
is preferred; however, this may be shortened to 7 days
in certain circumstances due to holidays or participant
travel. A baseline urine sample will be collected prior to
administration of the oral dose of DLW containing H2!80
(10% atom percent excess, APE) and 2H20 (99.8% APE)
mixed in a ratio of 15:1. Participants will consume a dose
based on body weight and an estimation of total body
water (~73% of FFM). Delivered doses will range from
0.96 to 1.23 g/kg of body weight for females and 1.05 to
1.38 g/kg of body weight for males at baseline. Deliv-
ered doses will increase slightly at week 30 to account for
additional water turnover associated with exercise (rang-
ing from 1.05 to 1.54 g/kg of body weight). The dosing
container will be rinsed twice with 100 mL of water and
the rinsing doses consumed. The exact time of dosing will
be recorded, and urine samples will be collected 4 h and
5 h post-dose. Urine samples will be measured using off-
axis integrated cavity output spectroscopy (OA-ICOS,
Los Gatos Research Inc., Mountain View, CA, USA), as
previously described [56]. Samples will be stored frozen
at—80 °C until analysis. Free-living total daily energy
expenditure will be calculated using a standard equation
[57]. Exercise EE will be calculated by multiplying the
measured EE of exercise sessions using indirect calorim-
etry (kcal/min, see below) by the number of minutes of
exercise completed each week. Non-exercise EE will be
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calculated as TDEE — REE —exercise EE —thermic effect
of food (TEF, estimated at 10% of TDEE).

EI will be assessed using the DLW intake-balance
method [58] using the TDEE measure (described above)
combined with the change in body energy stores (AES)
using the following equation: EI=TDEE+ AES [59]. This
method of assessing EI using DLW has been reported to
be the most robust method to quantify free-living EI dur-
ing a period of potential energy imbalance over longer
periods of time [58]. Change in body energy stores will be
calculated for both FM and FFM from the DXA. Changes
in FM (g) and FFM (g) will be converted to AES (kcal/
day) using the energy coefficient 9.3 kcal/g and 1.1 kcal/g,
respectively [58]. Change in body energy stores (kcal/
day) will also be calculated using regression of daily home
weights around the 14-day DLW measure of TDEE using
an energy coefficient of 7.4 kcal/g.

Non-exercise PA and sedentary behavior

Non-exercise physical activity, and sedentary time, will
be measured using the activPAL™ thigh-worn activity
monitor (activPAL4, PAL Technologies, Glasgow, Scot-
land) for 14 consecutive days at baseline and weeks 15,
30, and 56. A 14-day measurement is preferred; however,
this may be shortened to 7 days in certain circumstances
due to holidays or participant travel. The activPAL4 uses
accelerometer-derived information about thigh position
to estimate time in different body positions (i.e., sitting/
lying, standing, and stepping). The device will be attached
to the anterior part of the right thigh using medical-grade
adhesive dressings and waterproofed by wrapping it in a
nitrile sleeve. This allows for the device to be worn while
showering and overnight for 24-h measurement of physi-
cal activity, including wake and sleep behavior.

The raw activPAL.datx files will be processed using
PALBatch software using the CREA 24-h wear protocol
(allows for 4 h of non-wear per day) and autocorrecting
for inverted wear (PAL Technologies Ltd., 2024). The
ActivPAL will estimate time spent engaging in light phys-
ical activity (1.5 to<3.0 METs), moderate-to-vigorous
physical activity (>3.0 METs), and sitting/lying (seden-
tary behavior, < 1.5 METSs) [60, 61]. Participants will also
be asked to record all exercise and bed and wake times
in a log during the wear period. Non-exercise PA will be
calculated as time spent engaging in activity>1.5 METs
outside of exercise sessions—exercise session data will
be manually excluded. It is anticipated that some partici-
pants will have reduced wear time due to scheduling con-
straints, skin sensitivity, or other device-related issues.
Data will be considered valid for participants with>3
weekdays and >1 weekend day of wear. A valid day will
be operationalized as>20 h of wear time over a 24-h
period.
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Food cravings and eating behavior

To assess compensatory eating behavior in response to
the exercise intervention, validated questionnaires will
be used to examine food cravings and aspects of eating
behavior at baseline and weeks 15, 30, and 56. Question-
naires were chosen based on constructs found to differ
significantly between compensators and non-compensa-
tors in a prior exercise study [4]. Frequency of cravings
for specific foods will be measured with the Food Crav-
ing Inventory (FCI-II) [29]; preferences for high fat/
high carbohydrate foods will be measured with the Food
Preference Questionnaire Trait, reduced (FPQ-T-r) [30];
and aspects of eating behavior will be measured with the
Three-Factor Eating Questionnaire (TFEQ R-18) [31].
We will also use the BRFSS Alcohol Consumption Ques-
tionnaire [32], Binge Eating Scale (BES) [33], early eating
away from home [34], early sugar-sweetened beverage
consumption [34], modified Yale Food Addiction Scale
[35], Palatable Eating Motives Scale (PEMS) [36], reward-
based eating drive (RED) [37], and the Eating Behavior
Inventory (EBI) [38] to assess changes in eating behavior.

Meal timing, dietary macronutrient intake, and visual analog
scale (VAS) measures

Meal-timing patterns (24 h) will be assessed using a
photo-based food diary over three consecutive days (two
weekdays, one weekend day) at baseline and weeks 15,
30, and 56. Participants will use a smartphone camera to
take a picture of any food or drinks they ingest and send
the photos (along with brief descriptions) via text mes-
sage to the TIMEX Study’s Google Voice account. To
ensure consistency and quality of the photographs, par-
ticipants will be given detailed instructions and asked to
send before and after consumption pictures—allowing
for timestamps of when meals were consumed. Dietary
macronutrient intake will be quantified from the 3-day
photographic food records [62] by the Colorado Clini-
cal Translational Research Institute (CCTSI) Nutrition
Core using Nutrition Data System for Research software.
Additionally, calculations of the daily eating window
duration (time of last intake—time of first intake) and
midpoint of the eating window (clock time between first
and last intake events) will be calculated for each assess-
ment timepoint.

Over the same 3 days as the photo-based food diary,
participants will receive text messages with a link to a
REDCap survey every 2 h between 6 a.m. and 10 p.m.
The surveys consist of visual analog scales (VAS) to assess
hunger, satiety, sleepiness, energy/vigor, and fatigue.
Study staff will be able to see participant responses in
real time via the web-based interface to ensure VAS are
completed at appropriate times and send reminders, if



Creasy et al. Trials (2026) 27:45

necessary. The study team is experienced in this method-
ology [16].

Sleep

Sleep duration and timing will be estimated using the
wrist-worn Actiwatch-2 (Philips Respironics, Murrys-
ville, PA, USA) at baseline and at weeks 15, 30, and 56.
Participants will wear the device 24 h/day for 14 consecu-
tive days. A 14-day measurement is preferred; however,
this may be shortened to 7 days in certain circumstances
due to holidays or participant travel. Additionally, partic-
ipants will be asked to keep a sleep diary over the assess-
ment period, which includes bedtime, waketime, daytime
naps, and a rating of each night’s sleep quality. Wrist
actigraphy yields relatively accurate and precise measures
of sleep duration and timing compared to polysomnog-
raphy [63, 64]. Sleep data will be scored using standard-
ized methodology [65]. Established subjective measures
of sleep quality and sleepiness will also be captured via
questionnaire using the Pittsburgh Sleep Quality Index
(PSQI) [39] and Epworth Sleepiness Scale (ESS) [40].

Cardiorespiratory fitness testing via maximal aerobic
capacity (VO, max)
To assess cardiorespiratory fitness, maximal aerobic
capacity (VO, max) will be measured at baseline, week
30, and week 56. During a 5-min warm-up, treadmill
speed will be adjusted to elicit a HR that isapproxi-
mately70% of the age-predicted maximum HR. This
speed will be maintained through the test, and the grade
will be increased by 2% every 2 min until volitional
exhaustion or until the test is stopped by the proctor.
Oxygen and CO, content of expired air will be meas-
ured continuously by open-circuit spirometry and
averaged every 20 s using an automated online system
(TrueMax 2400; Parvo-Medics, Sandy, UT, USA). Maxi-
mal oxygen consumption (VO, max) will be the highest
average of two consecutive 20-s intervals. Evidence that
VO, max has been attained will include reaching at least
two of the following: a plateau in VO, despite an increase
in exercise intensity, a respiratory exchange ratio>1.10,
and a HR max within 10 beats of the age-predicted value.
Affective response to exercise will be measured with
the Feeling Scale (FS), a one-item measure of affective
valence ranging from 5 (I feel very good) to —5 (I feel very
bad) immediately pre, at each stage of the test, immedi-
ately post, 5 min post, and 10 min post these tests.

Exercise energy expenditure (EE) and exercise prescription
adjustment

Exercise EE will be tested four times per participant dur-
ing the 30-week supervised exercise program. The test
will utilize a patient-specific protocol—each participant
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will start by walking or jogging on the treadmill at a
speed and grade that elicits a heart rate that matches the
prescribed heart rate for their exercise training sessions
(prescriptions will begin at 70% of HRmax and progress
to 80% of HRmax). Heart rate maximum will be defined
individually as the maximum heart rate reached during
the participant’s baseline VO, max assessment. Heart
rate will be monitored continuously with the Polar H10
HR monitor.

The objective of the test is for each participant to exer-
cise for 30 consecutive minutes at their target HR (=5
BPM) by adjusting the treadmill speed/grade accordingly.
During the test, the participants’ breath will be collected
via a mouthpiece/facemask system and indirect calorim-
etry (Parvo Medics TrueOne 2400, Salt Lake City, UT,
USA) providing information about the amount of energy
expenditure during exercise, which will be used to deter-
mine exercise prescription durations to achieve the target
keal per week exercise EE for each participant. For exam-
ple, if a person expends 10 kcal/min at 75% HRmax, then
they will need to exercise for 50 min per session (10 kcal/
min X 50 min=500 kcal). Exercise prescriptions will be
adjusted accordingly after each test.

Metabolic/hormonal evaluations

Serum lipid panel, glucose, insulin, and hemoglobin Alc
will be measured after an overnight (12 h) fast at baseline
and at weeks 30 and 56 and analyzed by the CU AMC
CTRC Core Laboratory. Blood will be stored for assess-
ment of additional markers of metabolic health (includ-
ing markers of inflammation, lipid metabolism, thyroid
hormones and metabolites, cortisol and other stress
response hormones, gut metabolites, and hunger/satiety
hormones).

Psychosocial, behavioral, and environmental predictors

of exercise intervention adherence and response

To assess and measure psychological, social, behavioral,
and environmental dimensions that may predict, mod-
erate, or mediate intervention adherence and response
(weight loss and changes in other outcomes), partici-
pants will complete several validated surveys and ques-
tionnaires at baseline and then again at weeks 15, 30, and
56—allowing the research team to determine if there are
changes over time in any of the evaluated constructs. The
selection of questionnaire measures was informed by the
recommendations of the National Institutes of Health
ADOPT Core Measures Project [66—68]. These question-
naires include the following: the Morning-Eveningness
Questionnaire (MEQ) [41], Munich Chronotype Ques-
tionnaire (MCTQ) [42], Physical Activity Enjoyment
Scale (PACES) [43], Barriers Self-Efficacy Scale (BARSE)
[44], Behavioral Regulations for Exercise Questionnaire
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(BREQ-3) [45], Perceived Stress Scale (PSS) [46], Positive
and Negative Affect Scale (PANAS) [47], RAND 36-Item
Health Survey [48], Short Grit Scale [49], marijuana use
[32], Compensatory Health Beliefs Scale [50], social sup-
port for healthy behaviors [51], behavioral-based identity
[52], life history [53], and Neighborhood Environment
Walkability Scale (NEWS-A) [54].

Participant timeline {13}
See Table 3 for a detailed accounting of the participant
timeline.

Sample size {14}

This trial is powered to detect a between-group dif-
ference (AM-Ex and PM-Ex) in change in weight
(0-30 weeks) of 2.5 kg. A 2.5 kg between-group differ-
ence in weight loss was deemed the minimum difference
of clinical importance [2], and 64 participants per arm
(total study N=128) will be enrolled. The primary anal-
ysis will use the ITT principle in which all randomized
participants are analyzed. Although specific data on the
standard deviation (SD) of change in weight in response
to the proposed intervention is unavailable, estimates of
SD were obtained from MET-2 (common SD of 3.7 kg,
2000 kcal/week group) [15].

Assuming a common SD of 3.7 kg, a sample size of 64
per arm (total study N=128) would allow us to detect a
clinically meaningful difference of 2.5 kg with 96% power
at «=0.05 level of significance. This is equivalent to a
medium-large effect size (d=0.67) based on guidelines
suggested by Cohen [69]. Because MET-2 used a per-
protocol analysis, the SD of weight change may be larger
in this ITT trial. Thus, we have conservatively designed
the study to have 80% power for our primary ITT analy-
sis if the SD were to be higher (SD=5.0, d=0.50). This
range of SD in weight change from supervised exercise
interventions is appropriate based upon previous stud-
ies of similar duration [4, 12]. Missing data will be fully
recovered as discussed above which will remove or mini-
mize (if present) confounding effects of missingness on
our statistical power. With a combined attrition/failure
to meet>75% exercise adherence rate as high as 30%,
we retain>80% power in our sensitivity analyses (com-
pleters, per protocol) up to a common SD=4.2 (d=6.0)
assuming the same threshold for clinical importance
(2.5-kg difference in weight loss). Given the limited pre-
liminary data, exact power calculations are not possible
for our secondary outcomes. However, assuming a type
I error rate of 5%, the minimal detectable effect size
(MDES) for secondary outcomes was calculated. We are
sufficiently powered at 80% to detect differences of 0.50
SDs or greater which is considered a medium MDES [69].
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Recruitment {15}

Potential participants will be recruited from CU AMC
and the surrounding Metro Denver Area through mass
emails, flyers, social media advertising (Facebook, Ins-
tagram, etc.), and the CU School of Medicine research
website (which maintains an updated list of available
studies performed on campus that is also accessible to
the general population). All advertisements will include
a link to a study landing page on which more details
about the study will be provided, including a descrip-
tion of the study requirements and eligibility criteria.

Assignment of interventions: allocation
Sequence generation {16a}
The randomization sequence will be generated by the
study biostatistician (E. W.). Using a computer-gen-
erated randomization sequence, participants will be
stratified by sex and randomized within strata in a 1:1
ratio to AM-Ex and PM-Ex with equal probability using
variably sized permuted block randomization.

Block randomization will be used to ensure approxi-
mately equal accrual to each arm from each stratum
over time.

Concealment mechanism {16b}

Block sizes will be chosen randomly to ensure that
future assignments cannot be inferred from past
assignments. Treatment allocation will take place after
eligible participants have completed all baseline assess-
ments, based on an a priori randomization list gener-
ated by the study biostatistician.

Implementation {16c}

The study biostatistician will be responsible for gener-
ating the allocation sequence. The assignment sequence
(e.g., randomization list) is concealed from all study
staff and investigators except the study biostatistician.
Prior to the intervention start date, the study coordi-
nator provides the biostatistician with a list of eligible
participants who have completed all screening pro-
cedures and baseline measures. This list includes only
participant ID’s and their sex assigned at birth. Fol-
lowing a predetermined randomization sequence, each
participant will be randomly assigned to their study
condition. The biostatistician will then email the study
coordinator a list detailing each participant’s condition
assignment ~ 24 h in advance of the intervention start
date for the cohort. Participants are informed of their
randomized study condition during the orientation
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Table 3 Schedule of enrollment, interventions, and assessments for the TIMEX study participants
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Enrollment

Baseline and |Post-allocation
Supervised Exercise Program

Allocation

Close-out

Unsupervised
[Exercise Program

TIMEPOINT*

1 Weeks (-25-) - (-5)

ENROLMENT:
Eligibility screen**

Informed consent

Screening
Questionnaires

Screening Labs
EKG

History + Physical
Exam

Allocation

0

Weeks (-5)-0

t

Week 3

t; t3 t

Week 9 [Week 15 _|Week 17

ts ts

Week 23 | Week 30

t;

Week 56

X | X | X | X | X | X

INTERVENTIONS:
Morning Exercise
(AM-Ex)

Evening Exercise
(PM-Ex)

>

ASSESSMENTS:

Bodyweight*

Body Composition
(DXA)

Height

Blood
Pressure

Waist Circumference

Stored Blood for
Future Use

Outcome Labs™
VO, Max
Exercise EE
REE

TDEE & EI

Device Measured
MVPA, Sedentary
Time, & Sleep

Self-reported El &
Macronutrient Intake

Stool Sample

Collection
Metabolic/Hormonal
Evaluations

Psychosocial,
Behavioral,
Environmental
Constructs, & Other
Questionnaires™

x

x| X| X| X| X

X | X[ X | X[ X

x

x

x

x

x| X| X| X

X | X[ X[ X

X | X[ X | X

X | X1 X1 X
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Table 3 (continued)
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EKG electrocardiogram, DXA dual-energy X-ray absorptiometry, VO, max maximal oxygen consumption, EE energy expenditure, REE resting energy expenditure, TDEE
free living total daily energy expenditure, E/ energy intake, MVPA moderate to vigorous physical activity

* All measures, post-allocation, will occur +2 weeks from when the measure is due

" Screening measures include weight, height, blood pressure, blood tests (comprehensive metabolic panel, lipid panel, complete blood count, thyroid-stimulating
hormone, hemoglobin A1C, and pregnancy test in women of childbearing potential), the Beck Depression Inventory (BDI), the Eating Attitudes Test (EATS-26), the
Questionnaire on Eating and Weight Patterns-5 (QEWP-5), and the Physical Activity Readiness Questionnaire Plus (PAR-Q+)

# Body weight measured in the morning after an overnight fast using a digital scale accurate to+0.1 kg at baseline and weeks 15, 30, and 56. Participants will also be
given a smart scale for daily home weighing. Weights will be transmitted via wireless cellular network to a secure website

# Outcome labs include fasting glucose, insulin, lipids, and hemoglobin Alc

## Questionnaires include Physical Activity Enjoyment Scale (PACES), Behavioral Regulations for Exercise Questionnaire (BREQ-3), Barriers Self-Efficacy Scale (BARSE),
Morningness-Eveningness Questionnaire (MEQ), Munich Chronotype Questionnaire, Compensatory Health Beliefs Scale, Perceived Stress Scale (PSS), modified
positive and negative affect schedule (PANAS), Exercise Benefits/Barriers Scale, POMS 40-item, behavior-based identity, BRFSS marijuana use, Short Grit Scale,
intervention preference questionnaire, life history questionnaire, Marijuana Use DFAQ Inventory, social support for healthy behaviors, Short Form Self-Regulation
Questionnaire (SSRQ), RAND 36-Item Health Survey, Pittsburgh Sleep Quality Index (PSQI), NEWS-A, Food Craving Inventory (FCI-Il), Food Preference Questionnaire
Trait, reduced (FPQ-T-r), Three-Factor Eating Questionnaire (TFEQ R-18), BRFSS Alcohol Consumption Questionnaire, Binge Easting Scale (BES), early eating away from
Home, early sugar-sweetened beverage consumption, modified Yale Food Addiction Scale, Palatable Eating Motives Scale (PEMS), reward-based eating drive (RED),

and Eating Behavior Inventory (EBI)

session for the cohort, which occurs approximately
1 week prior to the exercise intervention start date.

Assignment of interventions: blinding

Who will be blinded {17a}

All investigators and study staff except for the study
biostatistician (E. W.) will be blinded to the randomiza-
tion scheme. All investigators and study staff will remain
blinded to paired group assignment and outcome data
until study completion (including completion of data
analysis). Core laboratory staff performing outcome
measures will be blinded to participant group assign-
ment. It is not feasible to blind participants, study coordi-
nators, and study staff supervising exercise to participant
group assignment. However, participants will be blinded
to the central hypothesis of the study (i.e., hypothesized
superiority of AM-Ex vs PM-Ex for weight loss).

Procedure for unblinding if needed {17b}
NA. It is not feasible to blind participants to study group
assignment.

Data collection and management

Plans for assessment and collection of outcomes {18a}
Outcome measures will be conducted at the AHWC
Clinical Research Center and the CU AMC CTRC by
trained study staff. We will use standardized, study-spe-
cific data collection forms to record outcome values. The
collection forms will be filed by timepoint into each par-
ticipant’s study binder. Anthropometric measures (e.g.,
height, weight, blood pressure) will be collected a mini-
mum of two times, and the average value will be used for
analysis. Questionnaires will be administered electroni-
cally to participants via email using REDCap and will be
scored directly within REDCap via hidden, calculated
fields.

Plans to promote participant retention and complete
follow-up {18b}

We will ensure continuity of key staff supervising exercise
over the study, so participants build relationships to pro-
vide inspiration and increase accountability. To enhance
exercise adherence and promote retention, participants
will engage in supervised exercise, receive biweekly
adherence emails, complete a behavioral support cur-
riculum, and receive small payments for completing
exercise sessions. If adherence or retention is lower
than expected, we will consider the following strategies
applied to both groups: provision of additional behavio-
ral support, widening AM/PM exercise windows, adding
weekend exercise sessions, modest reduction in exercise
volume, or other strategies suggested based on interviews
with participants with low attendance or who drop from
the study.

Data management {19}

All outcome data is transferred from the physical data
collection forms to the study’s REDCap database. Field
range values are set to alert if a value is outside a specific
range, and missing data will be tracked and checked. All
data will then be site-verified by a second staff member,
verifying the physical forms in each participant’s bind-
ers to the electronic data entered on REDCap. Primary
outcome data (weight) is double entered. A backup of
the REDCap database is exported monthly to the secured
study drive. Prior to any data analysis, the study biostat-
istician will generate reports of outcome data from the
database and run descriptive statistics to look for outli-
ers. In the presence of outliers, the original source docu-
ments and/or testing output will be checked for accuracy
and to determine whether testing/sampling error indi-
cates that the data should be excluded from analyses.
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Confidentiality {27}

A participant identifier (ID) code for the data will be used
such that data will not have the participant’s name associ-
ated with it. The key linking participant name and partic-
ipant ID code will be kept in a secured location, with only
key personnel having direct access to the list. Participant
ID codes will be used in all data entry and data analysis.
The investigative team will be trained in accordance with
both the Colorado Multiple Institutional Review Board
(COMIRB) and the Health Insurance Portability and
Accountability Act (HIPAA) compliance issues and will
act to maintain confidentiality and protect health infor-
mation. Electronic data will be stored on secure serv-
ers with a high level of security, controlled access, daily
backup, and long-term retention of back-up files. Hard
copies of study data will be kept in participants’ charts in
a locked, secured file cabinet in the PI’s or study coordi-
nator’s office. Access to all study data will be restricted to
the PI and research personnel.

Plans for collection, laboratory evaluation, and storage

of biological specimens for genetic or molecular analysis

in this trial/future use {33}

Blood will be collected at baseline and at weeks 15, 30,
and 56 and analyzed as above. Whole blood, serum,
and plasma will also be processed and stored at—80 °C
for future ancillary studies. Stool samples will be self-
collected by study participants at baseline and at weeks
15, 30, and 56 using a stool collection kit with detailed
instructions. Participants will sterilely transfer~1-2 g
of stool to the provided collection tubes, store speci-
mens at—20 °C (home freezers), and transport them to
the clinic on ice packs within a week of collection. Stool
specimens will then be stored at—80 °C until they are
analyzed during future ancillary studies.

Statistical methods

Statistical methods for primary and secondary outcomes
{20a}

The efficacy of the intervention will be evaluated by com-
paring differences between the AM-Ex and PM-Ex groups
in weight change (kg) at 30 weeks (primary endpoint,
following supervised exercise program) and 56 weeks
(secondary endpoint, following unsupervised exercise
program). These analyses will be performed according
to intent-to-treat (ITT) principles and followed by sen-
sitivity analyses (e.g., completer’s analysis, per-protocol
analysis [participants with >75% adherence to supervised
exercise]). Using maximum likelihood methods, we will
use mixed model analyses with repeated measures to
estimate weight change at 30 and 56 weeks and to test for
statistical differences across groups in changes over time.
Models will include random intercept, time, group, and
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group X time variables. A proper error covariance struc-
ture will be chosen based on model fit indicated by model
likelihood, Akaike information criterion, and Bayesian
information criterion. The results from the mixed mod-
els will be summarized with adjusted means and 95%
confidence intervals (CI) by trial arm at each time point.
Additionally, baseline variables including age, sex/gender,
race/ethnicity, and BMI will be included as covariates in
the linear mixed models to assess their potential moder-
ating effect. Similarly, we will longitudinally compare the
percentage of participants achieving 3% and 5% weight
loss between groups at 30 and 56 weeks using generalized
estimating equations.

Similar analyses as described above will be completed
for each of the secondary and exploratory outcomes.
Secondary outcomes will be presented with and without
adjustments to account for multiple testing by controlling
for the false discovery rate (10%) using the Benjamini—
Hochberg procedure [70].

Additionally, we will use linear mixed models to explore
the extent to which changes in other outcomes are asso-
ciated with changes in weight, EI, and EE. Finally, we will
explore the extent to which biologic, behavioral, psycho-
social, and environmental variables moderate or mediate
intervention response (e.g., changes in body weight, body
composition, cardiometabolic outcomes, EI, EE, sleep,
fitness, and eating/exercise behavior) within groups and
in the cohort as a whole.

Interim analyses {21b}
NA. No interim analyses are planned for this study.

Methods for additional analyses (e.g., subgroup analyses)
{20b}

Although we are not powered for formal analysis, study
results will be presented separately and in aggregate
based on biological sex to enhance transparency and
inform data interpretation.

Methods in analysis to handle protocol nonadherence

and any statistical methods to handle missing data {20c}
Data analyses will be performed using SAS statistical
software (Version 9.4, Cary, NC, USA). Baseline demo-
graphic and descriptive characteristics will be sum-
marized globally, and by intervention group, using
frequencies and percentages for categorical variables
and means and SD (median [Q1, Q3] for non-symmetric
data) for inherently quantitative variables. Prior to con-
ducting analyses, we will audit the data for complete-
ness and quality, including missing data. We will evaluate
distributions to ensure that they meet assumptions of
planned analyses, including the detection of outliers.
Baseline demographics and primary outcomes will be
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compared between participants with and without follow-
up measures to inspect for potential bias. We will also
assess whether data are missing completely at random
(MCAR), missing at random (MAR), or missing not at
random (MNAR)—nonignorable. If variations in attrition
might be explained by observed variables correspond-
ing to the missing at random (MAR) assumption, then
models will give valid inferences because they are likeli-
hood based, and no special adjustments are necessary. If
some of the variability in attrition might be explained by
unobserved variables, we will consider imputing missing
endpoint data using multiple imputation techniques [71]
and will assess the sensitivity of our results to various
assumptions of missing data patterns [72]. SAS proce-
dures PROC MI and MIANALYZE will be used.

Plans to give access to the full protocol, participant-level
data, and statistical code {31c}

This paper represents our complete protocol. Upon pub-
lication of results, individuals interested in obtaining
underlying participant-level data and/or statistical code
may contact the PI (V. C.) for more information.

Oversight and monitoring

Composition of the coordinating center and trial steering
committee {5d}

This single-site randomized trial does not have a coordi-
nating center or trial steering committee. The trial will
be supervised by the PI (V. C.) with input from study
coinvestigators. Additional oversight will be provided by
an independent safety officer who will review study con-
duct and progress on an annual basis as outlined in our
NIH-approved Data and Safety Monitoring Plan (DSMP).
Three senior-level professional research assistants
(PRAs) supervised by the PI, will provide day-to-day
organizational support for the trial including participant
recruitment and obtaining informed consent and will
oversee other study staff (PRAs and/or student workers)
in scheduling and performance of outcome measures and
data entry. The screening medical history and physical
exams will be performed by the PI (V. C., a MD) or by a
postdoctoral fellow (R. R., a DO), both of whom possess
current board certification in endocrinology. The PI and
the study PRAs will meet weekly to discuss trial conduct
and progress including recruitment and retention. Coin-
vestigator meetings will be held monthly during the study
startup phase and then as needed to discuss any issues
that arise with trial conduct.

Composition of the data monitoring committee and its role
and reporting structure {21a}

The intervention and measurement protocols pose mini-
mal risk to participants. Because of this low-risk status,
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the data safety monitoring plan for this trial focuses on
close monitoring by the PI (an MD with current board
certification in endocrinology) in conjunction with an
independent safety officer, along with prompt report-
ing of excessive adverse events and any serious adverse
events to the NIH and to COMIRB. The safety officer
will review the reports prepared by the study coordina-
tor at the annual safety officer meeting and will deter-
mine whether there is any corrective action, trigger of an
ad hoc review, or stopping rule violation that should be
communicated to the study investigator, COMIRB, and
the study sponsor.

Adverse event reporting and harms {22}

Adverse events will be collected non-systematically
(i.e., we will capture any adverse events spontaneously
reported by participants) and will be reviewed, collated,
and evaluated by the PI within 72 h. All serious adverse
events will be evaluated by the safety officer and the PI
within 24 h. A summary table of adverse events (safety
report) will be compiled on an ongoing basis and will be
provided to the independent safety officer at the annual
meeting. The summary table will include a description
of the adverse event, the date of onset, severity, action
taken, outcome, whether the adverse event was expected
or unanticipated, and a determination of the relationship
of the adverse event to study procedures. Adverse event
reports and annual summaries will not include identifi-
able material, and participants will be identified only by
study ID number.

Frequency and plans for auditing trial conduct {23}

To review study conduct throughout the trial period,
study team meetings, led by the PI (V. C.), will occur on
a weekly basis. The independent safety officer will review
trial conduct and progress annually, as outlined in our
NIH-approved Data and Safety Monitoring Plan (DSMP).
An annual report will be submitted for continuing review
per COMIRB requirements. Lastly, an annual progress
report will be submitted to the study sponsor (NIH).

Plans for communicating important protocol amendments
to relevant parties (e.g., trial participants and ethical
committees) {25}

Any protocol changes that impact study procedures or
risk to human participants will be approved by COMIRB
and reflected in a revised consent form that will be
reviewed and signed by all active participants. Protocol
changes will also be reported to NIH during the annual
progress reports.
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Dissemination plans {31a}

Findings from this study will be shared publicly and dis-
seminated mainly by publication in peer-reviewed jour-
nals and conference presentations. Journal articles will be
submitted to PubMed Central in compliance with NIH
access guidelines. Main outcomes are planned to be sub-
mitted for publication during 2026—-2027. Peer-reviewed
findings will also be disseminated through CU AMC
social media outlets.

Research data, which documents, supports, and vali-
dates research findings, will be made available after the
main findings from the final research data set have been
accepted for publication. No research data with personal
identifiers will be published under this project.

Discussion

Previous observational and experimental studies sug-
gest that exercise time of day may alter weight loss and
energy balance regulation, yet only a few short-term
(<12 weeks) prospective studies have examined the
effects of exercise timing on body weight or fat mass
in adults with overweight or obesity. Alizadeh et al.
[17] randomized women with a BMI of 25-30 kg/m? to
6 weeks of supervised morning or afternoon exercise of
equivalent duration (90 min/week). This study was not
powered to detect differences in weight change; how-
ever, in a completers analysis, body weight decreased
more in morning exercisers compared to afternoon
exercisers (—1.6 vs—0.3 kg, SD not reported, p=0.04).
Self-reported EI also tended to decrease more in morn-
ing exercisers compared to afternoon exercisers (—362
vs —28 kcal/day, p=0.06). Similarly, Arciero et al. found
that women who completed 12 weeks of multimodal
exercise in the morning lost more fat mass (— 1.0+ 0.2 kg)
compared to women who completed evening exercise
(—0.3£0.2 kg) [18]. No differences in fat mass loss were
observed for men. In a pilot trial, we randomized men
and women to 15 weeks of supervised aerobic exercise
progressing to 2000 kcal/week. We found that morn-
ing exercisers lost—0.9+2.8 kg and evening exercisers
lost—1.4+2.3 kg with no significant differences between
groups [16]. Two recent trials also found that 12 weeks of
morning and evening exercise resulted in no significant
differences in weight loss [20, 21]. In contrast, Di Blasio
et al. [23] reported results of a non-randomized study
of postmenopausal women participating in a 12-week
walking program; participants self-selected morning or
evening walking (200 min/week). While change in body
weight did not differ between groups, the evening group
experienced a greater decrease in fat mass (—1.7 kg
vs—0.2 kg, p=0.04). Similarly, Mancilla et al. recently
found that evening exercise resulted in greater reductions
in fat mass (— 1.2+ 1.3 kg) compared to morning exercise
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(—0.2+1.0 kg) following 12 weeks of exercise training
[22]. Thus, to date, the study of the effect of exercise time
of day on weight and fat mass has shown variable results.
However, it is important to note the limitations of these
prior studies. The duration of the exercise interventions
(<12 weeks) is generally too short to produce clinically
meaningful weight loss and limits the ability to draw con-
clusions about the potential magnitude of between-group
differences in weight loss with longer interventions. In
addition, objective measures of energy balance (EI and
EE) were not included in these studies; thus, compensa-
tory mechanisms in response to morning versus even-
ing exercise remain unknown. Additional limitations of
these studies include the following: nonrandomization,
heterogenous samples, and varying exercise prescriptions
that do not align with guidelines for weight loss. Given
the substantial limitations of these prior studies, a recent
review concluded there is a need for fully powered, ran-
domized trials to clarify the effects of exercise timing on
weight loss [73].

The TIMEX study will fill this important gap in the
literature by comparing the weight loss effectiveness of
a guidelines-based dose (progress to 2000 kcal/week) of
moderate intensity aerobic exercise performed in either
the morning or the evening over a 30-week supervised
exercise phase and a subsequent 26-week unsupervised
exercise phase. We will use objective methods to meas-
ure EE (DLW), EI (DLW intake balance method), and PA
(activPAL device) to allow for an accurate comparison of
the impact of morning versus evening aerobic exercise
on compensatory changes in EI and EE. Our findings
may have significant public health implications as this
study will generate robust data regarding whether there
is an optimal time of day to exercise to enhance weight
loss response. While not a primary objective, this trial
will also provide important information on whether there
are differences in adherence to morning versus even-
ing exercise. We anticipate that results will further our
understanding of the impact of morning versus evening
exercise on cardiometabolic risk parameters and energy
compensation in response to exercise and will provide
preliminary insight into the impact of consistent exercise
timing on circadian cues known the impact body weight
regulation.

Trial status

This study protocol was based on protocol version num-
ber 21-3094 date February 20, 2025. Enrollment began
on 12/07/21 and is anticipated to be completed on
4/07/2025.

Abbreviations
AM-Ex Morning exercise
PM-Ex Evening exercise
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El Energy intake

EE Energy expenditure

PA Physical activity

TDEE Total daily energy expenditure

T Intent to treat

CU AMC University of Colorado Anschutz Medical Campus
AHWC Anschutz Health and Wellness Center

CTRC Clinical Translational Research Center

UCH UCHealth University of Colorado Hospital
BMI Body mass index

Pl Principal investigator

MD Medical doctor

BDI Beck Depression Inventory

EATS-26 Eating Attitudes Test

QEWP-5 Questionnaire on Eating and Weight Patterns-5
PAR-Q+ Physical Activity Readiness Questionnaire Plus
HR Heart rate

MHR Maximum heart rate

CHR Constant heart rate

BMP Beats per minute

ACSM American College of Sports Medicine

FS Feeling Scale

DPP Diabetes Prevention Program

DXA Dual-energy X-ray absorptiometry

WC Waist circumference

NIH National Institutes of Health

BP Blood pressure

M Fat mass

FFM Fat-free mass

REE Resting energy expenditure

DLW Doubly labeled water

APE Atom percent excess

TEF Thermic effect of food

AES Change in body energy stores

FCIHII Food Craving Inventory

FPQ-T-r Food Preference Questionnaire Trait, reduced
TFEQ-R-18  Three-Factor Eating Questionnaire

BES Binge Eating Scale

PEMS Palatable Eating Motives Scale

RED Reward-based eating drive

EBI Eating Behavior Inventory

CCTSI Colorado Clinical Translational Research Institute
VAS Visual analog scale

PsQl Pittsburg Sleep Quality Index

ESS Epworth Sleepiness Scale

VO2 max Maximal oxygen consumption

PRP Platelet-rich plasma

ADP Adenosine diphosphate

SD Standard deviation

MDES Minimal detectable effect size

D Participant identifier

COMIRB Colorado Multiple Institutional Review Board
HIPPA Health Insurance Portability and Accountability Act
cl Confidence interval

MCAR Missing completely at random

MAR Missing at random

MNAR Missing not at random

DSMP Data and Safety Monitoring Plan

PRAs Professional research assistants

Acknowledgements

We would like to thank our staff and administrative personnel from the Divi-
sion of Endocrinology, Metabolism, and Diabetes at the University of Colorado,
who provided assistance during all phases of this project.

Authors’ contributions {31b}

VC, SC, EW, JD, EM, and AC conceived of and designed the study and obtained
funding. VC wrote the protocol and acquired the data. EW performed the
power analysis. SC, KO, SP, LW, MB, KC, and VC drafted the manuscript. SP
generated the tables. All authors were involved in writing and revising the
manuscript and approved the final version of the manuscript.

Page 18 of 20

Funding {4}

This work was supported by grants from the National Institutes of Health:
ROT DK126814, P30 DK048520, CTSA UM1TR004399, KO1 HL145023, KO1 HL
161417, K01 HL143039, and T32 DK120521.

Data availability {29}
All data that will be used or analyzed in the study will be supplied upon
reasonable request.

Declarations

Ethics approval and consent to participate {24}

The study protocol was approved by the Colorado Multiple Institutional
Review Board of the University of Colorado (COMIRB, Aurora, CO, USA; proto-
col 21-3094). Written informed consent to participate will be obtained from
all participants.

Consent for publication {32}
Informed consent materials are attached as supplementary materials.

Competing interests {28}
The authors declare that they have no competing interests.

Author details

'Department of Medicine, Anschutz Health and Wellness Center, University
of Colorado Anschutz Medical Campus, Aurora, CO, USA. 2Division of Endo-
crinology, Metabolism, and Diabetes, Department of Medicine, University

of Colorado Anschutz Medical Campus, Aurora, CO, USA. 3Center for Health
Promotion and Disease Prevention, University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA. “Division of Physical Activity and Weight Management,
Department of Internal Medicine, University of Kansas Medical Center, Kansas
City, KS, USA. °Department of Kinesiology, Recreation, and Sport Studies,
University of Tennessee, Knoxville, Knoxville, TN, USA.

Received: 24 February 2025 Accepted: 16 November 2025
Published online: 12 December 2025

References

1. Garber AJ, Handelsman Y, Einhorn D, Bergman DA, Bloomgarden ZT,
Fonseca V, et al. Diagnosis and management of prediabetes in the
continuum of hyperglycemia: when do the risks of diabetes begin? A
consensus statement from the American College of Endocrinology and
the American Association of Clinical Endocrinologists. Endocr Pract.
2008;14:933-46.

2. Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA,
Hu FB, Hubbard VS, Jakicic JM, Kushner RF, Loria CM, Millen BE, Nonas
CA, Pi-Sunyer FX, Stevens J, Stevens VJ, Wadden TA, Wolfe BM, Yanovski
SZ. American College of Cardiology/American Heart Association Task
Force on Practice G and Obesity S. 2013 AHA/ACC/TOS guideline for
the management of overweight and obesity in adults: a report of the
American College of Cardiology/American Heart Association Task Force
on Practice Guidelines and The Obesity Society. J Am Coll Cardiol.
2014;63:2985-3023.

3. Church TS, Martin CK, Thompson AM, Earnest CP, Mikus CR, Blair SN.
Changes in weight, waist circumference and compensatory responses
with different doses of exercise among sedentary, overweight postmeno-
pausal women. PLoS ONE. 2009;4:e4515.

4. Martin CK, Johnson WD, Myers CA, Apolzan JW, Earnest CP, Thomas DM,
et al. Effect of different doses of supervised exercise on food intake,
metabolism, and non-exercise physical activity: the E-MECHANIC rand-
omized controlled trial. Am J Clin Nutr. 2019;110:583-92.

5. Jakicic JM, Otto AD, Lang W, Semler L, Winters C, Polzien K, et al. The
effect of physical activity on 18-month weight change in overweight
adults. Obesity. 2011;19:100-9.

6.  Donnelly JE, Honas JJ, Smith BK, Mayo MS, Gibson CA, Sullivan DK, et al.
Aerobic exercise alone results in clinically significant weight loss for men
and women: Midwest exercise trial 2. Obesity. 2013;21:E219-28.



Creasy et al. Trials

20.

21.

22.

23.

24.

25.

26.

(2026) 27:45

Ross R, Dagnone D, Jones PJ, Smith H, Paddags A, Hudson R, et al.
Reduction in obesity and related comorbid conditions after diet-induced
weight loss or exercise-induced weight loss in men. A randomized,
controlled trial. Ann Intern Med. 2000;133:92-103.

Ross R, Janssen |, Dawson J, Kungl AM, Kuk JL, Wong SL, et al. Exercise-
induced reduction in obesity and insulin resistance in women: a rand-
omized controlled trial. Obes Res. 2004;12:789-98.

Donnelly JE, Hill JO, Jacobsen DJ, Potteiger J, Sullivan DK, Johnson SL,

et al. Effects of a 16-month randomized controlled exercise trial on body
weight and composition in young, overweight men and women: the
Midwest exercise trial. Arch Intern Med. 2003;163:1343-50.

Melanson EL, Keadle SK, Donnelly JE, Braun B, King NA. Resistance to
exercise- induced weight loss: compensatory behavioral adaptations.
Med Sci Sports Exerc. 2013;45:1600-9.

. Doucet E, Mclnis K, Mahmoodianfard S. Compensation in response to

energy deficits induced by exercise or diet. Obes Rev. 2018;19(Suppl
1):36-46.

Slentz CA, Duscha BD, Johnson JL, Ketchum K, Aiken LB, Samsa GP., et al.
Effects of the amount of exercise on body weight, body composition,
and measures of central obesity: STRRIDE-a randomized controlled study.
Arch Intern Med. 2004;164:31-9.

MaclLean PS, Rothman AJ, Nicastro HL, Czajkowski SM, Agurs-Collins

T, Rice EL, Courcoulas AP, Ryan DH, Bessesen DH and Loria CM. The
Accumulating Data to Optimally Predict Obesity Treatment (ADOPT) Core
Measures Project: Rationale and Approach. Obesity (Silver Spring, Md.
2018:26(Suppl 2):56-515.

Chomistek AK, Shiroma EJ, Lee IM. The relationship between time of

day of physical activity and obesity in older women. J Phys Act Health.
2016;13:416-8.

Willis EA, Creasy SA, Honas JJ, Melanson EL, Donnelly JE. The effects

of exercise session timing on weight loss and components of energy
balance: midwest exercise trial 2. Int J Obes (Lond). 2020;44(1):114-24.
https://doi.org/10.1038/541366-019-0409-x.

Creasy SA, Wayland L, Panter SL, Purcell SA, Rosenberg R, Willis EA, et al.
Effect of morning and evening exercise on energy balance: a pilot study.
Nutrients. 2022;14:816.

Alizadeh Z, Younespour S, Rajabian Tabesh M, Haghravan S. Comparison
between the effect of 6 weeks of morning or evening aerobic exercise on
appetite and anthropometric indices: a randomized controlled trial. Clin
Obes. 2017;7:157-65.

Arciero PJ, Ives SJ, Mohr AE, Robinson N, Escudero D, Robinson J, et al.
Morning exercise reduces abdominal fat and blood pressure in women;
evening exercise increases muscular performance in women and lowers
blood pressure in men. Front Physiol. 2022;13:893783.

Brooker PG, Gomersall SR, King NA, Leveritt MD. The feasibility and
acceptability of morning versus evening exercise for overweight and
obese adults: a randomized controlled trial. Contemp Clin Trials Com-
mun. 2019;14:100320.

Brooker PG, Gomersall SR, King NA, Leveritt MD. The efficacy of morning
versus evening exercise for weight loss: A randomized controlled trial.
Obesity (Silver Spring). 2023;31(1):83-95. https://doi.org/10.1002/0by.
23605.

Teo SYM, Kanaley JA, Guelfi KJ, Dimmock JA, Jackson B, Fairchild TJ. Effects
of diurnal exercise timing on appetite, energy intake and body composi-
tion: a parallel randomized trial. Appetite. 2021;167:105600.

Mancilla R, Brouwers B, Schrauwen-Hinderling VB, Hesselink MKC, Hoeks
J, Schrauwen P. Exercise training elicits superior metabolic effects when
performed in the afternoon compared to morning in metabolically
compromised humans. Physiol Rep. 2021;8:e14669.

Di Blasio A, Di Donato F, Mastrodicasa M, Fabrizio N, Di Renzo D, Napoli-
tano G, et al. Effects of the time of day of walking on dietary behaviour,
body composition and aerobic fitness in post-menopausal women. J
Sports Med Phys Fitness. 2010;50:196-201.

American College of Sports Medicine (ACSM) Guideline for Exercise
Testing and Prescription. 10th ed. Philadelphia, PA: Wolters Kluwer Health;
2018.

The diabetes prevention program (DPP). Diabetes Care. 2002;
25(12):2165-71. https://doi.org/10.2337/diacare.25.12.2165.

Bandura A. Self-efficacy: toward a unifying theory of behavioral change.
Psychol Rev. 1977,84:191-215.

27.

28.

29.

30.

32.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 19 of 20

Michie S, Richardson M, Johnston M, Abraham C, Francis J, Hardeman
W, et al. The behavior change technique taxonomy (v1) of 93 hierarchi-
cally clustered techniques: building an international consensus for

the reporting of behavior change interventions. Ann Behav Med.
2013;46:81-95.

Olander EK, Fletcher H, Williams S, Atkinson L, Turner A, French DP.
What are the most effective techniques in changing obese individuals'
physical activity self-efficacy and behaviour: a systematic review and
meta-analysis. Int J Behav Nutr Phys Act. 2013;10:29.

White MA, Whisenhunt BL, Williamson DA, Greenway FL, Netemeyer
RG. Development and validation of the food-craving inventory. Obes
Res. 2002;10:107-14.

Geiselman PJ, Anderson AM, Dowdy ML, West DB, Redmann SM, Smith
SR. Reliability and validity of a macronutrient self-selection paradigm
and a food preference questionnaire. Physiol Behav. 1998;63:919-28.

. Cappelleri JC, Bushmakin AG, Gerber RA, Leidy NK, Sexton CC, Lowe

MR, et al. Psychometric analysis of the Three-Factor Eating Question-
naire-R21: results from a large diverse sample of obese and non-obese
participants. Int J Obes (Lond). 2009;33:611-20.

Control CfD and Prevention. Behavioral risk factor surveillance system
survey questionnaire. Atlanta, Georgia: US Department of Health

and Human Services, centers for disease control and Prevention.
2001:22-23.

. Duarte C, Pinto-Gouveia J, Ferreira C. Expanding binge eating assess-

ment: Validity and screening value of the Binge Eating Scale in women
from the general population. Eat Behav. 2015;18:41-7.

Nelson MC, Lytle LA. Development and evaluation of a brief screener
to estimate fast- food and beverage consumption among adolescents.
J Am Diet Assoc. 2009;109:730-4.

Schulte EM, Gearhardt AN. Development of the modified Yale food
addiction scale version 2.0. Eur Eat Disord Rev. 2017,25:302-8.
Boggiano MM, Wenger LE, Turan B, Tatum MM, Sylvester MD, Morgan
PR, et al. Real-time sampling of reasons for hedonic food consumption:
further validation of the palatable eating motives scale. Front Psychol.
2015;6:744.

Mason AE, Vainik U, Acree M, Tomiyama AJ, Dagher A, Epel ES, et al.
Improving assessment of the spectrum of reward-related eating: the
RED-13. Front Psychol. 2017,8:795.

O'Neil PM, Rieder S. Utility and validity of the eating behavior inven-
tory in clinical obesity research: a review of the literature. Obes Rev.
2005;6:209-16.

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh
sleep quality index: a new instrument for psychiatric practice and
research. Psychiatry Res. 1989;28:193-213.

Johns MW. A new method for measuring daytime sleepiness: the
Epworth sleepiness scale. Sleep. 1991;14:540-5.

Horne JA, Ostberg O. A self-assessment questionnaire to determine
morningness- eveningness in human circadian rhythms. Int J Chrono-
biol. 1976,;4:97-110.

Roenneberg T, Wirz-Justice A, Merrow M. Life between clocks:

daily temporal patterns of human chronotypes. J Biol Rhythms.
2003;18:80-90.

Kendzierski D, DeCarlo KJ. Physical activity enjoyment scale: two valida-
tion studies. J Sport Exerc Psychol. 1991;13:50-64.

McAuley E. The role of efficacy cognitions in the prediction of exercise
behavior in middle- aged adults. J Behav Med. 1992;15:65-88.
Markland D, Tobin V. A modification to the behavioural regulation in
exercise questionnaire to include an assessment of amotivation. J
Sport Exerc Psychol. 2004,26:191.

Cohen S, Kamarck T, Mermelstein R. A global measure of perceived
stress. J Health Soc Behav. 1983;24:385-96.

Mano H, Oliver RL. Assessing the dimensionality and structure of the
consumption experience: evaluation, feeling, and satisfaction. J Consum
Res. 1993;20:451-66.

Hays RD, Sherbourne CD, Mazel RM. The RAND 36-item health survey 1.0.
Health Econ. 1993;2:217-27.

Duckworth AL, Quinn PD. Development and validation of the short grit
scale (grit-S). J Pers Assess. 2009;91:166-74.

Knduper B, Rabiau M, Cohen O, Patriciu N. Compensatory health beliefs:
scale development and psychometric properties. Psychol Health.
2004;19:607-24.



Creasy et al. Trials (2026) 27:45 Page 20 of 20

51. Kiernan M, Moore SD, Schoffman DE, Lee K, King AC, Taylor CB, et al. Publisher’s Note
Social support for healthy behaviors: scale psychometrics and predic- Springer Nature remains neutral with regard to jurisdictional claims in pub-
tion of weight loss among women in a behavioral program. Obesity. lished maps and institutional affiliations.

2012;20:756-64.

52. de Bruijn G-J, van den Putte B. Exercise promotion: an integration of
exercise self- identity, beliefs, intention, and behaviour. Eur J Sport Sci.
2012;12:354-66.

53. Norbeck JS. Modification of life event questionnaires for use with female
respondents. Res Nurs Health. 1984;7(1):61-71.

54. Cerin E, Conway TL, Saelens BE, Frank LD, Sallis JF. Cross-validation of the
factorial structure of the Neighborhood Environment Walkability Scale
(NEWS) and its abbreviated form (NEWS-A). Int J Behav Nutr Phys Act.
2009;6:32.

55. Weir J. New methods for calculating metabolic rate with special reference
to protein metabolism. Nutrition. 1990,6:213-21.

56. Melanson EL, Swibas T, Kohrt WM, Catenacci VA, Creasy SA, Plasqui G,
Wouters L, Speakman JR, Berman ESF. Validation of the doubly labeled
water method using off-axis integrated cavity output spectroscopy
and isotope ratio mass spectrometry. Am J Physiol Endocrinol Metab.
2017:ajpendo.00241.2017.

57. Speakman JR, Yamada Y, Sagayama H, Berman ESF, Ainslie PN, Andersen
LF, et al. A standard calculation methodology for human doubly labeled
water studies. Cell Rep Med. 2021;2(2):100203. https://doi.org/10.1016/j.
xcrm.2021.100203.

58. Racette SB, Das SK, Bhapkar M, Hadley EC, Roberts SB, Ravussin E, et al.
Approaches for quantifying energy intake and %calorie restriction during
calorie restriction interventions in humans: the multicenter CALERIE
study. Am J Physiol Endocrinol Metab. 2012;302:E441-8.

59. Schoeller DA. The energy balance equation: looking back and looking
forward are two very different views. Nutr Rev. 2009,67:249-54.

60. Kozey-Keadle S, Libertine A, Lyden K, Staudenmayer J, Freedson PS.
Validation of wearable monitors for assessing sedentary behavior. Med
Sci Sports Exerc. 2011;43:1561-7.

61. Lyden K, Keadle SK, Staudenmayer J, Freedson PS. The activPALTM
accurately classifies activity intensity categories in healthy adults. Med Sci
Sports Exerc. 2017;49:1022-8.

62. Martin CK, Correa JB, Han H, Allen HR, Rood JC, Champagne CM, et al.
Validity of the remote food photography method (RFPM) for estimating
energy and nutrient intake in near real-time. Obesity. 2012;20:891-9.

63. Marino M, Li Y, Rueschman MN, Winkelman JW, Ellenbogen JM, Solet
JM, et al. Measuring sleep: accuracy, sensitivity, and specificity of wrist
actigraphy compared to polysomnography. Sleep. 2013;36:1747-55.

64. Jean-Louis G, Kripke DF, Cole RJ, Assmus JD, Langer RD. Sleep detection
with an accelerometer actigraph: comparisons with polysomnography.
Physiol Behav. 2001;72:21-8.

65. Chen X, Wang R, Zee P, Lutsey PL, Javaheri S, Alcantara C, et al. Racial/
Ethnic Differences in Sleep Disturbances: The Multi-Ethnic Study of
Atherosclerosis (MESA). Sleep. 2015;38:877-88.

66. Sutin AR, Boutelle K, Czajkowski SM, Epel ES, Green PA, Hunter CM, et al.
Accumulating data to optimally predict obesity treatment (ADOPT) core
measures: psychosocial domain. Obesity. 2018;26(Suppl 2):545-s54.

67. Saelens BE, Arteaga SS, Berrigan D, Ballard RM, Gorin AA, Powell-Wiley TM,
et al. Accumulating Data to Optimally Predict Obesity Treatment (ADOPT)
Core Measures: Environmental Domain. Obesity (Silver Spring, Md).
2018;26(Suppl 2):535-544.

68. Lytle LA, Nicastro HL, Roberts SB, Evans M, Jakicic JM, Laposky AD, et al.
Accumulating data to optimally predict obesity treatment (ADOPT) core
measures: behavioral domain. Obesity. 2018;26(Suppl 2):516-524.

69. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed.
Hillsdale NJ: Lawrence Erlbaum Associates; 1988.

70. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Series B Stat
Methodol. 1995;57:289-300.

71. Little R, Rubin D. Statistical analysis with missing data. Hoboken NJ: John
Wiley and Sons, Inc; 2002.

72. Molenberghs G, Kenward M. Missing Data in Clinical Studies. West Sussex,
United Kingdom: John Wiley and Sons, Ltd; 2007.

73. Schumacher LM, Thomas JG, Raynor HA, Rhodes RE, Bond DS. Consistent
morning exercise may be beneficial for individuals with obesity. Exerc
Sport Sci Rev. 2020;48:201-8.



