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Abstract

Objective: Moderate-to-vigorous physical activity (MVPA) is obesity-protective.

However, the optimal time of the day to engage in MVPA for weight management is

controversial. This study is designed to investigate the influence of the diurnal pat-

tern of MVPA on the association between MVPA and obesity.

Methods: A total of 5285 participants in the 2003 to 2006 National Health and

Nutrition Examination Survey (NHANES) were cross-sectionally analyzed. The diurnal

pattern of objectively measured MVPA was classified into three clusters by K-means

clustering analysis: morning (n = 642); midday (n = 2456); and evening (n = 2187).

The associations of MVPA level and the diurnal pattern with obesity were tested.

Results: A strong linear association between MVPA and obesity was found in the

morning group, whereas a weaker curvilinear association between MVPA and obesity

was observed in the midday and evening groups, respectively. Among those who met

the physical activity guidelines, the adjusted means for BMI were 25.9 (95% CI:

25.2–26.6), 27.6 (95% CI: 27.1–28.1), and 27.2 (95% CI: 26.8–27.7) kg/m2 in the

morning, midday, and evening groups, respectively, and for waist circumference were

91.5 (95% CI: 89.4–93.6), 95.8 (95% CI: 94.7–96.9), and 95.0 (95% CI: 93.9–96.1)

cm, respectively.

Conclusions: The diurnal pattern of MVPA influences the association between

MVPA and obesity. The promising role of morning MVPA for weight management

warrants further investigation.

INTRODUCTION

Obesity, a significant risk factor for chronic disease and premature

death [1], is a global pandemic that continues to worsen. Physical

activity has been widely recognized as an essential component of suc-

cessful and healthy weight management [2]. Although a beneficial

association among the levels of physical activity with obesity has been

frequently reported, the optimal timing of physical activity for

decreasing obesity remains controversial.

Emerging epidemiological evidence has suggested a role of physi-

cal activity timing in weight management. A cross-sectional analysis of

the Women’s Health Study’s accelerometry data revealed that a lower

percentage of physical activity accumulated in the morning was inde-

pendently associated with an increased risk of obesity, supporting the

importance of morning physical activity [3]. On the other hand, a

recent study found that physical activity accumulated in the evening

had a stronger beneficial association with BMI than did physical activ-

ity accumulated in the morning [4]. To date, epidemiological evidence

has been controversial regarding the optimal timing of physical activ-

ity for weight management.

Many physiological and metabolic processes in humans display

circadian oscillations. For example, the control of the endogenous

clock over glucose metabolism, insulin sensitivity, lipolysis, and lipo-

genesis has been demonstrated at the whole-body level and at the
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molecular level [5, 6]. In addition, circadian misalignment has been

linked to negative health outcomes. For example, shift workers have

been found to be at a higher risk of obesity and metabolic disease

[7, 8]. The evidence implies that doing the right thing at the right time

could be important for maintaining a healthy metabolism and a

healthy body weight. Importantly, evidence from short-term experi-

mental studies revealed that the time of day of physical activity may

influence energy expenditure and energy intake. Several studies have

reported that morning exercise performed after an overnight fast was

more effective in promoting fat oxidation compared with evening

exercise [9, 10]. This diurnal difference is potentially caused by a

greater extent of liver glycogen depletion following fasted-state exer-

cise, which could trigger lipid mobilization and oxidation [9, 11].

Although the appetite-suppressing effect of acute exercise has been

observed previously, many studies have failed to find a significant

time-of-day effect on post-exercise appetite and subsequent energy

intake [12–14], with limited experimental studies supporting a lower

energy intake in morning exercisers than in evening exercisers [15].

Notably, an important aspect of circadian physiology that differenti-

ates morning and evening is the overnight fast. It has been suggested

that fasted-state exercise reduced 24-hour energy intake compared

with fed-state exercise [16, 17], indicating a potential role of early

morning fasted-state exercise in weight management. Collectively, the

time of day of physical activity could be an important factor in opti-

mizing the obesity-protective benefits of physical activity.

Accelerometers have been widely accepted as an objective mea-

sure of physical activity. However, most studies have focused on the

frequency, intensity, and duration of physical activity. So far, few

studies have investigated the diurnal pattern of accelerometer-

measured physical activity to classify the time of day of human move-

ment. It is unclear whether accumulating physical activity at different

times of day is equally associated with obesity. Particularly, it is

unclear whether meeting the physical activity guidelines (150 min/wk

of moderate-to-vigorous physical activity [MVPA]) [18] with different

patterns is equally beneficial for reducing obesity. Therefore, this

study was designed to investigate whether the diurnal pattern of

accelerometer-measured MVPA influences the association between

MVPA and obesity.

METHODS

Study design

The National Health and Nutrition Examination Survey (NHANES) by

the Centers for Disease Control and Prevention (CDC) is a collection

of data used to represent the US noninstitutionalized population [19].

The survey consists of consecutive cycles of yearly cross-sectional

data based on a multistage probability design. More information on

the methodology for NHANES can be found at the following link:

http://www.cdc.gov/nchs/nhanes.htm. Our analyses were performed

using the NHANES data from the 2003-2004 and 2005-2006 cycles

because accelerometry was implemented during that time. All

participants signed written consent. The survey was approved by the

National Center for Health Statistics Ethics Review Board. Initially,

there were 20,470 participants in the NHANES 2003 to 2006 sample.

We identified 9535 non-pregnant participants aged 20 years or older.

After excluding participants without the valid exposure variable and

those without the outcome variable, there were 5285 participants

included in the final analysis. We also analyzed a sample of 4738 par-

ticipants after excluding participants with missing covariates (n = 547)

and a healthy subsample of 3957 participants, excluding those with

chronic disease at baseline measurement (n = 1328). The diagram of

the study sample is presented in Supporting Information Figure S1.

Accelerometry data management

Accelerometers (AM-7164; ActiGraph, Pensacola, Florida) were used

for the objective measurement of physical activity among ambulatory

participants. Participants were instructed to wear the accelerometer

on the right hip during waking hours for seven consecutive days fol-

lowing their on-site examination visits. Participants were asked to

remove the device while swimming or bathing. The accelerometer

recorded vertical acceleration as activity counts per minute (cpm).

Non-wear time was defined as any period of 60 consecutive minutes

during which 0 cpm were identified. There was a tolerance during

these periods of up to 2 non-zero minutes that were below 50 cpm.

Accelerometry data were considered valid if individuals wore the

device for at least 4 days (wear time ≥ 10 hours for each day), includ-

ing at least one weekend day. The data collected by the accelerome-

ters were used to classify the physical activity as sedentary behavior,

light-intensity physical activity, or MVPA. Sedentary behavior was

Study Importance

What is already known?

• Moderate-to-vigorous physical activity (MVPA) is

inversely associated with obesity.

What does this study add?

• The association between MVPA and obesity is influenced

by the diurnal pattern of MVPA.

• Early morning (07:00–09:00) appears to be the most

favorable time of day to enhance the beneficial associa-

tion between MVPA and obesity.

How might these results change the direction of

research?

• Prospective studies and randomized clinical trials are

needed to confirm the benefits of morning MVPA on

obesity.
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defined by any period of less than 100 cpm, light-intensity physical

activity was classified by 100 to 1951 cpm, and MVPA was described

by any interval greater than or equal to 1952 cpm [20].

To objectively categorize the diurnal pattern of MVPA, we used a

clustering algorithm to explore the pattern of accumulated MVPA in

each hour of the day (K-means in R software; R, Vienna, Austria) [21].

K-means is an established algorithm that is commonly used to identify

hidden patterns in unlabeled data sets. The main outcome of K-means

is a classification variable that assigns individuals into several clusters

in a manner that similar individuals are in the same cluster whereas

dissimilar individuals are in different clusters. The criterion of similar-

ity is computed based on the Euclidean distance between individual

data points and the centroid of the corresponding cluster. We pro-

vided a visualized example of the K-means algorithm in Supporting

Information Figure S2. In our study, we used the proportions of total

MVPA accumulated in each hour rather than the absolute duration of

MVPA in each hour. Using proportions is important to generate a pat-

tern variable independent of the level of MVPA. Participants were

excluded if they could not be assigned to any groups due to 0 minutes

of total MVPA. We set the number of clusters at three (k = 3) because

two clusters could not differentiate the morning and evening groups

whereas four or more clusters produced multiple morning groups,

which suggests a risk of overfitting. Finally, the 5285 study partici-

pants were classified into three clusters: morning (n = 642); midday

(n = 2456); and evening (n = 2187; Figure 1).

Outcome measures

The primary outcomes were BMI and waist circumference (WC). The

anthropometric data were collected during the on-site examination

visit. All measures were conducted by health technicians who were

trained according to the anthropometric standardization reference

manual [22]. Body weight was measured using an electronic load-cell

scale while the participant wore only undershorts and an examination

gown. The standing height was measured with a fixed stadiometer

with the participant standing straight with both heels together and

touching a vertical board. BMI was calculated as the weight in kilo-

grams divided by height in meters squared. WC in centimeters was

measured with a tape measure parallel to the floor. The measurement

site was determined by the intersection between the horizontal line

just above the uppermost lateral border of the right ilium and the ver-

tical midaxillary line. The results were recorded at the end of

the participant’s normal expiration.

Statistical analysis

In the descriptive data analysis, mean differences of normally distrib-

uted variables were compared using one-way ANOVA across the diur-

nal pattern clusters. Non-normally distributed variables were

compared using the Mood’s median test. Categorical variables were

compared using the χ2 test. In the inferential analysis of primary out-

comes, the level of MVPA was defined as wear time-adjusted MVPA

(minutes per week), a continuous variable based on a restricted cubic

spline (three knots at 25th, 50th, and 75th percentiles). The diurnal

pattern of MVPA was treated as a categorical variable with the morn-

ing cluster as the reference group. We fitted linear regression models

to examine the association of MVPA level and the diurnal pattern with

obesity. In model one, we adjusted for age, sex, ethnicity, education,

tobacco use, alcohol consumption, and sedentary behavior. In model

two, we further adjusted for healthy eating index and energy intake

per kilogram of body weight (kilocalories per kilogram) to account for

dietary confounding. We conducted data imputation for covariates

(n = 547) based on multivariate imputation by chained equations (five

imputations were used). Results were pooled using the Rubin’s

rule [23]. Detailed definitions of covariates were summarized in Sup-

porting Information Table S1.

We first tested whether there was a statistical interaction of

MVPA and the diurnal pattern of clusters with obesity in the regres-

sion models. We further investigated the association of MVPA with

obesity stratified by the diurnal pattern of clusters. To facilitate data

interpretation, we also treated MVPA level as a dichotomous variable

(whether meeting the guidelines-recommended 150 min/wk of
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F I GU R E 1 The diurnal pattern of MVPA in NHANES 2003–2006. Hourly MVPA was calculated as the MVPA accumulated in each hour of
the day (e.g., 06:00–06:59). MVPA, moderate-to-vigorous physical activity; NHANES, National Health and Nutrition Examination Survey
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MVPA) and examined the joint association of the diurnal pattern

and meeting the physical activity guidelines (≥150 min/wk vs.

<150 min/wk) with obesity, using the participants who met the guide-

lines in the morning cluster as the reference group.

To account for the influence of total physical activity, we con-

ducted a sensitivity analysis that further adjusted for the total volume

of physical activity (i.e., total activity counts per day). To address the

potential bias caused by missing data management, we conducted

sensitivity analyses by repeating the main analysis without data impu-

tation (n = 4738). Finally, to account for the influence of chronic con-

ditions on the outcome, we repeated the main analysis in a subsample

of healthy individuals after excluding participants with diabetes, coro-

nary heart disease, stroke, and cancer (n = 3957). The significance

level was set at 0.05 for two-sided tests. All statistical analyses were

survey-weighted (4-year sample weight). Data analyses were con-

ducted in September 2022 using R software version 4.1.0.

RESULTS

The characteristics of study participants across the three diurnal pat-

tern clusters were compared in Table 1. Overall, participants in the

morning cluster were older than those in the other two clusters.

The morning cluster had the highest percentage of female individuals

among the three clusters. The accelerometry data showed that partici-

pants in the morning cluster accumulated less physical activity but

more sedentary behavior than did those in the midday and evening

clusters. Among the participants who met the guidelines, there was

T AB L E 1 Survey-weighted characteristics of study participants

Morning (n = 642) Midday (n = 2456) Evening (n = 2187) p value

Socioeconomic variables

Age (y) 59.9 (17.0) 49.9 (15.5) 46.1 (16.1) <0.001

Female, n (%) 324 (57.8) 1105 (47.3) 1151 (54.4) <0.001

Ethnicity, n (%)

Non-Hispanic White 349 (76.1) 1316 (75.0) 1201 (74.6) 0.01

Non-Hispanic Black 122 (11.1) 417 (8.2) 452 (10.0)

Mexican American 140 (6.9) 564 (8.3) 369 (6.5)

Other Hispanic 7 (1.5) 73 (3.7) 57 (2.6)

Other 24 (4.2) 86 (4.7) 108 (6.2)

Education, n (%)

Less than high school 227 (20.8) 681 (15.9) 507 (14.1) 0.0041

High school 144 (25.3) 603 (25.9) 529 (23.9)

College or higher 271 (53.9) 1172 (58.2) 1151 (62.0)

Lifestyle factors

Tobacco use, n (%)

None 539 (83.6) 1898 (75.4) 1675 (75.2) 0.007

Light 20 (2.8) 125 (4.8) 123 (5.4)

Moderate 56 (8.7) 265 (12.0) 266 (13.6)

Heavy 27 (4.9) 168 (7.8) 123 (5.8)

Alcohol intake, n (%)

Never 507 (74.1) 1823 (71.4) 1660 (73.8) 0.6

Light 59 (9.7) 226 (9.0) 183 (8.5)

Moderate 36 (7.1) 213 (9.9) 158 (8.3)

Heavy 40 (9.0) 194 (9.6) 186 (9.4)

Healthy eating index 58.6 (13.7) 56.1 (14.1) 55.7 (13.9) 0.004

Calorie intake (kcal/kg/d) 25.8 (11.6) 28.0 (12.1) 28.7 (13.7) <0.001

Accelerometer parameters

MVPA (min/d) 11.7 (2.0, 27.7) 19.0 (8.1, 35.0) 16.4 (6.7, 31.4) <0.001

Total activity counts per day 198,532 (111,599, 290,095) 249,658 (179,545, 341,171) 231,653 (164,783, 316,052) <0.001

Sedentary time (h/d) 8.7 (2.1) 7.6 (2.1) 7.7 (2.1) <0.001

Note: Data are mean (SD) for normally distributed variables, median (interquartile range) for non-normally distributed variables, and number (percentage)

for categorical variables.
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no difference in MVPA between the time-of-day clusters. Among the

participants who did not meet the guidelines, the volume of MVPA

was �40% higher in the midday and evening clusters compared with

the morning cluster (Supporting Information Table S2). Self-reported

dietary recall indicated that participants in the morning cluster had a

healthier diet and less daily energy intake per unit of body weight

compared with the other clusters.

When examining the association between the diurnal-specific

pattern of MVPA with obesity, the morning cluster had a lower BMI

and WC compared with the other two clusters after controlling for

age, sex, ethnicity, education, tobacco use, alcohol consumption, sed-

entary behavior, and the amount of MVPA. The adjusted means for

BMI in the morning, midday, and evening clusters were 27.4 (95% CI:

27.0–27.8), 28.4 (95% CI: 28.0–28.8), and 28.2 (95% CI: 27.9–28.6)

kg/m2, respectively, and for WC they were 95.9 (95% CI: 94.9–96.8),

97.9 (95% CI: 97.0–98.8), and 97.3 (95% CI: 96.4–98.3) cm, respec-

tively. Further adjustment for dietary quality and calorie intake did not

change the strength of the association: BMI in the morning, midday,

and evening clusters was 27.5 (95% CI: 27.1–27.8), 28.3 (95% CI:

28.0–28.7), and 28.3 (95% CI: 28.0–28.6) kg/m2, respectively, and

WC was 96.0 (95% CI: 95.1–96.8), 97.8 (95% CI: 97.0–98.6), and 97.5

(95% CI: 96.6–98.3) cm, respectively.

We found a significant interaction between MVPA (continuous

variable) and the diurnal pattern clusters in obesity outcomes (p value

for interaction = 0.03 and 0.06 for BMI and WC, respectively). There

was a strong linear association between MVPA and obesity in the

morning cluster, whereas we observed a weaker curvilinear associa-

tion between MVPA and obesity in the midday and evening groups.

Further adjustment for dietary factors did not attenuate the influence

of the diurnal pattern on the association between MVPA and obesity

(p value for interaction = 0.02 and 0.06 for BMI and WC, respectively;

Figures 2 and 3). In the joint analysis of the diurnal pattern clusters

and dichotomous MVPA (≥150 min/wk vs. <150 min/wk) with obe-

sity, participants who met the physical activity guidelines in the morn-

ing cluster had a lower BMI and WC than those who did in the other

clusters (Table 2). Further adjustment for dietary covariates did not

affect the outcomes. Further adjustment for total activity counts did

not appreciably change the results (Supporting Information Figure S3).
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The sensitivity analysis that excluded participants with missing

covariates showed consistent outcomes with the main analysis (in

model one, p value for interaction = 0.05 and 0.1 for BMI and WC,

respectively; in model two, p value for interaction = 0.02 and 0.07 for

BMI and WC, respectively; Supporting Information Table S3 and

Figures S4 and S5). The sensitivity analysis based on the subsample of

healthy participants attenuated the influence of the diurnal pattern on

the association between MVPA and obesity (in model one, p value for

interaction = 0.1 and 0.2 for BMI and WC, respectively; in model two,

p value for interaction = 0.08 and 0.2 for BMI and WC, respectively;

Supporting Information Table S4 and Figures S6 and S7).

DISCUSSION

In this cross-sectional study of objectively measured MVPA and obe-

sity measures (i.e., BMI and WC), we classified the diurnal pattern of

MVPA into three clusters using a well-established clustering algo-

rithm. The morning cluster had a remarkable spike of MVPA between

07:00 and 09:00 and low levels of MVPA during the rest of the day.

The midday cluster was primarily active during the common working

hours (09:00–16:00), with MVPA peaking between 11:00 and 13:00.

The evening cluster had a progressive increase of MVPA from 07:00

to 17:00, a peak of MVPA between 17:00 and 20:00, and a rapid

decrease of MVPA between 20:00 and 24:00. In the linear regression

analysis, we found that the diurnal pattern of MVPA influenced the

beneficial association between MVPA level and obesity. Among

the midday or evening clusters, MVPA was associated with obesity in

a curvilinear manner, with little or no further decrease in BMI and WC

beyond the physical activity guidelines-recommended 150 min/wk of

MVPA. On the contrary, among the morning cluster, there was a linear

association between MVPA and obesity, as evidenced by a continuous

decrease in BMI and WC with higher levels of MVPA without a

noticeable threshold. When dividing MVPA dichotomously

(≥150 min/wk vs. <150 min/wk), the between-cluster differences in

BMI and WC were only evident in those achieving 150 min/wk of

MVPA, whereas BMI and WC were similar between the three clusters

among the participants not achieving 150 minutes of MVPA. This is

not surprising because the impact of the diurnal pattern on the out-

comes would be diminished if the total amount of MVPA is low. Nota-

bly, among the participants not meeting the 150-minute guidelines,

the morning cluster had a significantly lower MVPA volume compared

with the other two clusters. Therefore, another possible explanation

of the null findings among those not meeting the guidelines is that the

expected favorable outcome in the morning cluster was offset by their

lower volume of MVPA.

Our findings substantiated the role of morning MVPA in weight

management. However, owing to the observational nature of our

data, it remains inconclusive whether morning MVPA is more effec-

tive than evening MVPA in reducing obesity. Our observation agrees

well with a secondary analysis of the Midwest Exercise Trial 2 by

Willis and colleagues [24]. Their study found a greater reduction in

body mass and fat mass among participants who attended more thanT
A
B
L
E

2
Jo
in
t
as
so
ci
at
io
n
o
f
m
ee

ti
ng

ph
ys
ic
al
ac
ti
vi
ty

gu
id
el
in
es

an
d
th
e
di
ur
na

lp
at
te
rn

o
f
ph

ys
ic
al
ac
ti
vi
ty

w
it
h
B
M
Ia

nd
W

C
(N

=
5
2
8
5
)

M
V
P
A
pe

r
w
ee

k
≥
1
5
0
M
in
ut
es

<
1
5
0
M
in
ut
es

T
im

e-
o
f-
da

y
ca
te
go

ry
M
o
rn
in
g

M
id
da

y
E
ve

ni
ng

M
o
rn
in
g

M
id
d
ay

E
ve

n
in
g

N
o
.o

f
pa

rt
ic
ip
an

ts
n
=

1
7
6

n
=

9
7
7

n
=

7
9
7

n
=

4
6
6

n
=

1
4
7
9

n
=

1
3
9
0

B
M
I

M
o
de

lo
ne

a
2
5
.8

(r
ef
)(
2
5
.1
–2

6
.5
)

2
7
.4
**
*
(2
7
.0
–2

7
.9
)

2
7
.0
*
(2
6
.5
–2

7
.5
)

2
8
.6
**
*
(2
8
.0
–2

9
.2
)

2
9
.0
**
*
(2
8
.4
–2

9
.6
)

2
9
.2
**
*
(2
8
.7
–2

9
.7
)

M
o
de

lt
w
o
b

2
5
.9

(r
ef
)(
2
5
.2
–2

6
.6
)

2
7
.6
**
*
(2
7
.1
–2

8
.1
)

2
7
.2
**

(2
6
.8
–2

7
.7
)

2
8
.6
**
*
(2
8
.1
–2

9
.1
)

2
8
.8
**
*
(2
8
.2
–2

9
.3
)

2
9
.1
**
*
(2
8
.7
–2

9
.5
)

W
C M
o
de

lo
ne

a
9
1
.3

(r
ef
)(
8
9
.3
–9

3
.3
)

9
5
.4
**

(9
4
.3
–9

6
.4
)

9
4
.3
*
(9
3
.1
–9

5
.6
)

9
9
.3
**
*
(9
7
.7
–1

0
0
.7
)

9
9
.6
**
*
(9
8
.4
–1

0
0
.8
)

9
9
.6
**
*
(9
8
.5
–1

0
0
.7
)

M
o
de

lt
w
o
b

9
1
.5

(r
ef
)(
8
9
.4
–9

3
.6
)

9
5
.8
**

(9
4
.7
–9

6
.9
)

9
5
.0
**

(9
3
.9
–9

6
.1
)

9
9
.3
**
*
(9
8
.1
–1

0
0
.5
)

9
9
.0
**
*
(9
7
.9
–1

0
0
.1
)

9
9
.4
**
*
(9
8
.3
–1

0
0
.4
)

N
ot
e:
D
at
a
ar
e
m
ea

n
(9
5
%

C
I)

A
bb

re
vi
at
io
ns
:M

V
P
A
,m

o
de

ra
te
-t
o
-v
ig
o
ro
us

ph
ys
ic
al
ac
ti
vi
ty
;W

C
,w

ai
st

ci
rc
um

fe
re
nc

e.
a A

dj
us
te
d
fo
r
ag
e,
se
x,
et
hn

ic
it
y,
ed

uc
at
io
n,

sm
o
ki
ng

,a
lc
o
ho

lc
o
ns
um

pt
io
n,

an
d
se
de

nt
ar
y
be

ha
vi
o
r.

b
F
ur
th
er

ad
ju
st
ed

fo
r
he

al
th
y
ea

ti
ng

in
de

x
an

d
en

er
gy

in
ta
ke

pe
r
ki
lo
gr
am

o
f
bo

dy
w
ei
gh

t.

*p
<
0
.0
5
.

**
p
<
0
.0
1
.

**
*p

<
0
.0
0
1
.

MVPA PATTERN AND OBESITY 2643

 1930739x, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.23851 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [28/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



50% of their training sessions in the morning compared with those

who attended more than 50% of their training sessions between

15:00 and 19:00. It was suggested by the authors that the combina-

tion of a higher non-exercise energy expenditure and a lower daily

energy intake in the morning exercisers was possibly responsible for

the observed outcomes. The study by Creasy et al. found that a high

amount of MVPA in the morning was a key feature of the physical

activity pattern among successful weight loss maintainers, further

supporting the important role of morning MVPA in weight manage-

ment [25]. In another study among successful weight loss maintainers

[26], Schumacher and colleagues revealed that consistent morning

exercisers had the highest exercise stability over a 1-year follow-up,

suggesting that another plausible explanation of our findings could be

a better exercise routine among the morning exercisers. In other

words, the lower BMI and WC may be due to a better adherence to

habitual MVPA in the morning cluster compared with the other

clusters.

On the other hand, there has been evidence that favors evening

physical activity over morning physical activity. In a quasi-

experimental study of 42 postmenopausal women, Di Blasio and col-

leagues observed a greater reduction in fat mass among the evening

exercisers than in the morning exercisers following 3 months of

training [27]. The exercise training study by Mancilla and colleagues

also reported a greater decrease in fat mass in the evening group

than in the morning group [28]. Notably, the group assignment of

the two quasi-experimental studies was based on personal prefer-

ence. Many important confounding factors cannot be ruled out

owing to the lack of randomization. Two recent randomized clinical

trials directly compared the effects of morning and evening exercise

training on weight loss [29, 30]. Both studies found that body mass

changes were not different between the morning and evening

groups, suggesting a lack of time-of-day effect. However,

the intervention duration of the two studies was relatively shorter

(12–15 weeks) compared with the Willis et al. study (10 months). In

addition, both trials were limited by insufficient statistical power.

One trial was a small-scale pilot study [29]. The other trial was

powered to detect a difference only between the intervention and

control groups and not between the morning and evening

groups [30]. Future clinical trials with sufficient statistical power and

longer intervention durations are needed.

The mechanism by which the diurnal pattern of MVPA influences

the association between MVPA and obesity is not completely under-

stood. Using indirect calorimeter-equipped metabolic chambers, the

two experiments conducted by Iwayama and colleagues consistently

observed that morning exercise in a fasting state can increase fat oxi-

dation over the 24 hours following exercise, whereas post-lunch and

post-dinner exercise did not significantly change 24-hour fat oxidation

[9, 10]. Importantly, the studies by Gonzalez et al. and by Bachman

et al. both found a greater fat oxidation during fasted-state morning

exercise than fed-state morning exercise [16, 31], suggesting an

important role of the fasted-state exercise in promoting fat oxidation.

The reduced glycogen stores after an overnight fast may cause a shift

of substrate use toward fatty substrates. It appears that the favorable

obesity-protective outcomes of MVPA in the morning cluster could

be driven by fasted-state exercise.

Nutrition is an influential confounder and a potential mediator of

the association between MVPA and adiposity. It is important to rule

out whether a healthier eating pattern and reduced calorie intake are

responsible for the lower BMI and WC among the morning-active par-

ticipants. In our study, we did observe a higher healthy eating index

and a lower energy intake per kilogram of body weight in the morning

cluster than in the other two clusters. The finding aligns well with the

Schumacher et al. conceptual model that consistent morning exer-

cisers have better self-regulation and healthier lifestyle habits [32].

Interestingly, with adjustment for dietary factors, there was a larger

difference in BMI and WC between the morning cluster and the other

clusters, especially among those who were physically active (Figures 2

and 3). Similar findings were observed in the joint association of the

diurnal pattern and meeting the physical activity guidelines with obe-

sity, suggesting that our findings cannot be solely explained by dietary

factors (Table 2). Previous evidence has revealed that structured exer-

cise, especially vigorous-intensity exercise, is efficient in promoting

post-exercise fat oxidation [33]. Therefore, our findings might be

driven by a higher intensity of structured exercise in the morning clus-

ter than in the other clusters. This is plausible because the morning

cluster in our study presented a more concentrated MVPA pattern

that may consist of structured exercise as opposed to non-exercise

physical activity.

Another interesting finding of our study is that participants in the

morning cluster spent a significantly higher amount of time on seden-

tary behavior than did participants in the other clusters. However,

despite the longer duration of sedentary time and the statistical

adjustment for sedentary time, the favorable BMI and WC outcomes

in the morning cluster persisted. Our finding is in accordance with pre-

vious research. In a meta-analysis of 1 million participants, Ekelund

and colleagues revealed that high levels of physical activity can sub-

stantially reduce the detrimental association between sedentary

behavior and health outcomes [34]. In addition, previous evidence has

revealed that a single session of morning exercise can elevate meta-

bolic rate for several hours due to excess post-exercise oxygen con-

sumption [33]. It is possible that the adverse effects of the extra

sedentary time in the morning-active participants were diminished by

the MVPA-induced increase in energy expenditure through the rest of

the day, making morning MVPA a promising strategy to improve

health among populations with prevalent sedentary behavior (e.g.,

office-based workers).

Existing evidence regarding accelerometry in the assessment of

free-living MVPA has primarily focused on its frequency, intensity,

and duration. Our findings propose that the diurnal pattern of MVPA

could be another important dimension to describe the complexity of

human movement. A common strategy of diurnal pattern classification

in previous studies is based on a given percentage of physical activity

being accumulated in a predetermined time window (e.g., >50% of

physical activity between 06:00 and 12:00) [35, 36]. However, a limi-

tation of the previous approach is that little information is derived

from the accelerometry data regarding the nature of human
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movement patterns (e.g., what patterns are the most prevalent among

the study population). For example, our study suggests that the

morning-active participants accumulated the highest MVPA between

07:00 and 09:00, reflecting a lifestyle of a morning MVPA routine

combined with a sedentary occupation. Therefore, using the 06:00

and 12:00 time window is not justified by common lifestyles and this

would possibly misclassify the diurnal pattern. Our study provided a

novel tool to explore the diurnal pattern of physical activity and to

investigate its impact on health outcomes.

Our study has limitations. The cross-sectional design of our

study does not demonstrate temporal precedence. Therefore, the

causal relationship between the diurnal pattern of MVPA and obe-

sity cannot be established. It is possible that the differences in BMI

and WC cause the diurnal pattern of MVPA rather than the diurnal

pattern causes changes of BMI and WC. Additionally, the biological

clock may vary between individuals, which could lead to interindivi-

dual variability in responsiveness to physical activity [37]. Informa-

tion regarding the chronotypes (i.e., morningness vs. eveningness) of

study participants would have enhanced the validity of the study

and the interpretation of the diurnal pattern of MVPA. Another limi-

tation of our study is the small number of individuals in the morning

cluster, especially among those who met the physical activity guide-

lines. The observed time-of-day influence on obesity measures could

be driven by this small group of individuals who were lean and

physically active in the early morning. Additionally, the small number

of participants (n = 176) in this group may not be able to represent

the population of early morning exercisers. The generalizability of

our findings needs to be tested in a larger sample with sufficient

morning-active participants.

In conclusion, the diurnal pattern of MVPA influences the associa-

tion between MVPA level and obesity. Early morning (07:00–09:00)

appears to be the most favorable time of day to enhance the associa-

tion between MVPA and obesity. Morning MVPA could have a posi-

tive (i.e., obesity-protective) impact on those who are sedentary for

most of the day. Prospective studies and randomized clinical trials are

needed to confirm our findings.O
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F I GU R E 3 The joint association of the diurnal pattern and the level of physical activity with waist circumference. Upper panel: model one
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