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ABSTRACT

Objective: A holistic understanding of the naturalistic dynamics among physical activity, sleep, emotions, and purpose in life as part of a system
reflecting wellness is key to promoting well-being. The main aim of this study was to examine the day-to-day dynamics within this wellness system.

Methods: Using self-reported emotions (happiness, sadness, anger, anxiousness) and physical activity periods collected twice per day, and
daily reports of sleep and purpose in life via smartphone experience sampling, more than 28 days as college students (n =226 young adults;
mean [standard deviation] =20.2 [1.7] years) went about their daily lives, we examined day-to-day temporal and contemporaneous dynam-
ics using multilevel vector autoregressive models that consider the network of wellness together.

Results: Network analyses revealed that higher physical activity on a given day predicted an increase of happiness the next day. Higher
sleep quality on a given night predicted a decrease in negative emotions the next day, and higher purpose in life predicted decreased neg-
ative emotions up to 2 days later. Nodes with the highest centrality were sadness, anxiety, and happiness in the temporal network and pur-
pose in life, anxiety, and anger in the contemporaneous network.

Conclusions: Although the effects of sleep and physical activity on emotions and purpose in life may be shorter term, a sense of purpose in
life is a critical component of wellness that can have slightly longer effects, bleeding into the next few days. High-arousal emotions and
purpose in life are central to motivating people into action, which can lead to behavior change.
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INTRODUCTION focus on physical activity and sleep because these health behaviors
have emerged as strong predictors of depressive symptoms and
well-being (20), they are highlighted in global population health pol-
icies (19,21,22) and expert consensus statements (23—27), and regular
physical activity and sufficient sleep are outlined as key objectives of
Healthy People 2030 (28). An interesting direction for future research
would be to build upon the present work by addressing additional
components of well-being (e.g., life satisfaction and self-esteem)
and by examining clustering with other health behaviors (e.g., sub-
stance use) within a network approach.

ell-being refers to optimal psychological functioning (1-10)

and experience (11), consisting of emotional (e.g., happiness)
(12) and eudaimonic components (e.g., purpose in life) (13). Globally,
people rate being happy as important (14,15), and cultivating states of
well-being through positive psychological interventions is policy rel-
evant and holds the potential to alter population health (11,16—18).
Physical activity and sleep have emerged as key modifiable health be-
haviors that may have both immediate and persistent impacts on
well-being (19). However, less is known about the temporal associa-
tions among emotions and eudaimonic well-being in everyday life. EMA = Ecological Momentary Assessment, EMI = Ecological Mo-
We consider how health behaviors (physical activity and sleep) and meﬁtary Intervention, ‘LTEQ = Leisure Time Exercige Question-
well-being (positive and negative emotions and purpose in life) form halre, ME‘T“ = metélblollc equivalents, mIVAR = multilevel vector
a complex dynamic system, reinforcing one another in daily life. We ARSI
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ORIGINAL ARTICLE

Physical Activity, Sleep, and Emotional Aspects of
Well-Being

Both physical activity and sleep support positive emotions and al-
leviate negative emotions. In highly controlled laboratory studies,
physical activity immediately influences emotions (29-32).
Experimental evidence consistently shows that physical activ-
ity alleviates negative emotions and enhances positive emo-
tions immediately and up to 1 day after the session (30,32).
Likewise, after one night of sleep deprivation in the laboratory,
individuals reported increased negative emotions and lower
positive emotions relative to mornings following their habitual
sleep schedule (33). There exists laboratory evidence to sup-
port the bidirectional associations of emotions with physical ac-
tivity and sleep. Experimentally induced negative emotions are
attenuated after acute exercise (34) and have been associated
with increased sleep fragmentation measured using polysomnography
(35,36). However, to what extent the processes observed in the
laboratory generalize to real-world settings remains an open
question (37).

In naturalistic settings, sleep, physical activity, and well-being
are dynamic, fluctuate within the same person from 1 day to the
next, and demonstrate bidirectional associations. A growing body
of research has focused on within-person associations between
physical activity and emotions in everyday life (38) using study
designs that include intensive repeated measures in situ (39,40).
Evidence from studies seeking to replicate laboratory findings is
conflicting. Some experience-sampling studies observed increased
positive emotions after physical activity (41-45), whereas others
have found no such association (34,46—48). Similar mixed find-
ings have been observed for negative emotions, with some studies
finding reduced negative emotions after physical activity (42,44)
and others finding no association (34,47,49,50). In contrast, stud-
ies probing the effects of emotions on subsequent physical activity
show that positive emotions and increased arousal have generally
predicted increased physical activity over the next few hours
(41,47,51,52), whereas negative emotions have predicted a de-
crease or no change in subsequent physical activity (34,50-52).
Many of these studies used self-reported measures of physical ac-
tivity (41-45,50), including questions adapted from the Godin
Leisure-Time Exercise Questionnaire (34), the duration of physi-
cal activity (41,43,45,51), the weekly frequency of physical activ-
ity (42), and a 7-point Likert scale of level of physical activity
(50,53). A growing number of studies are using a variety of accel-
erometers to objectively measure physical activity (46—49). Thus,
the current evidence for physical activity supporting emotional
well-being in naturalistic settings is less clear-cut than laboratory
findings.

In contrast, the association between sufficient sleep duration
(53-55) and adequate sleep quality (53,54,56—58) with elevated
next-day positive emotions and lower next-day negative emotions
has been consistently observed in experience-sampling studies.
Sleep plays an important role in restoring connectivity between
brain systems underlying emotion generation (i.e., limbic system)
and emotion regulation (i.e., prefrontal cortex) (59). Thus, sleep fa-
cilitates neural and cognitive resources to effectively deal with
emotional experiences and maintain balance in the face of every-
day stressors (55). In general, inadequate sleep leads to a height-
ened experience of negative emotions and a reduction in positive
emotions (60).
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Physical Activity, Sleep, and Eudaimonic Aspects of
Well-Being

Well-being not only encompasses the extent to which we feel happy
and sad, calm, or anxious, but also includes the extent to which we
judge our lives to be meaningful (61). The benefits of physical activ-
ity and sleep may extend from emotional to eudaimonic well-being,
and vice versa. People reporting higher levels of self-reported phys-
ical activity report a higher sense of purpose in life up to 4 years later
(62), and objectively measured physical activity is associated with
higher purpose in life when averaged across 3 days (63). People
who practice health-promoting behaviors report a greater sense of
purpose in life (64). Cross-sectional evidence suggests that physical
activity supports attainment of a higher goal of health or giving di-
rection and meaning to life across years (62,63,65,66). Older adults
endorsing a higher level of meaning and purpose in life report better
sleep quality (67), and every unit increase in self-reported purpose in
life was associated with 16% reduced odds of developing sleep dis-
turbances for 4 years (68). People with high purpose in life had a
24% decreased risk of becoming physically inactive and a 33% re-
duced risk of developing sleep problems across an §-year follow-up
period in a prospective US national sample of adults (69).

Sleep and physical activity may support individuals in reaching a goal
of health that supports other life goals and values (70). Whether physical
activity is associated with subsequent increases in one’s sense of purpose
in life—similar to how physical activity has emotion-brightening
effects—is less certain. Experience-sampling studies have observed
that physical activity was positively associated with happiness, pos-
itive emotions, and purpose in life on the following day (71) and that
people endorsed greater life satisfaction on days when they engage
in more minutes of overall physical activity (72). Although an im-
portant empirical foundation has been established for the effects of
physical activity on eudaimonic well-being, there is a need to con-
currently measure sleep, physical activity, emotions, and purpose
in life in everyday life to gain a holistic understanding of the natural-
istic dynamics of interactions within this system.

Health Behavior and Well-Being as a Complex System
There exist potential bidirectional associations between health
behaviors and well-being in daily life, and there is a complex,
networked interplay between sleep and physical activity in real
life. As reviewed previously, health behavior interventions de-
signed to promote well-being focus on the effects of physical
activity and sleep on well-being (30,38,55,60,63,73), but the
degree to which we judge our lives to be meaningful and experi-
ence happiness also likely impacts the extent to which we get a
good night’s sleep (74) and move throughout the day (50,51,72).

Physical activity and sleep, although generally examined indepen-
dently in the majority of studies reviewed previously (51,69,75-78),
likely influence one another in daily life. For example, regular physi-
cal activity at or above recommended levels mitigates the detrimental
effects of poor sleep on well-being (79), and a single bout of physical
activity increases neuroelectrical indices of relaxation in individuals
with anxiety (80). Although a recent review of 33 ecological mo-
mentary assessment studies showed no bidirectional association
between daily sleep and physical activity (81), findings showed
that sleep quality, sleep efficiency, and wake periods after sleep
onset were associated with small effects on physical activity the
next day (81). Although the majority of reviewed studies used
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objective device-based measures of physical activity and sleep, the
specific devices used varied greatly in outcome measured (e.g.,
raw acceleration or steps) and validated cut points used for charac-
terizing sleep and physical activity, which could explain the con-
flicting findings. Greater consideration of the mutual dependencies
between physical activity and sleep will provide a more complete
account of how physical activity and sleep engender lasting
changes on well-being in daily life. To push forward our under-
standing of health behaviors and well-being, this complex systems
perspective entailing bidirectional associations and dependencies
among a web of individual health behaviors (i.e., physical activity
and sleep) can be accommodated by coupling intensive repeated
measures with network science.

Accommodating a Complex Systems Approach to
Health Behaviors and Well-Being Using Network
Science

A network approach has emerged to better understand the dynamic
relationships among multiple behaviors and psychological pro-
cesses in daily life (82-85). For example, poor sleep may result
in heightened negative emotions, which in turn may lead to more
daytime sleepiness, which in turn may lead to negative emotional
states. In contrast, being active may result in increased positive
emotions, which in turn may lead to feeling a greater sense of pur-
pose in life, which in turn may lead to reduced negative emotions.
Network analysis can be applied to experience-sampling data
using vector autoregression (VAR) techniques. These approaches
predict autoregressive effects: a variable (i.e., sleep quality) at a
certain time point is predicted by the same variable at the previous
time point as well as all other variables at the previous time point
(83). Network analysis extends standard time series analyses by
offering a visual representation of the relations among all assessed
variables. The network approach also allows for the estimation and
visualization of the co-occurrence of multiple variables simulta-
neously on lagged (previous day) and contemporaneous (same
day) levels; thus, it is possible to capture the dynamics among var-
iables of interest while considering multiple timescales. Consistent
with efforts to conceptualize observed behavioral and psychologi-
cal processes (e.g., health and well-being) as emergent behavior of
complex, dynamic systems in which psychology and behavior af-
fect one another (86,87), we apply this network perspective to con-
sider physical activity, sleep, emotions, and purpose in life as part
of a system that reflects well-being.

A recent article modeled networks describing within-person asso-
ciations among self-reported sleep, physical activity, and diet in adults
with obesity who were participating in a weight loss intervention (88).
Each behavior was measured at three time points—baseline, 6 months,
and 12 months—using questions that asked participants to report on
each behavior over the past month. These retrospective reports were
then used to compute daily measures of average minutes per day of
physical activity, average minutes per day of sedentary behavior, av-
erage sleep duration, and total consumption of vegetables, fiuit, and
sugar. When participants reported more sedentary behavior than their
usual levels across the three time points, they reported less fiuit intake
and greater consumption of sugar. However, these longitudinal
within-person networks should be interpreted with caution for
two reasons. First, in addition to being susceptible to recall bias,
using cross-sectional, retrospective measures may obscure impor-
tant trends in health behaviors that vary meaningfully from day to
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day and even within days. Second, the within-person network var-
iables were computed by subtracting the mean of each partici-
pant’s behavior across the three time points from each participant’s
scores at each time point, thus estimating each person’s average
behavior across 12 months. As such, conclusions from these net-
works cannot inform our understanding of causal dynamics among
behaviors within individuals given that the timescale of dynamics
within this system was 6-month intervals. To address these limita-
tions, we leveraged the strength of the intensive longitudinal data
(up to 28 days within 226 individuals) to reveal the dynamics
among physical activity, sleep, and well-being in daily life.

The Present Study

Understanding how physical activity and sleep influence well-being
in everyday life necessitates approaches that consider how these be-
haviors fluctuate across days and how these behaviors support com-
ponents of well-being in everyday life. The aim of this article was
to leverage the strengths of network analysis to explore the daily tem-
poral relationships among physical activity, sleep, and well-being. Just
as prior work has shown that there are complex, bidirectional associ-
ations among components of our proposed health behavior-well-
being system, we hypothesize that the network approach will be an
appropriate method for describing the daily interactions among phys-
ical activity, sleep, and well-being.

METHODS

We use data from the Social Health Impact of Network Effects
study, which was designed to provide insight into health behaviors
and social interactions among young adults (more details on the
full protocol are available at https://osf.io/gkahy/). The University
of Pennsylvania served as the institutional review board of record,
following reliance agreements and local context review approvals
at Columbia University. This study was approved by the Univer-
sity of Pennsylvania Institutional Review Board and the Army Re-
search Lab Human Research Protection Office.

Participants

The present study used data from 226 young adult participants
(169 women, 56 men, 1 unreported, mean [standard deviation]
age = 20.2 [1.7] years, age range = 1842 years) who completed
the study from May to October 2020. The racial/ethnic composi-
tion of the sample was 42% White, 33.6% Asian, 7.1% Black or
African American, 10.2% multiracial, 1.3% other, and 9.3% of
participants identified as Hispanic or Latino.

Procedure

Recruitment materials advertised a study titled “Social Health Impact
of Network Effects Study (SHINE)” to undergraduate students who
were members of on-campus social groups (e.g., sports teams, clubs,
sororities, and fraternities) at the University of Pennsylvania and
Columbia University. See Supplemental Digital Content, http://
links.lww.com/PSYMED/A896, Methods (https:/osf.io/9g5yv/), for
additional information about the larger study. Code is available on
Open Science Framework (https://osfi0/9g5yv/).

We used the LifeData (https:/www.lifedatacorp.com/) company’s
RealLife Exp smartphone app for experience sampling. Experience-
sampling assessment was deployed between May 30, 2020, and
October 27, 2020, in response to the emergence of the COVID-19
pandemic. For this data collection, all participants contacted initially
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as part of the larger study, and any new members that joined the
groups were invited to complete an online survey to understand the
impact of the COVID-19 pandemic on a variety of psychosocial fac-
tors (see codebook on the Open Science Foundation: https://osf.io/
gkahy/). Interested participants provided their consent and completed
the COVID survey. At the end of the COVID survey, participants
were asked for their interest and consent to partake in a 28-day Eco-
logical Momentary Assessment (EMA) and Ecological Momentary
Intervention (EMI) protocol. This second protocol was similar to the
first protocol (Supplemental Digital Content, http://links.lww.com/
PSYMED/A896, Methods), although it contained additional items
and was completed entirely online. Interested participants were emailed
a Qualtrics survey with instructions on how to set up the EMI and
EMA protocol on their phone, and then began the protocol. We focus
on the baseline survey measures and COVID-19 experience-sampling
period because the COVID-19 survey period included a broad range of
wellness variables that are of greatest interest in the current investiga-
tion. Participants received $60 Amazon gift card for answering at least
70% of the second experience-sampling period.

Measures

The present study made use of participants’ reports of demo-
graphic characteristics from the baseline survey (age, gender, race,
and ethnicity) and the experience-sampling data collected on their
smartphones in day-to-day life during the COVID-19 pandemic.
During the experience-sampling period, a morning survey was
sent at 8 AM and an evening survey was sent at 6 PM. The surveys
remained open until the next notification: after the 8 AM survey,
there was a prompt at 2 PM, and after the 6 PM survey, there was
aprompt at 9 PM as part of the EMI (Supplemental Digital Content,
http://links.lww.com/PSYMED/A896, Methods).

Momentary Physical Activity

Physical activity was measured using a modified version of the
Godin Leisure Time Exercise Questionnaire (LTEQ; Godin et al.
(89); Godin and Shephard (90)). The LTEQ is a validated measure
of adult physical activity (91). Although typically administered as
a previous-week recall measure, the measure has been modified to
assess physical activity in situ over a period of hours (92-94), thus
reducing potential recall bias and reliance on personal heuristics to
estimate physical activity (95,96). During the EMA surveys, partici-
pants were asked, “Since your MORNING/EVENING survey, how
many times did you engage in exercise for more than 10 minutes in
(1) vigorous exercise (e.g., running, vigorous swimming), (2) moder-
ate exercise (e.g., fast walking, volleyball), (3) mild exercise (e.g.,
easy walking, yoga).” Using the LTEQ scoring procedure, responses
were weighted by standard metabolic equivalents (METs; vigor-
ous = 9; moderate = 5; mild = 3) and summed to create a total mo-
mentary MET or energy expenditure score. Higher scores indicate
greater physical activity energy expenditure. Consistent with prior
EMA work using these questions (92,97), the data are most amenable
to transformation into METSs than other proposed indices of physical
activity (e.g., duration).

Momentary Emotional States

Momentary emotions (happy, sad, anxious, angry) were measured
using items from the Profile of Mood States (98). The Profile of
Mood States is a validated measure of emotions that has been pre-
viously used in experience-sampling studies with adults (99,100).

Psychosomatic Medicine, V 85 « 141-153

Happiness

We measured happiness using one item asking participants to re-
spond on a sliding scale from 1 (“Not at all”’) to 100 (“Extremely”’)
to the following prompt: “Right now, I feel HAPPY.”

Sadness

We measured sadness using one item asking participants to re-
spond on a sliding scale from 1 (“Not at all”’) to 100 (“Extremely”)
to the following prompt: “Right now, I feel SAD.”

Anxiety

We measured anxiousness using one item asking participants to re-
spond on a sliding scale from 1 (“Not at all”’) to 100 (“Extremely”)
to the following prompt: “Right now, I feel ANXIOUS.”

Anger

We measured anger using one item asking participants to respond
on a sliding scale from 1 (“Not at all”) to 100 (“Extremely”) to the
following prompt: “Right now, I feel ANGRY.”

Daily Purpose in Life

We measured purpose in life with an item adapted from Ryft (101).
In the morning survey, we measured purpose in life using one item
asking participants to respond on a sliding scale from 1 (“Not at
all”) to 100 (“Extremely”™) to the following prompt: “I feel that I
have a sense of direction and purpose in my life.”

Nightly Sleep

We measured sleep using items adapted from the Pittsburgh Sleep
Quality Index (102) that have been used in previous daily diary
studies (103). Typically used as previous-month recall measures, two
items were configured for daily assessment as previous-night recalls.
These measures are more strongly correlated with actigraphy measures
of sleep than retrospective, previous month reports (104).

Sleep Duration

In the morning survey, we measured sleep duration using one item
asking participants to answer the following question: “How many
hours and minutes of sleep did you get last night (This may be dif-
ferent from # of hours spent in bed)?” Participants responded
based on a hours and minutes number wheel.

Sleep Quality

In the morning survey, we measured sleep quality using one item
asking participants to report on a scale from 1 (“Very bad”) to 100
(“Very good”) to the following question: “Last night, how would
you rate your quality of sleep?”

Daily Interactions Among Physical Activity, Sleep, and
Well-being

To accommodate the once-per-day rating of sleep and purpose in
life (in contrast to the other variables, which could be measured more
than once per day), we used a multilevel vector autoregressive (mlVAR)
model to isolate within- and between-person relationships among mul-
tiple variables (83,84) (Supplemental Digital Content, http:/links.lww.
com/PSYMED/A896). Before network estimation, mIVAR transforms
the variables by splitting predictors into within and between compo-
nents, which is relevant for considering the distribution of the ecological
momentary assessment variables. Importantly, data are person-mean
centered by default, allowing a consideration of within-person associa-
tions between variables that are disentangled from between-person
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differences (105). This approach generates three networks describing
the relationships among variables of interest (day’s physical activity,
sleep, happiness, sadness, anger, anxiousness, and purpose in life): a)
a directed temporal network revealing within-person time-lagged (pre-
vious day) relationships among variables, b) an undirected network re-
vealing within-person same-day (contemporaneous) relationships
among variables, and c) an undirected between-person network iden-
tifying variables that fluctuate at the between-person level (Supple-
mental Digital Content, http:/links.lww.com/PSYMED/A896, Re-
sults and Figure S2 for the between-person network as the focus of
this article was on the within-person associations). We computed daily
values of physical activity, emotions, and purpose in life by calculat-
ing the mean values of physical activity, emotions, and purpose in life
across the two reports for each day to be used in these models. Eight
multilevel models are sequentially estimated (one for each variable of
interest). In this step, each variable (i.e., physical activity, sleep quality,
sleep duration, happy, sad, anxiety, angry, purpose in life all assessed
at the daily level) at time 7 is predicted by the eight within-participants
lagged (¢ — 1) variables and the seven trait-level predictors (the mean
of the predicted variable is not included).

Network Estimation

The three networks that comprise the mIVAR model are estimated in
two steps. First, the temporal and between-participants models are es-
timated. Eight multilevel models are sequentially estimated (one for
each variable of interest). In this step, each variable (i.e., physical ac-
tivity, sleep quality, sleep duration, happy, sad, anxiety, angry, purpose
in life all assessed at the daily level) at time # is predicted by the eight
within-participants lagged (¢ — 1) variables and the seven trait-level
predictors (the mean of the predicted variable is not included). Along
with the fixed effects, random subject intercepts are also included.
Equation 1 hereinafter, predicting happy affect at time # depicts how co-
efficients are obtained for the temporal and between-participants net-
works. Estimates h1-b8 represent the time-lagged variables (resulting
in eight edges for the temporal network), and »#9-H15 represent the
trait-level estimates (denoted by X), resulting in seven estimates for
the between-participants network. b0 represents the intercept, and
(1|ID) denotes the random participant intercepts. A model similar
to this one is fit for each of the other seven variables resulting
in the 64 estimates for the temporal network and for the 28
between-participants network.

happy(#) = b0 + b1 x physical activity(s—1) + b2
x sad(t—1) + b3 x anxiety(+—1) + b4
x angry(—1) 4+ b5 x sleep duration(z—1)
+ b6 x sleep quality (+—1) + b7
x purpose(t—1) + b8 x happy(—1) + b9
x physical activityX + »10 x sadX + b11
x anxietyX + 512 x angryX + b13
x sleep durationX + b14 x sleep qualityX

+ b15 x purposeX (1)

Next, the contemporaneous network is estimated by leveraging the
residuals from each of the eight models run in the previous step.
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Eight multilevel models are fit where the residuals of a given var-
iable are predicted by the residuals from the other seven variables.
Equation 2 hereinafter (with »_ denoting that these are residuals
from prior estimate models in Equation 1) predicting the time ¢
happy residuals is presented to help illustrate this procedure. b1
to b7 represent the coefficients that contribute to the contempora-
neous network. The remaining components represent orthogonal
random slopes for each predictor variable. A similar model is fit
for the other seven variables resulting in 28estimates that comprise
the contemporaneous network.

r_happy(¢) = b1 x r_physical activity(¢) + b2 x r_sad(¢)
+ b3 x r_anxiety(f) + b4 x r_angry(t)
+ b5 x r_sleep duration() + b6
x r_sleep quality(#) + b7 x r_purpose()

0 + physical activity|ID)

0 + sad|ID) + (0 + anxiety|ID)

0 + angry|ID)

0 + sleep duration|ID)

+(
+(
+(
+(
+ (0 + sleep quality|ID)
+(

0 + purpose|ID) (2)

An assumption of mIVAR is that the data are stationary; that is, the
mean and variance of a given time series should remain unaltered
over time. Thus, we ran a Kwiatkowski-Phillips-Schmidt-Shin test
on every participant’s time series for each variable using the tseries
package in R (106). Across participants and variables, the data
were stationary (p values > .10).

We then computed centrality measures to examine the impor-
tance of nodes within temporal (strength, in-degree, out-degree)
and contemporaneous (strength, degree) networks. Strength is
computed as the sum of the absolute edge values connected to a
given node and thus represents the direct influence a node has on
a network. Directed networks have two degrees: in-degree repre-
senting the number of incoming edges and out-degree representing
the number of outgoing edges emanating from a node. In undi-
rected networks, degree represents the number of edges incident
on it. Degree informs us how connected a node is within the
network.

Robustness Checks

Because physical activity and emotions were measured twice per
day, we include additional analyses examining within-day bidirec-
tional associations that may be of interest to readers but outside the
scope of this study (Supplemental Digital Content, http://links.
lww.com/PSYMED/A896, Methods and Results; Figure S1). We
ran additional conservative analyses with inclusion of the lagged
physical activity (¢ — 1) and lagged emotion-dependent variable
(t — 1) in the models and include these results in Supplemental
Digital Content, http://links.lww.com/PSYMED/A896. Although
we do not focus on intervention effects in this article, the presented
associations were observed when controlling for potential inter-
vention effects. Results were similar when considering the nonin-
tervention sample alone (» = 76). We retain the full sample to
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ensure high statistical power and because the intervention did not
specifically target any of the study variables (107). We refer readers
to the supplemental material for a detailed discussion of these supple-
mental analyses (Supplemental Digital Content, http://links.lww.com/
PSYMED/A896, Figures S3—S4, Tables S2—-S7) and a brief overview
of the study intervention, and to Jovanova et al. (107) for a detailed
discussion of the design and testing of the intervention component
that specifically targeted alcohol use.

RESULTS

Of 12,656 prompts possible (2 prompts per day x 28 days x 226
participants), participants completed 9838 (77.7%) physical activ-
ity reports, 10,373 angry reports (82%), 10,388 anxious reports
(82.1%), 10,397 happy reports (82.2%), and 10,396 sad reports
(82.1%). Of 6328 prompts possible (1 prompt per day x 28 days
X 226 participants), participants completed 5121 sleep duration
reports (80.9%), 5137 sleep quality reports (81.2%), and 5206 pur-
pose in life reports (82.3%). Participants completed an average of
49.3 prompts of up to 56 prompts (standard deviation = 12.6) and
reported being physically active on 40.9% of these reports. We
provide descriptions of (and correlations among) key study vari-
ables in Supplemental Digital Content, http://links.lww.com/
PSYMED/A896, Table S1.

Daily Interactions Among Physical Activity, Sleep, and
Well-being

Temporal Network

Results from the within-participants temporal network are depicted
in Figure 1A. We found the following significant temporal rela-
tionships with physical activity: when physical activity was higher
than usual on a given day, happiness was higher than usual the
next day (b = 0.07, p =.005). We found the following significant
temporal relationships with sleep quality: higher than usual sleep
quality on a given night predicted higher next-day purpose in life
(b=0.07, p <.001) and happiness (b =0.17, p <.001) as well as
lower sadness (b =—0.07, p <.001), anxiety (b =—0.05, p <.001),
and anger (b =—0.09, p <.001) the next day. We found the fol-
lowing significant temporal associations with sleep duration:
longer than usual sleep duration on a given night predicted lower
than usual sleep quality (b = —0.04, p = .049), purpose in life
(b=-0.05, p <.001), and happiness (b =—0.06, p <.001) the next
day. We found the following significant temporal associations
with emotions: when sadness was higher than usual on a given
day, physical activity was lower than usual (b = —0.05, p = .013)
and anxiety was higher than usual (b = 0.04, p = .034) the next
day; when happiness was higher than usual on a given day, purpose
in life was higher than usual the next day (b = 0.06, p =.002); when
anxiety was higher than usual yesterday, sadness (b =0.10, p <.001)
and purpose in life (b = 0.05, p = .029) were higher than usual the
next day.

Contemporaneous Network

Results from the within-participants contemporaneous network are
depicted in Figure 1B. We found the following significant relation-
ships for a given day: on days when people experienced higher than
usual happiness, sadness (7, = —0.29), anxiousness (7;, =—0.14), and
anger (7, = —0.21) were lower than usual. On days when physical
activity was higher than usual, sleep duration on the same night
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was shorter (7, = —0.04) and happiness was lower (7, = —0.04)
on the same day. Longer sleep duration than usual was associated
with higher sleep quality (7, = 0.45) on the same evening. Higher
happiness than usual was associated with higher purpose in life
(7, = 0.17). The negative emotional states were positively associ-
ated (7, values > 0.10).

Length of Temporal Effects

Given that physical activity on a given day corresponds with higher
happiness the next day and sleep is associated with lower negative
emotions the following day, a natural question is how long this tem-
poral relationship persists. Prior work has shown that there are car-
ryover effects in emotions in daily life (100,108), and recent work
has suggested that physical activity may interrupt this emotional in-
ertia (109). In exploratory analyses, we next assessed the temporal
network with a time lag of 2 days (rather than 1 day; Figure 2A).
Physical activity 2 days prior did not predict happiness (b = 0.001,
p =.96). Likewise, sleep quality did not predict negative emotions
ata lag of 2 days (b values <—0.03, p values > .05). However, sleep
quality predicted higher happiness at a lag of 2 days (b = 0.07,
p = .001). Similarly, purpose in life predicted lower sadness
(b=-0.04, p = .032), anxiousness (b = —0.04, p = .024), and anger
(b=-0.05, p =.017) at a lag of 2 days. Anxiety’s positive autocor-
relation was significant at the 2-day lag (b = 0.07, p = .002), and
anxiety predicted longer sleep duration at a lag of 2 days
(b =0.06, p = .046). Anger predicted higher anxiety at a lag of 2
days (b =0.05, p = .006). At a lag of 3 days, sleep and physical ac-
tivity were not predictive of any behaviors, yet there were associa-
tions between anger with happiness (b = 0.05, p =.037) and sadness
(b =0.05, p = .024) and between sadness and anger (b = —0.07,
p = .012; Figure 2B). Collectively, these findings suggest that, al-
though the effects of physical activity on emotions and purpose in
life may be shorter term (e.g., 1 day), a sense of purpose in life
and negative emotional states can be slightly longer lasting, bleed-
ing into the next few days.

Centrality Measures

We present centrality measures for temporal and contemporaneous
networks in Table 1. In the temporal network, the nodes with the
highest strength are sadness, anxiety, and happiness; the highest
in-degree are happiness, purpose in life, and sadness; the highest
out-degree are anxiety, physical activity, and sadness. In the con-
temporaneous network, the nodes with the highest strength are
purpose in life, anxiety, and anger; the nodes with the highest de-
gree are happiness, sadness, and anger.

DISCUSSION

Sleep, physical activity, emotions, and purpose in life are parts of a
health behavior well-being system. The extent to which compo-
nents of this system interact and mutually influence one another
during everyday life is not clear, due in part to the challenge of
concurrently measuring these states and behaviors and due to the
complex, mutual dependencies that exist within this system. We
capitalized on smartphone experience-sampling approaches across
1 month and network analyses to reveal the pairwise interplay and
to simultaneously estimate associations among components of the
health behavior well-being system in a naturalistic real-world
setting.
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A Within—person Temporal Network

0.1

Sleep
Quality

Sleep
Duration,

Physical
051 Activity

@

FIGURE 1. Within-person temporal (A) and contemporaneous (B) networks. Solid blue/dark blue edges represent positive associations,
whereas solid red edges represent negative associations. The thickness and shade of the edge represent the strength of the association. In
panel A, arrows represent the direction of the effect (i.e., variable yesterday predicting a variable today), and edges represent partial 3

coefficients. In panel B, edges represent partial correlations. All shown
online only at the Psychosomatic Medicine Web site.

In the within-person temporal network, which shows how
sleep, physical activity, purpose in life, and emotions relate to
one another from 1 day to the next, we observed that higher than
usual sleep quality is associated with decreased negative emotional
states (sad, angry, anxiety) the next day. Longer sleep duration yes-
terday was associated with decreased purpose in life and reduced
happiness the next day, which is consistent with prior work at
the between-person level suggesting that longer sleep duration
(=10 hours) is associated with increased depressive symptoms that
overlap with the current operationalization of purpose in life, for
example, “little interest or pleasure in doing things” (110). Collec-
tively, findings are consistent with work demonstrating that sleep
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edges are statistically significant, p < .05. Color image is available

is a crucial health behavior supporting well-being in daily life
(55,67,111-113) but extends it by examining the influence of sleep
characteristics on both emotional and eudaimonic components of
well-being across a month at the within-person level.

The within-person temporal network also offered insight into
associations between the physical activity and emotional aspects
of well-being. We observed that higher than usual physical activity
yesterday predicted increased happiness the next day, but these effects
disappeared in the 2- and 3-day temporal networks. This finding is
consistent with laboratory studies showing that a single bout of phys-
ical activity enhances positive emotions up to 1 day after the experi-
mental session (30). We extend prior experience-sampling work
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A
Within—person Temporal Network (2-day lag)

%.04 Physical
Activity

Sleep
Duration

0.0 Anxiety

B
Within—person Temporal Network (3-day lag)

Sleep
Quality

Sleep
Duration

Physical
Activity

0.0

FIGURE 2. Within-person temporal lag of 2-day (A) and temporal lag of 3-day (B) networks. Solid blue/dark blue edges represent
positive associations, whereas solid red edges represent negative associations. The thickness and shade of the edge represent the
strength of the association. Arrows represent the direction of the effect (i.e., variable » days prior predicting a variable today), and
edges represent partial § coefficients. Color image is available online only at the Psychosomatic Medicine Web site.

(41-45,47) by examining the effects of physical activity on emotions
up to 3 days later. This finding is further supported by interpreting it
alongside the contemporaneous network showing that increased
physical activity is associated with decreased happiness on the same
day, suggesting that there is a temporal precedence for the physical
activity-emotions association: people need to engage in physical ac-
tivity before experiencing enhanced positive emotions. Our findings
show people must engage in physical activity regularly to accrue
the emotion-brightening effects of physical activity in everyday life
because these effects are relatively short lived.

Findings from the within-person temporal network highlight
sadness as a particularly potent negative emotional state influencing

Psychosomatic Medicine, V 85 « 141-153

next-day physical activity. This is consistent with prior experience-
sampling work demonstrating that heightened negative emotions im-
mediately reduce subsequent physical activity (114). We show that
this relationship persists up to 1 day. Consistent with network per-
spectives of emotions suggesting that psychopathology results from
the causal interplay between symptoms (85,115,116), we find that
there is a positive interplay among sadness, anger, and anxious-
ness within the same day, such that these negative emotional
states perpetuate one another. Consistent with these perspec-
tives, we find that sadness has a persistent influence on physical
activity. In this way, negative emotions may subsequently re-
duce the likelihood of being physically active, which is a potent
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TABLE 1. Node Centrality Measures for Within-Person
Temporal and Contemporaneous Networks

Node Strength In-Degree Out-Degree

Temporal network
Happiness 1.53 0.16 0.07
Anxiety 1.83 0.04 0.14
Anger 0.96 0 0
Sadness 2.23 0.09 0.09
Purpose in life 1.64 0.12 0
Sleep duration 0 0 0.03
Sleep quality 0 0 0.04
Physical activity 1.33 0.05 0.08

Strength Degree

Contemporaneous network
Happiness 241 0.87
Anxiety 3.7 0.50
Anger 3.09 0.57
Sadness 2.85 0.76
Purpose in life 3.38 0.17
Sleep duration 1.33 0.52
Sleep quality 0.93 0.54
Physical activity 2.57 0.13

Strength represents the sum of the absolute weights to/from a node. In the temporal
(directed) network, the in-degree is the number of incoming edges to a node, and
out-degree is the number of outgoing edges emanating from a node. In the
contemporaneous (undirected) network, the degree represents the number of edges
connected to a node. The top three values for each measure are set in bold. A total of
5495 anxiety, 5498 happiness, 5492 anger, 5500 sadness, 5206 purpose in life, 5121
sleep duration, 5137 sleep quality, and 5340 physical activity daily reports nested
within 210 participants.

moderator of positive emotions. Thus, it is plausible that engag-
ing in physical activity may briefly interrupt the interplay
among negative emotional states suggesting its utility in the
management of negative emotional states.

With respect to purpose in life as an indicator of eudaimonic
well-being, our daily network models show that on days when pur-
pose in life is higher than usual, happiness is also higher than usual.
This positive association is consistent with prior work demonstrating
that purpose in life supports psychological well-being and is related to
positive emotions (117—119) but extends it by showing this associa-
tion holds on a daily timescale. In this way, purpose in life is a renew-
able resource that physical activity can serve to enhance, thus bolster-
ing well-being by supporting attainment of the greater goal of health
or by simply engaging in enjoyable meaningful daily activities
(63,120,121). Our findings did not support a bidirectional association
between purpose in life and physical activity from 1 day to the next.
Although prior work has shown a bidirectional association between
physical activity and purpose in life, our findings may differ because
these studies have used objective measures of physical activity. How-
ever, by using self-reported physical activity periods, it is possible that
our participants were able to move beyond experimenter-defined no-
tions of physical activity or exercise with the goal of improving fit-
ness. We also find that negative emotional states, such as anxiety,
are associated with greater purpose in life the next day. Although
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our data cannot directly explain this association, one possibility is that
anxiety may drive individuals to seek out opportunities to engage in
meaningful activities. This finding aligns with the notion that all emo-
tions, especially high-arousal emotions (e.g., anger and anxiety), are
associated with motivational action (122) and can motivate people
to take control of a situation and change behavior (123).

Although the 2-day and 3-day lag networks were exploratory in
nature, purpose in life seems to be particularly salient for reducing
negative emotions up to 2 days later. It is possible that a boost
in daily meaning has an enduring impact on emotional health
persisting beyond the activity bout—bleeding into the next few
days. This finding has practical implications. Substantial public
health efforts have highlighted physical activity as a means of en-
hancing population physical and mental health (124). However,
efforts to disseminate these guidelines have focused on communi-
cating the duration, frequency, and type of physical activity to re-
ceive optimal health benefits. Such an approach overlooks a criti-
cal component of the health behavior—well-being system: finding
meaning or purpose in daily activities. Aristotle (125) first pro-
posed that human behavior is likely better understood within the
lens of phronesis or practical reasoning that aims to realize valued
goals. This perspective is in contrast to the robust body of litera-
ture seeking to determine the antecedents and determinants of
physical activity (126-129). Our findings highlight that the path-
way from physical activity — purpose in life — emotions may
play a critical role in supporting everyday well-being and ought
to be considered when translating physical activity guidelines to
the general population. For instance, helping people identify daily
physical activities that support their values and meaning-making
and finding ways to help them understand how frequently to en-
gage in these behaviors to support their health and well-being.

Our findings provide evidence of the feasibility and utility of
viewing physical activity, sleep, emotions, and purpose in life as
part of a system reflecting wellness in daily life. In particular, the
centrality metrics we calculated reflect the structural importance
of a given node (i.e., strength) and assign importance to the node
based on the number of links held (i.e., in-degree and out-degree)
within our health behavior—well-being system (130). Consistent
with dual-processing, self-regulation, and self-determination theo-
ries of health behaviors, our centrality findings highlight emotions
as central to engaging in health behaviors to support well-being
(131-134). We found that the nodes with the highest strength were
sadness, anxiety, and happiness in the temporal network and pur-
pose in life, anxiety, and anger in the contemporaneous network. In-
terventions aiming to influence the dynamics within our health
behavior—well-being system may be most effective by targeting pos-
itive and negative emotions and purpose in life to have immediate
(same-day) and carryover (next-day) effects on well-being. More-
over, purpose in life has been found to act as a buffer helping to re-
cover from negative emotions (135). Alongside the finding that hap-
piness, purpose in life, and sadness have the most incoming links
within the temporal network, it is likely that these nodes are most
susceptible to perturbations in other nodes (e.g., sleep and physical
activity) from day to day. Given that anxiety, physical activity, and
sadness have the highest number of outgoing links within the tem-
poral network, targeting these nodes may be most effective for
influencing well-being from 1 day to the next within our system.
In the contemporaneous network, happiness, sadness, and anger
are most connected. This finding is perhaps unsurprising given prior
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work that shows high-arousal emotions motivate people into action,
which can incite behavior change (123).

Health communication efforts highlight values affirmation as a
critical component of health messaging and behavior change in
daily life (136,137). Future work that examines activity-promoting
interventions incorporating aspects of self-affirmation and purpose in
life combined with mobile sensing will help reveal whether, how, and
the temporal nature by which these interventions influence components
of the health behavior-well-being system in daily life. Commer-
cially available wearables already deploy nudges that incorporate
self-affirmation messages to influence behavior; however, to what ex-
tent an activity-promoting intervention can be personalized to align
with one’s purpose and values may be more fruitful for influencing
behavior in the moment. Future work may seek to understand how
personalized movement interventions can have a downstream impact
on sustainable behavior change in peoples’ daily lives compared with
movement interventions that do not target self-affirmation.

Days of higher than usual physical activity were associated
with shorter than usual sleep duration that night. These findings
are in line with observations that physical activity and sleep repre-
sent two ends of a continuum in which prioritizing one behavior
(e.g., physical activity) may occur at the expense of the other (e.g.,
sleep) because of time constraints (138). Although cross-sectional
evidence suggests increased physical activity benefits sleep quality
and duration (139), our findings highlight the need for examining
how these relationships unfold in the course of daily life. Prior
experience-sampling work has found equivocal findings for the as-
sociation between physical activity and sleep, with some finding
people sleep longer on days after higher than usual physical activity
(140) and others finding no association between sleep duration and
physical activity (141,142). In daily life, however, physical activity
and sleep compete for time: being physically active may come at the
expense of time to sleep when juggling all the responsibilities of
daily life (143). People who exercise regularly sleep on average
15.5 minutes less than those who do not exercise (143), and our
findings extend this work to the within-person level suggesting that
on days when people engage in more physical activity than usual, it
may occur at the expense of sleep duration that night. Alternatively,
the observed longer sleep duration may be indicative of persistent
negative emotions during the COVID-19 pandemic, which is often
associated with sleep disturbances (144).

Limitations

Despite the strength of the naturalistic reports of sleep, physical ac-
tivity, emotions, and purpose in life across 1 month in the present
investigation, there are limitations that warrant further discussion.
The sample is primarily White, college-aged adults identifying as
women, making generalizations to other samples difficult. The
self-report measures of sleep and physical activity were retrospec-
tive in nature (reporting on the previous time point’s behavior).
This approach allowed us to capture behaviors occurring after
the evening survey (6:00 PM) but may have introduced retrospective
biases. An interval-contingent EMA protocol was used whereby
participants responded at the same time every day. This approach
likely supported the high response rate (77.1%), but may have led
participants to anticipate the assessments in a way that may be mit-
igated by signal-contingent or variable time-based approaches. In-
teresting directions for future research would be to build upon the
present work by addressing additional components of well-being
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(e.g., life satisfaction and self-esteem), examining clustering with
other health behaviors (e.g., substance use), and delineating associ-
ations within the health behavior-well-being system with finer gran-
ularity of data (e.g., minutes or hours).

Conclusions

In summary, we helped bridge the gap between laboratory studies and
experience-sampling work regarding the roles of physical activity,
sleep, emotions, and purpose in life on everyday well-being. We ex-
amined associations among physical activity, sleep, emotions, and
purpose in life as components within a health behavior-well-being
system that reflect wellness in daily life and found that physical ac-
tivity predicted increased happiness the next day and better sleep
quality predicted reduced negative emotions the next day. We found
that purpose in life predicted decreased sadness, anxiousness, and
anger up to 2 days later. Our results lay the groundwork for creating
naturalistic, mobile-sensing—based human models to further elucidate
the interplay among real-world health behaviors and well-being. Fu-
ture work, which may be particularly important, can test how changes
in some sets of nodes within this complex system propagate to influ-
ence other nodes within the system, useful for testing the feasibility of
interventions and informing the design of ecologically relevant
health-enhancing wellness programs. Such interventions will likely
be most successful by taking a person-specific approach, which will
necessitate collecting substantially more intensive time series data
for each participant (145,146)
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