nature human behaviour

Article

https://doi.org/10.1038/s41562-026-02427-2

Anindividual participant data meta-analysis
of how physical activity relates to affective

well-beingin daily life

Received: 25 June 2025

Accepted: 17 February 2026

A list of authors and their affiliations appears at the end of the paper

Published online: 06 May 2026

M Check for updates

Physical inactivity constitutes a pressing societal problem. To realize
physical activity’s (PA) potential as a key health resource, mechanisms of PA
engagement need tobe understood. Laboratory and interventional studies

documented that exercise relates to affective well-being (AWB) and suggested
that AWB may shape PA behaviour. Digitalization enabled the investigation

of how PA relates to AWB in everyday life, but findings from individual studies
areambiguous. Here we compiled 67 datasets (55.2% of eligible records)
including 321,345 smartphone-based AWB ratings and nearly 1,000,000 h of
accelerometer-measured PA (N = 8,223 participants) until December 2023

to clarify the nature and extent of PA-AWB associations. One- and two-stage
individual participant data meta-analyses reveal that momentary AWB
isassociated with both prior (within, r=0.05,99.2% confidence intervals

(CI) 0.03t0 0.06; between, r=0.08,99.2% Cl1 0.04 to 0.12) and subsequent
(within, r=0.04,99.2% C10.03 to 0.05; between, r=0.08, 99.2% C1 0.04 to
0.13) short-term PAin everyday life. Within persons, PA displays a positive
association with energetic arousal, positive affective states and valence, yet
anegative relation to calmness. The practical effect sizes are comparable to
other daily life activities, with energetic arousal evincing the strongest relation
to PA. Considerable heterogeneity in associations across individuals can be
partially explained by sociodemographic moderators. Between participants,
PArelatesto positive affective states. The results document the critical
relevance of PA-AWB relationsin everyday life. They can contribute to the
revision and development of health behaviour models and establish a starting
point to approach behavioural, physiological and neuronal mechanisms
underlying PA-AWB associations.

Worldwide, many humans are insufficiently physically active' . If peo-
ple meet current physical activity (PA) recommendations by the World
Health Organization®, global gross domestic product is estimated to
increase by US$314-446 billion per year®, mostly attributable to PA
counteracting physical®’ and mental illness®'°. Recent health behav-
iour theories consider affective well-being (AWB) as one of the most
potent psychological facilitators between PA and health outcomes
and suggest it to be critically involved in motivating, maintaining and

reinforcing PA". In general, AWB is increasingly recognized as a key
driver of humanbehaviour and experience; for example, AWB is shown
tobeinvolved notonlyin PAengagementbutalsoinattention, learning,
memory and decision-making processes'®.

Since the 1980s, cross-sectional studies employing retrospec-
tive questionnaires and laboratory experiments provided insights
into associations of PA with AWB"?, These findings, however, are
constrained by low ecological validity owing to artificial settings,
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recall biases and afocus on differences between individuals®*. Criti-
cally, between-person differences cannot be employed as a proxy for
intra-individual processes®,awell-known limitation referred to as the
ecological fallacy**~*'. Yet, to promote PA in daily life, it is of crucial
importance to understand the within-person associations of PA and
AWB in everyday life. In general, variations in AWB in everyday life
plausibly affect how humans act and think and are currently suggested
todrive key health behaviours such as PA and diet*. Insights into these
daily life processes can personalize and tailor prevention and treatment
byidentifying affective facilitators and barriers therewith contributing
to public health strategies® .

To this end, for the last two decades, researchers have col-
lected intensive longitudinal data on the relationship of AWB and PA
in daily life**. In practice, such research employs wearables includ-
ing accelerometers for PA tracking and repeated ratings of AWB on
smartphone-based electronic diaries as participants go about their
daily routines®*. This procedure bypasses aforementioned limita-
tions by assessing momentary instead of retrospective experience
complemented by device-based measures and by collecting extensive
within-person data for each individual®*****, Of note, it is not only
experimental control in laboratory and interventional studies that
contrasts with ecological validity of real-life studies but also the type
of PAbeing researched, that s, structured exercise sessions in labora-
toryandinterventional studies versusincidental PAin daily life studies,
which comprises exercise but also low-threshold non-exercise activity
asPA facets.

Evidence from daily life studies regarding the existence, strength,
directionality and circumstances of PA-AWB associations is ambigu-
ous. Liao et al. were the first trying to resolve these ambiguities by
conducting ashort review in 2015%. Differentiating three concepts of
AWB (positive affect, negative affect and feeling states, that is, energy
and fatigue), they found the strongest evidence for the bidirectional
association of PA and positive affect, very weak evidence for PA and
negative affect, and insufficient evidence for PA and feeling states.
Similarly, in a systematic review on AWB-PA associations in children
and adolescents from 2021, associations of PA and subsequent positive
affect and energy emerged as most robust. There was some evidence
for associations of valence and subsequent PA. Associations of PA
with negative affect were not supported by literature®. Most recently,
Timmetal.** conducted aliterature search, revealing that although the
number of studiesincreased tremendously from 14 studies in 2015 to
>66in 2023, evidence remains ambiguous. In line with prior reviews
as well as a range of prominent laboratory studies”?, Timm et al.
reported stronger support for bidirectional associations between PA
and positive affect compared with negative affect. Reciprocal associa-
tions of PA with energetic arousal were most consistently supported
by literature. For valence, less than half of the studies found significant
positive associations with preceding or subsequent PA. Associations
between calmness and PA appeared the most heterogeneous, exhibit-
ingboth positive and negative associations with PA. Finally, the review
reported a high degree of heterogeneity of PA and AWB assessment
and statistical methods™.

In sum, although intensive longitudinal data on AWB-PA asso-
ciations are rapidly increasing, evidence remains ambiguous. The
concepts and terminology of AWB strongly differ between studies
(for example, mood, emotions, affect and core affect) and there is
little consistency regarding the items employed. To extensively sum-
marizeallevidence, we chose to focus on AWB as asuperordinate term
of affective constructs'®**°. Further, the above-discussed systematic
reviews were based on vote counting, that is, the sorting of studies
accordingtotheir positive, negative or lack of statistical significance.
This provides essential summaries of existing evidence. However,
vote counting cannot quantify the existence, strength, directionality
and circumstances of PA-AWB associations. Further, given that all
studies are weighted equally, conclusions based on the descriptive

method of vote counting are limited. Outweighing a significant effect
inastudy with alarge sample size by anon-significant effectinastudy
with a small sample size is generally inappropriate***. In the PA-AWB
field, matters are further complicated by the variety of methods and
statistical models, which results in heterogeneous effect measures
and prevents the extraction of effect sizes for traditional meta-analytic
approaches. The gold-standard solutionis individual participant data
(IPD) meta-analysis****, in which data from publications are collected
and uniformly analysed so that original statistical modelling does not
affect results. In addition, IPD compiles all data necessary to model
within-person processes across time. Here, we employ this method to
investigate how PA covaries with AWB in humans’ everyday life.

For the IPD meta-analysis on PA-AWB, we collected 67 datasets
from 14 countries worldwide. These datasets included data on 8,223
participants and 321,345 e-diary AWB ratings associated to nearly
1 million hours of PA measurement via accelerometry. The preregis-
tered primary aims of this IPD meta-analysis were to (1) investigate the
existence of PA-AWB associations for specific AWB concepts (positive
affective states, negative affective states, valence, energetic arousal
and calmness), (2) quantitatively assess the strength of PA-AWB asso-
ciations and (3) compare effect sizes of PA-AWB associations in both
directions, thatis, AWB and preceding PA, referred to asthe antecedent
model, aswell as AWB and subsequent PA, referred to as the consequent
model. Further, we explored the heterogeneity of PA-AWB associations
andinvestigated potential moderators (for example, age and weekday
versus weekend).

Results

Studies and samples descriptives

Overall, we combined 67 datasets including 8,223 participants (Fig.1).
Studies varied in observation duration (M =17.72, median of 14, range
1-100 days), PA aggregationintervals (M = 159.44, median of 15, range
5-1,440 min) and AWB assessment frequency (M = 7.30, median of 5.50,
range 1-25 prompts per day). See Supplementary Information Section 1
for details, including AWB and PA measurement as well as e-diary sam-
pling procedures. See Table 1 for descriptives of participants.

Effects, relevance and strength, and temporal directionality of
PA-AWB associations in everyday life

In our first series of analyses, we tackled the most prominent ques-
tions on PA-AWB associations******* including (1) how PAand AWB are
associated with each other in everyday life (effects), (2) how practical
effect sizes compare with the multitude of other influences in eve-
ryday life (relevance and strength) and (3) the temporal directional-
ity of PA-AWB associations (AWB and preceding PA versus AWB and
subsequent PA, which we operationalized in antecedent and conse-
quent models). Towards these aims and to gain comprehensive and
multifaceted insights on the basis of statistically robust analyses, we
applied a three-step procedure. First, we conducted a (multivariate)
meta-analysis to estimate an overall effect across AWB concepts and to
compare standardized effect sizes derived from multilevel within-and
between-person correlations r of different AWB concepts (two-stage
IPD; Supplementary Information Section 2, analysis step1). Second, we
built a series of multilevel models to investigate the role of individual
participant and measurement characteristics including standardized
PAvalues and distinct AWB concepts, controlled for age and sex/gender
(one-stage IPD; Supplementary Information Section 3, analysis step 2).
Third, to calculate practical effect sizes, we built another series of mul-
tilevel models with the same structure (step 2) but restricted the data
tostudies containing measures of raw PA data (movement acceleration
intensity (MAI), in milli-g) and added PA aggregationinterval asacon-
trol variable (MAl one-stage IPD; Supplementary Information Section 3,
analysis step 3). Acomprehensive range of sensitivity and robustness
analyses including ordinal multilevel regressions and bootstrapped
confidenceintervals (Cls) are presented in Supplementary Information
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Table 1| Descriptives of participants (n=8,223) in the
IPD meta-analysis

k n Percent
Gender/sex 67 8,190
Female (%) 54.93
Non-binary (%)? 0.06

k n M s.d. Range
Age (in years) 67 8,145 36.33 181 8-98
BMI for adults 40 4,675 25.53 5.39 15.06-60.18
(kgm™)
Antecedent PA 66 7974 1.03 0.78 0.00-5.48
(in study s.d.?)
Consequent PA 37 5127 0.88 0.79 0.00-5.47
(in study s.d.?)
Positive affective 44 6,384 275 0.54 1.00-4.00
states (scaled to 1-4)
Negative affective 46 6,71 1.42 0.41 1.00-3.99
states (scaled to 1-4)
Valence 22 2,036 315 0.44 1.06-4.00
(scaled to 1-4)
Energetic arousal 19 1,810 2.82 0.4 1.39-4.00
(scaled to 1-4)
Calmness 18 1,700 3.06 0.42 1.24-4.00

(scaled to 1-4)

A non-binary rating was only included in three studies'®*"'*°. "The variety of methods for
assessing PA made a standardization of PA values mandatory. In particular, we divided PA
by the studies’ standard deviation of their respective PA measure. Hence, one unit in the
standardized PA data summarized in the table corresponds to one standard deviation in the
respective study.

Section 4. We adjusted alpha to 0.05/6 = 0.008, as each AWB concept
was tested in three analysis steps and two directions. See Fig. 2 for a
graphical overview of the findings.

PA predicting subsequent AWB: antecedent model. First, we exam-
inedhow PAisrelated to subsequent AWB. To testif thereis an overarch-
ing association between PA and AWB, we computed a meta-analytic
model. In this model, all AWB concepts were subsumed in one larger
category, and distinct AWB signs were rectified. This analysis revealed
significant within- and between-person associations (two-stage IPD;
within, £(63) =9.07,P< 0.001, r= 0.05,99.2% Cl10.03to 0.06; between,
t(63)=5.56,P<0.001,r=0.08,99.2% Cl0.04 to 0.12; Fig. 3a,b). This evi-
dencesthat overall AWBisindeed positively associated with preceding
PA. That is, when a participant is more active than their own average,
their AWBin the subsequent AWB assessment is higher compared with
assessments with lower preceding PA (within-person association), and
onaverage, moreactive participants exhibit higher AWB compared with
less active participants (between-person association).

We next investigated associations of PA with distinct AWB con-
cepts. Here, we differentiated between two unipolar AWB concepts
(positive affective states and negative affective states) and three
bipolar AWB concepts (valence, energetic arousal and calmness).
We found evidence for differential associations (two-stage IPD; F(9,
55) =19.38, P < 0.001). At the within-person level, PA showed the
strongest positive associations with energetic arousal, that is, feel-
ing energized and awake*’, compared with all other AWB measures
(two-stage IPD, (55) = 6.79, P< 0.001, r=0.14, 99.2% C1 0.09 to 0.20;
Fig.3cand Supplementary InformationSection 2). One-stage IPD analy-
sis robustly supports this finding (¢(17.35) = 7.50, P< 0.001, = 0.14,
99.2% CI1 0.09 to 0.19, Fig. 4g and Supplementary Table 5.4). Effects
translate to an increase in energetic arousal of 0.62 pointsonalto 4
scale when a participant was walking (499 milli-g)***’ versus sitting
(20 milli-g (refs. 46,47); MAl one-stage IPD, £(13.83) =7.32, P< 0.001;

Supplementary Table 6.4 and Supplementary Fig. 6). Associations of
PA with positive affective states, for example, feeling happy, cheerful
oractive*®, and valence (thatis, feeling well and content)* were smaller
but also significantly positive across all analysis steps (positive affec-
tive states: two-stage IPD, ¢(55) = 6.31,P< 0.001, r = 0.09,99.2% C10.02
to0.15, one-stage IPD, ¢(35.25) = 7.30, P< 0.001, 8= 0.05,99.2% C1 0.03
to 0.07; Fig. 4a and Supplementary Table 5.1; valence: two-stage IPD,
t(55) =5.90,P < 0.001, one-stage IPD, t(14.16) = 6.14,P< 0.001, 5 = 0.04,
99.2% C10.02t0 0.06; Fig. 4e and Supplementary Table 5.3). Translated
to practice, participants’ positive affective states increased by 0.24
(MAl one-stageIPD, t(3.70) = 7.51, P= 0.002; Supplementary Table 6.1
and Supplementary Fig. 6) and their valence increased by 0.16 (MAI
one-stageIPD, ¢(13.88) = 6.84, P < 0.001; Supplementary Table 6.3 and
Supplementary Fig. 6) points onal-4 scale when they were walking ver-
sussitting. Conversely, we found a significant negative association with
PA and subsequent calmness, thatis, feeling relaxed and calm*, across
allanalysis steps (two-stage IPD, £(55) = 3.70,P < 0.001,r=-0.06,99.2%
CI-0.10to -0.01; one-stage IPD, £(13.26) = -3.95, P=0.002, 5 =-0.05,
99.2% CI1-0.09 to —0.02; Fig. 4i and Supplementary Table 5.5). The
typical participant’s calmness decreased by —0.22 points on a1-4
scale when they were walking versus sitting in their everyday life (MAI
one-stageIPD, t(9.36) =-4.56, P=0.001; Supplementary Table 6.5 and
Supplementary Fig. 6). Negative affective states, that is, feeling sad,
anxious orangry*®, did not reveal a robust significant association with
preceding PA on the within-person level (two-stage IPD, £(55) =1.09,
P=0.280, r=-0.01, 99.2% CI -0.03 to 0.01; Fig. 3¢c; one-stage IPD,
t(22.23) =-1.93,P=0.067,=-0.01,99.2% CI-0.02t0 0.00; Fig.4c and
Supplementary Table 5.2; MAl one-stage IPD, £(2.85) = -2.04, P= 0.140;
Supplementary Table 6.2).

For between-person associations, we found significant asso-
ciations between PA and positive affective states (two-stage IPD,
t(55)=3.46,P=0.001,r=0.09,99.2% Cl10.02 to 0.15; Fig. 3d; one-stage
IPD, £(4,304.66) =5.95,P < 0.001, 8= 0.09,99.2% C1 0.05t0 0.13; Fig.4b
and Supplementary Table 5.1; MAI one-stage IPD, £(496.20) = 3.78,
P<0.001; Supplementary Table 6.1) as well as valence (two-stage
IPD, t(55) =2.80, P=0.007, r=0.09, 99.2% CI 0.00 to 0.19; Fig. 3d;
one-stage IPD, t(1,647.42) =3.24, P=0.001, = 0.05, 99.2% C1 0.01 to
0.09; Fig. 4f and Supplementary Table 5.3; except for MAIl one-stage
IPD, ¢(1,372.52) =2.01, P= 0.045; Supplementary Table 6.3). Hence,
participants who engaged in more PAin general appeared to also expe-
rience higher positive affective states and valence than the average
less active participant. Evidence for a between-person association of
preceding PA and energetic arousal was mixed across analysis steps
(two-stage IPD, £(55) =2.22, P=0.031,r=0.10,99.2% CI -0.02 to 0.22;
Fig. 3d; one-stage IPD, £(350.13) = 3.87, P< 0.001, = 0.06, 99.2% ClI
0.02t00.09; Fig.4h and Supplementary Table 5.4; MAl one-stage IPD,
t(341.36) = 2.33, P=0.020; Supplementary Table 6.4).

AWB and subsequent PA: consequent model. Next, we investigated
associations of momentary AWB with subsequent PA in everyday
life. Our two-stage IPD across all AWB concepts revealed significant
within-and between-person associations (within, ¢(35) = 7.43,P < 0.001,
r=0.04,99.2%C10.03to0 0.05; between, £(35) = 4.01,P< 0.001,r=0.08,
99.2% C10.04 to 0.13; Fig. 5a,b). That is, when a participant exhibited
higher AWB than their own average, their subsequent PA was higher
compared with assessments with lower prior AWB (within-person
association), and on average, participants with higher AWB showed
higher overalllevels of PA compared with participants with lower AWB
(between-person association).

The AWB concepts showed distinct associations with subsequent
PA (two-stage IPD, F(9, 27) =29.71, P < 0.001). At the within-person
level, energetic arousal showed stronger positive associations with
subsequent PA compared with all other measures of AWB (two-stage
IPD, t(27) =8.35,P<0.001,r=0.12,99.2% C1 0.08 t0 0.16; Fig. 5c and Sup-
plementary Information Section 2). Strong associations of energetic
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Fig.2|Graphical overview of findings. A summary of findings from all three
analysis steps. Left: within-person correlations of AWB with prior (black,
antecedent model) and subsequent (white, consequent) PA derived from two-
stage IPD meta-analysis (Supplementary Information Section 2) are displayed.
The dots represent the weighted mean effects across studies for each outcome.
The whiskers represent the 99.2% CI. Middle: moderating influences on

well-being (scale 1-4)

associations between AWB and PA derived from one-stage IPD (Supplementary
Information Sections 3 and 12) models are illustrated. Right: practical effect
sizes are depicted for significant associations of AWB and PA, which were derived
from MAl one-stage IPD models (Supplementary Information Sections 3 and 6).
Practical effect sizes are exemplified for a PAincrease in the range of walking at
5.4 km hversussitting.

arousal and subsequent PA were fully supported by one-stage IPD
analyses (£(7.24) =8.47,P < 0.001, 3= 0.12,99.2% C10.08 t0 0.16; Fig. 6g
and Supplementary Table 7.4; MAI one-stage IPD, ¢(614.55) = 21.10,
P<0.001; Supplementary Table 8.4). Moreover, positive affective
states (two-stage IPD, t(27) =3.89, P< 0.001, r = 0.05, 99.2% C1 0.01 to
0.09; Fig. 5¢c; one-stage IPD, ¢(18.26) = 4.87, P<0.001, 8= 0.04, 99.2%
Cl10.02t0 0.06; Fig. 6a and Supplementary Table 7.1; except for MAI
one-stage IPD, £(2.87) = 5.63, P=0.013; Supplementary Table 8.1) and
valence (two-stage IPD, £(27) =3.98, P< 0.001, r=0.03, 99.2% C1 0.01
t0 0.05; Fig. 5¢; one-stageIPD, ¢(8.74) =4.20,P=0.002, = 0.03,99.2%
C10.01t0 0.05; Fig. 6e and Supplementary Table 7.3; except for MAI
one-stageIPD, t(6.03) = 3.38, P= 0.015; Supplementary Table 8.3) dem-
onstrated significant positive and calmness (two-stage IPD, t(27) = 5.30,
P<0.001,r=-0.06,99.2% CI -0.10 to —0.03; Fig. 5¢; one-stage IPD,
t(5.96) =-5.71, P=0.001, f =-0.06, 99.2% CI -0.09 to -0.03; Fig. 6i
and Supplementary Table 7.5; MAl one-stage IPD, t(616.34) = -10.48,
P <0.001; Supplementary Table 8.5) significant negative associations
with subsequent PA. Negative affective states showed no robust sig-
nificantassociation with subsequent PAin any analysis step (two-stage
IPD, t(27) =1.94, P=0.063, r =-0.02, 99.2% CI -0.04 to 0.01; Fig. 5¢;
one-stage IPD, £(12.42) = -2.13, P=0.053, = -0.01, 99.2% CI -0.02
to 0.00; Fig. 6¢c and Supplementary Table 7.2; MAI one-stage-IPD:
t(257.20) =-2.48, P=0.014; Supplementary Table 8.2).

At the between-person level, only positive affective states con-
sistently showed a positive association with subsequent PA across all
analysis steps (two-stage IPD, £(27) =4.60, P< 0.001, r = 0.13, 99.2%
Cl1 0.05to 0.21; Fig. 5d; one-stage IPD, t(3,697.86) = 7.20, P< 0.001,
£=0.03,99.2% C10.02 to 0.05; Fig. 6b and Supplementary Table 7.1;
MAlone-stage IPD, t(619.35) = 3.27,P= 0.001; Supplementary Table 8.1).
Whether participants with on average lower negative affective states
(two-stagelIPD, ¢(27) =2.68,P=0.012,r=-0.09,99.2% C1-0.18 t0 0.01;
Fig.5d; one-stageIPD, t(3,861.76) =—4.04,P< 0.001, 3=-0.02,99.2% CI
-0.03t0-0.01;Fig. 6d and Supplementary Table 7.2; one-stage MAIIPD:
t(604.85) =-1.17, P = 0.242; Supplementary Table 8.2) or higher valence
(two-stage IPD, t(27) =1.02, P=0.319, r = 0.05, 99.2% CI -0.09 to 0.18;
Fig. 5d; one-stage IPD, £(1,188.32) = 3.21, P=0.001, = 0.03, 99.2% ClI
0.01t0 0.06; Fig. 6f and Supplementary Table 7.3; one-stage MAIIPD:

t(794.75) = 2.12, P=0.035; Supplementary Table 8.3) also exhibited
higher PA was mixed across analysis steps and robustness analyses;
therefore, we assume no association.

Drawing on a conceptual framework from affective psychology*’,
we conducted sensitivity analyses for AWB operationalizations. For
bipolar conceptualizations of AWB, we jointly analysed studies (k,, =17,
k..n = 8) assessing valence, energetic arousal and calmness with the
psychometrically evaluated short-version of the Multidimensional
Mood Questionnaire®. The short-version of the Multidimensional Mood
Questionnaire hasbeen referenced asameasure of core affect™**. For
unipolar conceptualizations of AWB, there is no similarly established
and psychometrically evaluated measure in daily life research and the
collected data. We concentrated our analysis on all studies that followed
the Positive and Negative Affect Schedule (PANAS)*® and summarized
high-activationitemsin positive and negative affect (k,,, =10, k.., = 4). It
needs tobekeptin mind that this operationalization is not undisputed
(see, forexample, refs. 55,56 for a critical discussion of the PANAS). The
sensitivity analyses support our main findings. See Supplementary
Information Sections 4.5, 4.6 and 9 for a more detailed description of
the theoretical considerations and the resulting analyses.

Effect directions. In summary, this IPD meta-analysis on PA-AWB
associations in everyday life consistently shows PA to be associated
with subsequent valence, calmness, energetic arousal and positive
affective states but not with subsequent negative affective states on a
within-person level. For the reverse time-order, we consistently found
within-personassociations of positive affective states, valence, energetic
arousal and calmness with subsequent PA but not for negative affective
states. Between participants, PAwasrobustly associated with subsequent
positive affective states and valence but with none of the other AWB
concepts (calmness, energetic arousal and negative affective states). For
between-associations of AWB and subsequent PA, we found only posi-
tive affective states to be consistently associated with subsequent PA.

Relevance and strength. When translating these effect sizes into
practice to estimate their relevance in humans’ everyday life, their
magnitudeis comparable to other daily life activities. Changing one’s
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Fig. 3| Orchard plot for the antecedent model, that is, PA preceding AWB.
a,b, Within-person (a) (P=0.0000000000005) and between-person
associations (b) (P=0.0000006) of PA with all AWB concepts subsumed in
one category. A total of k,,,, = 287 dependent effects from k = 65 independent
studies serve as experimental units and are included in the analysis. For the
overall effect, effects for negative affective states were inverted, as negative
effects reflect positive associations with well-being. Black dots represent the
weighted mean effect across studies for each outcome. The whiskers represent
the 99.2% CI. The cumulative number of effects from all AWB concepts is
reflected by k.. Significance was assessed on the basis of an alpha threshold
of 0.8%. Each dot represents an individual effect measured for that particular
outcome and its size reflects the precision and weight in the analysis. Larger
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dotsindicate higher precision as estimated by 1/s.e.m. Significance for

the overall moderator effect was assessed using an omnibus F test, and the
significance of individual moderator levels was determined via a t-test. All
statistical tests were conducted two-sided. ¢,d, Plots are organized according
toaandbbutreflect the effects separately for all assessed concepts of AWB
within-person (c), for example, positive affective states: P= 0.00000005;
valence, P=0.0000002; energetic arousal, P= 0.000000008; and calmness,
P=0.0005 and between-person (d). The whiskers represent the 99.2% CI.
Significance for the overall moderator effect was assessed using an omnibus
F-test, and the significance of individual moderator levels was determined via a
t-test. All statistical tests were conducted two-sided.

activity in the range of, for example, from sitting to walking is associ-
ated with anincrease in AWB from 0.16 points (scale 1-4) for valence
(the weakest yet significant effect) to 0.62 points (scale 1-4) for ener-
getic arousal (the strongest effect). Comparing PA-AWB effects to
an existing and prominent large-scale daily life study*” makes their
relevance and strength tangible: overall, our data across five AWB
concepts are in line with the Killingsworth and Gilbert study on hap-
piness during self-reported activities (17,775 ratings)*’, in which taking
awalk was related to an increase in happiness of approximately 0.21
points compared with a person’s average happiness and exercising to
anincrease of approximately 0.36 points when transferring effectstoa
scale from1-4 (Supplementary Fig. 6). In theKillingsworth and Gilbert
study, other daily life activities such as listening to music, playing and
talking exhibited effects of similar size; watching television, reading,
shopping andrelaxing were related to a smaller increase in happiness
of approximately 0.06 points.

Temporal directionality. We compiled evidence on the temporal
directionality of PA-AWB versus AWB-PA associations. Our analyses
revealed significant within-person associations of both preceding
and subsequent PA with positive affective states, valence, energetic
arousal and calmness but no within-person associations with negative
affective states. To statistically test for temporal directionality, we
conducted a two-stage IPD meta-analysis considering both temporal

directions in one model (Supplementary Information Section 10).
Post-hoc comparisons revealed no significant differences in effects
between both time-orders for all PA~AWB associations. Hence, there
was no evidence that the PA-AWB association is larger in one or the
other temporal direction.

Heterogeneity of PA-AWB associations

Variationinthe direction and strength of PA-AWB associations between
individuals has not beenrepresentatively studied to date but promises to
come with high relevance for precision medicine and therefore remains
under intensive discussion®* *?, Employing the full strength of the IPD
meta-analysis, we here found considerable differencesin the direction
and strength of PA-AWB associations between individuals (Figs.4a,c,e,g,i
and 6a,c,e,g,i). This offersa promising treatment target for individualized
andthus expedientinterventions. Inparticular, the associationbetween
PA and subsequent negative affective states appears the most heteroge-
neous (40.22% positive and 59.78% negative) across participants, whereas
we found the most homogeneous effects for PA and energetic arousal.
Nearly all participants (>95%) felt more energetically aroused when PA
prior or subsequent to the e-diary prompt was higher.

Moderators of PA-AWB associations
The evidence on the heterogeneity of PA-AWB associations moti-
vated us to inspect potential correlates of person and measurement
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affective states (c) (i =235,537), valence (e) (P=0.0000246, i = 53,274), energetic
arousal (g) (P=0.0000008, i = 50,105) and calmness (i) (i = 48,399). The
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slope) and blue (positive slope). The bold line and associated interval represent
the conditional fixed effect of person-mean-centred PA witha 99.2% CI.
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Fig. 5| Orchard plot for the consequent model, that is, PA subsequent to
AWB. a,b, Within-person (a) (P=0.0003) and (b) between-person associations
(P=0.00000001) of PA with all AWB concepts subsumed in one category. A
total of k,,, =164 dependent effects from k = 37 independent studies serve

as experimental units and are included in the analysis. For the overall effect,
effects for negative affective states were inverted, as negative effects reflect
positive associations with well-being. The black dots represent the weighted
mean effect across studies for each outcome. The whiskers represent the 99.2%
CI. The cumulative number of effects from all AWB concepts is reflected by
k.- Significance was assessed on the basis of an alpha threshold of 0.8%. Each
dotrepresents an individual effect measured for that particular outcome and
its size reflects the precision and weight in the analysis. Larger dots indicate
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higher precision as estimated by 1/s.e.m. Significance for the overall moderator
effect was assessed using an omnibus F-test, and the significance of individual
moderator levels was determined via a t-test. All statistical tests were conducted
two-sided. ¢,d, Plots are organized according to aand b but reflect the effects
separately for all assessed concepts of AWB within-person (c), for example,
positive affective states, P= 0.0006; valence, P= 0.0005; energetic arousal,
P=0.000000006; and calmness, P=0.00001; and between-person (d), for
example, positive affective states: P= 0.00009. The whiskers represent the 99.2%
Cl.Significance for the overall moderator effect was assessed using an omnibus
Ftest, and the significance of individual moderator levels was determined viaa
t-test. All statistical tests were two sided.

characteristics with the within-person associations of AWB and PA
(for moderator analyses for study characteristics see Supplementary
Information Section 11). Although the range of possible moderators
appearsimmense, we focused our analyses on four epidemiologically
potent moderators®***: age (person-level), gender/sex (person-level),
body mass index (BMI; person-level) and weekday (relative to week-
end; measurement-level). Moderating associations emerged, which
differed depending on the AWB concept (only significant moderation
analyses are presented; see Supplementary Information Section 12 for
acomprehensive report of moderator analyses).

Age. Younger individuals engaged in more PA before (£(720.63) =
-3.74, P<0.001, B=-0.01, 99.2% CI -0.02 to -0.00; Fig. 7a and
Supplementary Table 12.1a) and after (£(179.58) =-3.01, P=0.003,
£=-0.02, 99.2% CI -0.04 to -0.00; Fig. 7b and Supplementary
Table 12.2a) reporting high positive affective states compared with
older individuals, for whom the bidirectional association of positive
affective states and PA was less pronounced.

Gender/sex. Women felt more energetically aroused after being physi-
cally active than men (£(808.61) =3.18, P=0.002, = 0.04, 99.2% CI
0.01t0 0.07; Fig. 7c and Supplementary Table 12.3d). Men were more
physically active than women when feeling less calm than usual. How-
ever, they were less physically active thanwomen when reporting more

calmnessthanusual (£(630.44) =3.52,P< 0.001, 5= 0.10,99.2% C10.02
to 0.18; Fig. 7d and Supplementary Table 12.4e).

BMI. Adults with alower BMIreported higher valence after being more
physically active than usual compared with adults with a higher BMI
(t(620.19) =-2.87,P=0.004, =-0.02,99.2% CI-0.03t0 -0.00; Fig. 7e
and Supplementary Table12.5¢).

Weekday versus weekend. On weekends, the bidirectional association
of PA and energetic arousal was stronger than on weekdays (anteced-
ent model, £(17,918.03) = -3.36, P< 0.001, f=-0.02, 99.2% CI -0.03
to —0.00; Fig. 7f and Supplementary Table 12.7d; consequent model,
t(35,430.89) = -4.04, P< 0.001, 8=-0.03, 99.2% CI -0.05 to —0.01;
Fig. 7g and Supplementary Table 12.8d).

Finally, given the urgent need to further research heterogeneity
in PA-AWB associations between participants towards precision medi-
cine approaches, we explored potential low-base effects. We plotted
participants’ individual slopes and intercepts against each other and
explored the random effects correlations within the one-stage IPD
multilevel models (Supplementary Information Section 13). The data
suggest that individuals exhibiting higher average negative affective
states show stronger reductionsin their momentary negative affective
states after engaging in more PA than usual compared with individuals
with low negative affective states (r=-0.13,99.2% CI -0.23 to —0.04).
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For positive affective states, the data suggest that individuals exhibit-
ing lower average positive affective states show stronger increases in
their momentary positive affective states after engaging in more PA
thanusual compared withindividuals with high positive affective states
(r=-0.09,99.2% CI-0.17t0o -0.01).

Discussion

This preregistered IPD meta-analysis provides evidence on directions
and strength, relevance, temporal directionality, heterogeneity and
moderators of PA-AWB relations in humans’ everyday life. Associations
vary depending on AWB concepts and level of analysis: Within-persons,
PA is consistently and positively associated with positive affective
states, valence and energetic arousal. Yet, PA is negatively associ-
ated with calmness and, overall, not significantly linked to negative
affective states. Between-persons, PA only robustly associates with
positive affective states. The practical effect sizes are comparable to
other daily life activities, with energetic arousal evincing the strongest
within-person association with PA. Associations substantially vary in
directionand strength betweenindividuals, but age, gender/sex, BMI
and weekday/weekend partially explain PA-AWB association differ-
ences between persons.

Overall, the data show that PAis robustly associated with AWB as
humans go about their daily routines. The evidence on pronounced
within-person PA-AWB relations substantiates the general sentiment of
cutting-edge health behaviour theory development. Traditional health
behaviour theories emphasizing the rational and cognitive determina-
tion of health behaviour® ¢’ show limited explanatory power*"”°, To
tackle the vital issue of health behaviour decision-making and public
health, novel models of health behaviour build on hedonic theories
of behaviour*”"7¢ and take into account that affective, impulsive
processes shape health behaviours, including PA engagement. These
affective, impulsive processes contrast against rational, reflective
processes and regained attention subsequent to Kahnemann'’s ‘think-
ing slow, thinking fast’ proposal”. Put simply, novel health behaviour
models emphasize thatitis not only the knowledge on positive health
effectsthat drives PA engagement but actual experiences and affective
feelings related to PA.

This large-scale IPD provides empirical evidence to understand
the micro-temporal processes of PA~AWB relations. This is crucial for
futureresearch onprecision medicine approachessuch as personalized
micro-interventions in everyday life based on real-time data (so-called
ecologicalmomentary interventions or just-in-time adaptive interven-
tions)’®. Ultimately, the micro-temporal processes promise to allow
for individually and context-tailored real-time support to prevent
and intervene on a broad range of non-communicable diseases and
thereby contribute to public health. As variations in AWB are not only
thought to be linked to PA engagement but also to human experiences
and behaviours in general, it is tempting to speculate that PA may
indirectly also influence other aspects of daily life, such as attention,

memory, decision-making or learning, viafluctuations in AWB. General
models of decision-making, for example, postulate thatincidental fac-
tors, such as lingering moods and emotions, canimpact decisions”*°.
Hence, PA-related changesin AWB unrelated to the object of decisions
may nevertheless subtly affect how individuals make decisionsin their
daily lives”. However, these implications need to be considered against
the background of the observational nature of the datameta-analysed
and the resulting potential for residual confounding. Although this
meta-analysis onintensive longitudinal data of daily life studies on PA
and AWB comes with highest ecological validity, the designs of PA-
AWB studies included are observational. That is, they do not include
experimental manipulation to control the impact of confounding
variables (that is, variables impacting the PA-AWB associations). As a
result,unmeasured (time-varying) confounding variables (for example,
weather conditions) could have affected the findings. Ideally, future
Ecological Momentary Assessment (EMA) studies consider theimpact
of these variables more thoroughly. For studies focusing on the PA-
AWB association, a quasi-experimental design could be adopted® 2.
For studies examining the AWB-PA association, potential confounding
variables should be systematically identified and accounted forin the
EMA design and the analyses®***.

The datareveal an especially pronounced covariation of PA with
feelings of energy across time, with PA-energetic arousal associa-
tions yielding considerably higher effect sizes than PA-calmness and
PA-valence associations. The PA-positive affective states association
strength positionsitselfin between. Accordingly, PA-energetic arousal
and PA-positive affective states relations present themselves as par-
ticularly salient targets to shape theories of health behaviour change
and develop future precision medicine approaches. For example,
PA-energy associations can be especially valuable in the prevention
and intervention of fatigue symptomatology®*" and in the treatment
of affective disorders®***®, Overall, the practical effect sizes of PA-AWB
relations derived from our IPD meta-analysis are comparable to other
daily life activities (for example, reading, listening to music and eat-
ing) that were investigated in a large-scale study by Killingsworth and
Gilbert”. For feelings of energy, they appear considerable. It has to be
takenintoaccount, however, that the Killingsworth and Gilbert” study
investigated happiness, whereas we present different concepts of AWB.

Our IPD meta-analytic findings can guide future research towards
individualized, tailored and expedientinterventions utilizing PA-AWB
relations. First, given its considerable effect size, interactions of PA
with energetic arousal appear as important future research targets.
Considering the overall differential AWB associations documented, it
cancritically contribute to existing health behaviour theories and even
bring up novel health behaviour models. Of note, our meta-analysis
revealed apronounced variability between studies in the instruments
applied for the assessment of AWB, as well as alimited coverage of cer-
tain AWB dimensions. This appears as a challenge to daily life studies.
We conducted sensitivity analyses revealing that our main analyses

Fig. 6 | Spaghetti and scatter plots for the consequent one-stage IPD models,
thatis, PAsubsequent to AWB. a,c,e,g,i, The within-person associations of AWB
and PA for positive affective states (a) (P=0.0001, i =140,170), negative affective
states (c) ({ =150,118), valence (e) (i = 44,251), energetic arousal (g) (P=0.00005,
i=43,270) and calmness (i) (i = 41,561). The individual regression lines (thin lines)
of participants are shownin red (negative slope) and blue (positive slope). The
bold line and associated interval represent the conditional fixed effect of person-
mean-centred AWB witha99.2% CI. b,d,f h j, The between-person associations of
AWB and PA for positive affective states (b) (P=0.0000000000007, n = 3,864),
negative affective states (d) (P=0.00006, n = 4,179), valence (f) (n =1,354),
energeticarousal (h) (n=1,271) and calmness (j) (n =1,161). Each dot represents
one participant’s average AWB (x axis) and predicted average PA (y axis). The
bold line and associated interval represent the conditional fixed effect of
person-mean AWB with a 99.2% CI. Of note, in k = 5studies included, the intercept
of the outcome is systematically larger owing to the limited variability or the

higher average of the outcome, leading to larger values on the standardized PA
score. This can be seenin all panels where several lines/dots are clustered above
the fitted lines. Removing these data points (see Supplementary Information
Section 4.4 for sensitivity analysis) did not alter the conclusions drawn,
suggesting that these between-study differences in mean outcome levels did
not bias our results. PA was square-root transformed and regressed on person-
mean-centred and person-mean AWB. Person-mean-centred AWB was nested in
individuals, which were nested in studies. Multilevel models were controlled for
gender/sex and age, and regression coefficients were standardized. Significance
was derived using two-sided ¢-tests of regression coefficients, which were
adjusted for multiple comparisons (P < 0.008). nindicates the number of
participants and i the number of ratings. For visualization, predictions were back-
transformed to the original response scale (instead of square-root transformed
scale). Standard errors remain on the square-root-transformed scale.
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are robust against assignments of AWB constructs to positive affec-
tive states, negative affective states, valence, energetic arousal and
calmness (Supplementary Information Sections 4.5, 4.6 and 9). We
recommend future studies to provide clear conceptual rationales
and rely on psychometrically evaluated measures when conducting

astudy on PA-AWB associations in daily life, for example, guided by
a framework from affective psychology*. The development of for-
malized and testable psychological theories**~*' as well as item pools
(for example, the Experience Sampling Method Item Repository®)
for daily life research can further contribute to greater consensus.
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Fig.7|Plots of predicted moderation effects of PA and AWB associationsin
antecedent (left) and consequent (right) one-stage IPD models with 99.2%
CIs. a,b, The moderating influence of age on the association of positive affective
states with PA. Younger individuals engaged in more PA before (a) and after (b)
reporting high positive affective states compared with older individuals, for
whom the bidirectional association of positive affective states and PA was less
pronounced. ¢,d, The moderating influence of sex/gender on the association of
energetic arousal and calmness with PA; women felt more energetically aroused
after being physically active than men (c); men were more physically active than
women when feeling less calm than usual; however, they were less physically
active than women when reporting more calmness thanusual (d). e, The
moderating influence of BMI on the association of valence with preceding PA.
Individuals with alower BMIreported higher valence after being more physically
active than usual compared with individuals with a higher BMI. Given that height
and weight-based BMI values are, in general, inappropriate for underaged
individuals, this moderator analysis was conducted for adults only. f,g, The
moderating influence of weekday versus weekend on the association of energetic
arousal and PA. On weekends, the bidirectional association of PA and energetic
arousal was stronger than on weekdays.

Second, evidenceisin favour of temporally bidirectional PA-AWB asso-
ciations. However, aggregated data are not suited to evidence causal
conclusions. Dynamic modelling approaches such as continuous-time
analyses”** enriched by experimental manipulation in everyday life
are essential toapproach afuture PA-AWB Frequency, Intensity, Time
and Type framework”.

Third, our data clearly show PA-AWB relations to vary indirection
and strength between individuals and accumulate evidence for sex/
gender-, BMI- and weekday-dependent relationships. Although we
received no clear evidence for uniform moderation patterns across
AWB concepts, distinct interactions emerged. Younger and low-BMI
individuals exhibit stronger associations of PA with subsequent valence
or positive affective states. In light of motivational and particularly
hedonictheories, which postulate that individuals strive to maximize
their well-being, the less positive affective response to PA in high-BMI
and older individuals plausibly fits epidemiological observations
of reduced PA in these groups®** %, High-BMI and older adults may
have weaker associations between PA and subsequent positive affec-
tive states and valence because PA may trigger more feelings of dis-
comfort, pain, heat, stain or other unpleasant physiological states in
these groups. To enhance PA engagement, it thus appears especially
important to identify putative catalysts of the PA-AWB associations
invulnerable groups®’: Sociodemographic, biological and contextual
factors may facilitate effects of PA on pleasure to reinforce future
PA engagement and lower the threshold for AWB to evoke PA. This
may comprise aspects such as walkability’**'”!, green spaces'*>'** or
the social context'®™'”’. Given neurobiological'®® and laboratory'” ™
findings of blunted PA-AWB responses in high-BMI individuals, it
is also tempting to speculate that the intensity of PA differentially
affects neurobiological processes and, thus, constitutes a candidate
for precisionintervention"2, Next, for men, calmness is more strongly
associated with subsequent PA than for women, yet women feel more
energetically aroused after being physically active than men. Although
the assessment of gender/sex differed between studies and only few
studiesincluded anon-binary gender option, this differential pattern of
PA-AWB associations may relate to distinct autonomic nervous system
properties seenin people with female versus male biology, such as dif-
ferencesinhormones'” or heart rate variability*'”, If substantiated in
future proposals, this suggests that biologically informed prevention
and treatment approaches may be particularly salient for PA engage-
ment and AWB. Finally, on weekends, the bidirectional association of
PA and energetic arousalis stronger than on weekdays, which partially
matches findings on differencesin work-related versus leisure-time PA
impacts on both mental"®"” and physical® health. Particularly, studies
have found that although leisure-time PA is consistently linked with
reduced cardiovascular risk and depression, occupational PA appears
to have negative health effects. Hence, accounting for the day-of-week
contextappears of particularimportance for future precision medicine
approaches. Intriguingly, the dataalso reveal that high-negative affec-
tive states individuals can exhibit substantial benefit from PA. Thus,
this work sets the basis for differential investigations within specific
individuals, subgroups and contexts for leveraging diverse personal or
situational characteristics of the ideographic AWB-PArelationshipin
follow-up randomized clinical trials. Following recent criticism on the
exclusive focus on social and contextual determinants to the detriment
of biological and genetic determinants of PA engagement"*'?°, future
research cangain extensive knowledge on the idiographic associations
between PA and AWB by focusing not only on a wide range of person-
situation-environment characteristics but also through studying
biological and genetic factors as well.

Several limitations need to be taken into account. First, although
we searched the most prominent literature databases and asked all
authorsfor additional unpublished data, we cannot rule out that repre-
sentative datasets were overlooked by our literature search. However,
we received and compiled a total of 67 datasets across 14 countries
comprising a highly representative sample. Second, although a major
strength of this IPD meta-analysisisthe sole inclusion of device-based
assessed PA, studies vary in measurement methods. To rule out residual
confounding influences, we adjusted to these differences by means
of (1) statistical standardization, (2) testing for potential moderation
and (3) securing findings by introducing a third analysis step only
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applying streamlined raw PA data. Findings remained robust across
all analysis steps and regardless of PA assessment procedures. Third,
studies varied inthe AWB conceptsinvestigated and, within concepts,
the specificitems employed. We streamlined our analyses across unipo-
lar (positive affective states and negative affective states) and bipolar
(valence, calmness and energetic arousal) AWB concepts. Despite the
heterogeneity of AWB assessments, our meta-analysis reveals that PA
can explain meaningful variance across AWB concepts.

In conclusion, this work shows the critical relevance of PA-AWB
associations within humans and extends the state of knowledge on
how PA relates to AWB in everyday life. It supports the general senti-
ment of ‘affectivism”® and of motivational theories that highlight the
relevance of affective processes. The findings argue for adominant role
of momentary AWB fluctuations within humans to shape behaviour and
experiences. The heterogeneity of PA-AWB associations underlines the
importance of considering contextual factors, especially in vulnerable
groups. Considering aspects of the social and physical environment
of individuals, such as walkability or urban green spaces, appears of
utmost importance for human decision-making and public health
strategies. The collected data provide an evidence base for precision
medicine interventions that may ultimately alleviate the inactivity
pandemic and enhance human health around the globe.

Methods
This IPD meta-analysis followed established procedures (PRISMA-IPD;
Supplementary Information Section 14) and was preregistered on 21
March 2022 (CRD42022303509; https://www.crd.york.ac.uk/pros-
pero/display_record.php?ID=CRD42022303509). The present IPD
meta-analysis complies with all relevant ethical regulations. An ethics
exemption was obtained from the ethics committee at the Faculty of
SportScience, Ruhr University Bochum, Germany, based onthe ethics
approvals of individual studies included in the meta-analysis (refer-
ence: EKSS 03/2022).

All preprocessing, harmonization, checking, merging and ana-
lysing of data was performed using R (version 4.4.0 and 4.5.2'"), the
interface RStudio'* and various R packages'**°.

Datasources and study selection

Records were considered for inclusion if (1) PA was quantified using
technical devices (for example, accelerometers) to reduce distortions
(for example, cognitive heuristics®*'*"'*?); (2) AWB was self-reported
(for example, electronic diaries on smartphones) to comply with
state-of-the-art procedures for reliable and ecologically valid assess-
ments of psychological states'?; (3) assessments were conducted for
at least 1 day to minimize (diurnal) confounds'*’; and (4) aggregated
time frames did not exceed 24 h to reduce well-known recall-bias***.
Records studying people of all ages with and without mental or physical
diseases wereincluded to provide asummary of PA-AWB associations
across populations.

We excluded records if (1) PA measurements were conducted
under controlled or artificial conditions (for example, laboratory or
research settings, interventions and in-patient treatments); (2) records
employed retrospective questionnaires on PA and AWB; and (3) data
collection occurred one time only.

We searched the databases Web of Science, PubMed, Scopus,
SPORTDiscus and PsycINFO until December 2023 using the search
terms ‘ecological momentary assessment’, ‘physical activity’ and ‘sed-
entary behavior’ as well as their synonyms (see Supplementary Infor-
mationSection 15 for the adapted Boolean operators) and search terms
for the umbrella term AWB; these comprise ‘mood’ or ‘emotion’ or
‘affect’. The search scope was confined to articles published in English,
withoutrestrictions on publication year. Records werefirst selected on
the basis of ascreening of titles. Abstracts and full-texts were indepen-
dently reviewed for eligibility (M.G., L.T.; in case of non-correspondence:
M.R. as third reviewer; Fig.1).

Data synthesis

Corresponding authors of selected studies were contacted to retrieve
IPD and also asked for additional unpublished IPD meeting the inclusion
criteria. The deadline for all data transfers was set to 31 October 2024.
During data collection, two retrieved datasets were excluded. In one
dataset, PAand AWB were only available for exercise bouts, not for time
slots preceding or following the e-diary prompt'**. The dataset of another
study onlyincluded one aggregate measure of PA per participantso that
thewithin-associations of PAand AWB could not be investigated'®. Vari-
ables to be harmonized were chosen upon intensive discussion in the
IPD-coordinating team (J.R.,L.T.,G.B.,M.G.,J.P.and M.R.).

Outcomes

Inthe antecedent models, AWB served as the primary outcome. There
is an ongoing debate on how to conceptualize, define and operation-
alize AWB'®*>761467152_ A variety of terms such as core affect, feelings,
emotions and moods, exists, which are, to date, not consistently used
(see' and Supplementary Information Section 9 for an extensive dis-
cussion). Prominent models of AWB include Russell’s"? circumplex
model, Watson et al.’s two-dimensional approach operationalized
within the PANAS*® and Thayer’s concept of activation comprising
tension and wakefulness**¢*»>, Recently, three-dimensional theo-
ries of AWB, which include the dimensions of valence, calmness and
energetic arousal*"**, have gained increasing interest. To extensively
summarize the heterogeneous literature on PAand AWB, we focused on
five constructs from two- and three-dimensional models of AWB that
were frequently assessed in real-life studies on AWB-PA associations™:
positive affective states, negative affective states, valence, energetic
arousal and calmness. We differentiated positive and negative affec-
tive states (as unipolar AWB concepts) from bipolar AWB concepts
(thatis, valence, energetic arousal and calmness). If studies included
none of the predefined AWB dimensions, the assessed AWB measures
were assigned to positive affective states, negative affective states,
valence, energetic arousal and calmness by five researchers indepen-
dently (M.R., M.G., G.B,, L.T. and J.R.); a unipolar item of ‘fatigue’ was,
for example, assigned to negative affective states, a unipolar item of
‘pleasure’ (that is, ‘not at all pleasurable’ to ‘totally pleasurable’) to
positive affective states. ‘Mood’ was depending on whether it was
assessed unipolarly (for example, DABS Mood™) or bipolarly (that s,
‘very unpleasant’ to ‘very pleasant’, ‘sad’ to ‘happy’ and ‘very negative’
to ‘very positive’) assigned to positive affective states and negative
affective states (unipolar) or to valence (bipolar).

Inthe consequent models, PAwas the primary outcome. If multiple
PA measures were available, we followed a predefined procedure. To
support the investigation of momentary PA-AWB associations, we
preferred PA aggregated over the smallest available time interval. If
multiple PA operationalizations were included in a dataset, we pre-
ferred (1) measures comprising the full PA intensity spectrum (MAI,
counts, steps, MET > moderate-to-vigorous PA (MVPA), light PA (LIPA)
and time stepping), (2) streamlined measures involving less preproc-
essing (MAI > counts, steps) and (3) measures capturing more frequent
activities (LIPA > time stepping > MVPA). The full hierarchy is: MAI > ¢
ounts > steps > MET > LIPA > time stepping > MVPA.

All studies assessed AWB at multiple discrete time points. PA was
measured continuously in all studies. To analyse the relation of AWB
and PA, researchers aggregated PA in certain time intervals, for exam-
ple, 60 min preceding or following the AWB rating. Thus, antecedent
models incorporated PA aggregated before the AWB rating. Conse-
quent models incorporated PA aggregated following the AWB rating.
See Extended Data Fig. 1 for a rough visualization of the study design
across studies.

To increase robustness of our findings, we included three main
effect measures: First, we chose a two-stage IPD approach, in which
multilevel correlations served as effect measures. In the second and
third analysis step, we chose a one-stage IPD approach and set up
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separate multilevel models for each AWB dimension. Here, beta coeffi-
cientsserved as effect measures (see Figs. 4 and 6 for standardized and
Supplementary Information Sections 5-8 for unstandardized effects).

Analysis

We tackled the most prominent questions on PA-AWB associa-
tions***?%*° on (1) how PA and AWB are associated to each other in
everyday life (effects), (2) how practical effect sizes compare with
the multitude of other influences in human everyday life (relevance
and strength) and (3) the temporal directionality of PA-AWB associa-
tions (PA and subsequent AWB versus AWB and subsequent PA). We
calculated a two-stage and two one-stage IPD analyses for both ante-
cedent and consequent models: First, we conducted a (multivariate)
meta-analysis to estimate an overall effect across AWB dimensions and
compared standardized effect sizes derived from multilevel within-
and between-person correlations r and their respective 99.2% Cls of
different AWB dimensions (two-stage IPD). Second, we built a series
of three-level models to investigate the role of individual participant
and measurement characteristics including standardized PA values
and distinct AWB dimensions, controlling for age and sex/gender
(one-stage IPD). Third, to calculate practical effect sizes, we built an
additional series of multilevel models with the same structure (step 2)
butrestricted the data to studies containing measures of raw PA data
(MAL, inmilli-g) and added PA aggregationinterval as a control variable
(MAl one-stage IPD). The decision to employ MAl for the deduction of
practical effect sizes (instead of, for example, counts or MVPA) was
data-driven: we compared PA data distributions and statistics across
studies and decided onthe most homogeneous PA measure. Finally, we
explored variations in effects based on study-level, participant-level
and measurement-level characteristics and conducted moderator
analyses. A detailed description of all analysis steps can be found in
Supplementary Information Sections 2,3,11and 12.

Risk of bias

To assess and account for risk of bias between studies, we calculated
small study bias in the two-stage IPD analysis and visually inspected
funnel plots. We used the precision-effect test and precision-effect
estimate with standard errorsto apply asmall study bias correction by
using either the standard error and the effect size variance as regres-
sors"®. Influential studies were quantified using Cook’s D. A threshold
of D> 0.5was used to qualify astudy as influential’. Heterogeneity was
assessed using Cochran’s Q, whichindicatesif the extracted effect sizes
estimate acommon population effect size.

Toassessrisk of biasinindividual studies, we applied the ROBINS-E
tool'®. Ratings were conducted and discussed by three researchers
(LT.,J.R.and M.G.) and are presented in Supplementary Information
Section 16. Further, we also employed the modified quality assessment
(QA) tool developed by Timm et al.** as a QA tool specifically developed
for ambulatory assessment studies on PA and AWB. The modified QA
toolincludes categories such as accelerometer technology employed,
e-diary sampling schema applied and compliance rates received. It
consists of 16 questions (that is, the total score equals 16). For the
current meta-analysis, allincluded records’ quality was assessed inde-
pendently by tworesearchers (I.T.and M.G.) and divergent ratings were
rated by athird author (M.R.). Ratings canbe found in Supplementary
Information Section 17.

Additional analyses

Inthe two-stage IPD analyses, sensitivity analyses were carried out with
values of p =0, p=0.25, p=0.75 and p =1.0 (Supplementary Informa-
tion Section 18).

To ensure robustness of findings against violated assumptionsin
one-stage IPD analyses, we followed established procedures'®"'** and
calculated residual/wild bootstrapped Cls using the package Imere-
sampler”.Inaddition, asthereis anincreasing call for ordinalinstead

of metric models to analyse Likert-scaled data'®, for the antecedent
hypothesis, we also calculated ordinal multilevel regression models
using the package ordinal™°. In most cases, findings aligned (Supple-
mentary Information Section 4).

Moreover, to ensure robustness of AWB operationalizations, we
conducted sensitivity analyses in the one-stage IPD analysis. These
analyses followed the same procedure as our main analysis but were
restricted toasubset of studies that followed anarrowly defined assess-
ment of AWB (Supplementary Information Sections 4.5, 4.6 and 9).

Finally, we set up a logistic regression model and predicted data
provision by study characteristics to explore systematic differences
between studies that provided data and studies that did not provide
datafor our meta-analysis (Supplementary Information Section 19).In
thestudiesincluded, PAwas more ofteninvestigated before AWB than
instudies that did not provide data (P = 0.01).

Deviations from preregistration

In contrast to preregistration, the synthesized data did not allow to
investigate the preregistered research questions RQ6 (does the context
of physical behaviour influence the effect size, for example, gym versus
home?) and RQ8 (how long does the effect on well-being last?) as the
information was missinginindividual datasets. Further, RQ4 (does the
type of physical behaviourinfluence the effect size?) and RQS5 (does the
duration of physical behaviour influence the effect size?) could only be
approximated by two-stage IPD moderator analyses (that is, modera-
tion of PAtype and aggregation interval; Supplementary Information
Section 11). In addition, our meta-analysis is based on peer-reviewed
records identified by Timm et al.>* and also includes records identi-
fied by an updated literature search and unpublished/unrequested
data. Data harmonization and merging was not conducted by two
researchers separately but by J.R. using a standardized R script. The R
scriptunderwentindependent code review by].P. As effect measuresin
two-stage IPD analyses, we employed multilevel correlations instead of
standardized beta coefficients as correlations allow for easier interpre-
tations and are comparable to beta coefficientsin case of noincluded
covariates. Standardized betas were used in one-stage IPD analyses.
We forwent imputations of missing data due to the lack of consistent
predictors of missing dataacross individual datasets. Finally, influential
studiesin two-stage IPD analysis were identified using Cook’s Dinstead
of bootstrapping to follow established procedures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

For licence and ethical reasons, IPD cannot be made publicly avail-
able. Data from the individual studies need to be requested from the
respective datacontributor. Tofacilitate datarequests, alist of included
datasets is publicly available (https://osf.io/2tn8u). Furthermore, we
are happy to assist in establishing contact with the data contributors.

Code availability
The analysis code of our analyses is publicly available (https://osf.io/
2tn8u).
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Extended Data Fig.1|Study design of ambulatory assessment studies
investigating the relation of affective well-being (AWB) and physical activity
(PA) in daily life. AWB is assessed at multiple discrete time points across a day/
multiple days. PAis measured continuously and aggregated over specific time

21:00

intervals preceding or following the AWB rating. We have taken the chronological
order into account by separately computing antecedent (PA preceding the AWB
rating) and consequent (PA following the AWB rating) models.

Nature Human Behaviour


http://www.nature.com/nathumbehav

nature portfolio

Corresponding author(s): Markus Reichert

Last updated by author(s): Feb 8, 2026

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
S~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|X| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XOX 0O 0000 0y il

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection n/a

Data analysis All preprocessing, harmonization, checking, merging, and analyzing was performed using R (version 4.4.0 and version 4.5.2) and the interface
RStudio. Used packages were tidyverse (version 2.0.0), esmpack (version 0.1.20), Ime4 (version 1.1.35.3), ImerTest (version 3.1.3), effectsize
(0.8.7), lavaan (0.6.17), metafor (version 4.8.0), RoBMA (version 2.3.3), orchaRd (version 2.1), ordinal (2023.12.4), Imeresampler (version
0.2.4), ggeffects (version 1.5.2), sjPlot (version 2.8.15), performance (version 0.11.0), ggpubr (version 0.6.0), janitor (version 2.2.0), rio
(version 1.0.1), gridExtra (version 2.3). Analysis code can be accessed at https://osf.io/2tn8u

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

For license and ethical reasons, IPD cannot be made publicly available. Data from the individual studies needs to be requested from the respective data contributor.

To facilitate data requests, a list of included datasets is publicly available (https://osf.io/2tn8u). Further, we are happy to assist in establishing contact with the data
contributors.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender If available from primary studies, we included gender (instead of sex) and a non-binary category in our analyses (covariate,
moderator). However, if there was no information on gender in primary studies, we relied on information on participants'
sex.

Reporting on race, ethnicity, or We used the study location as a proxy for cultural background and included it as moderator in our analyses. Factors such as

other socially relevant race or ethnicity were not consistently available for all datasets, so that it was not possible to conduct a moderator analysis
groupings on race, ethnicity, or other socially relevant groupings in the present individual participant data meta-analysis.
Population characteristics See below. Consistenly available characteristics of samples/participants were extracted and used as moderators in the

present individual participant data meta-analysis, see Table 1 and Supplementary Materials S1.
Recruitment For the present analysis, no participants were recruited but previously collected data was combined.

Ethics oversight An ethics exemption was obtained from the ethics committee at the Faculty of Sport Science, Ruhr University Bochum,
Germany, and based on the ethics approvals of individual studies included in the meta-analysis (reference: EKS S 03/2022).
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Study description The present study is a quantitative individual participant data meta-analysis with three analysis levels (two-stage individual
participant data meta-analysis, one-stage individual participant data meta-analysis, and subgroup one-stage individual participant
data meta-analysis) investigating the bidirectional associations of physical activity and affective well-being in everyday life.

Research sample Individual participant data from k = 67 existing datasets including n = 8,223 participants (mean age = 36.33, SD = 18.11; 54.93%
female, 0.06% non-binary) from 14 countries world wide was combined. We included participants of all ages and independent of
their clinical status in our analyses. We only restricted the sample to participants living in their natural conditions, i.e., interventions
or in-patient treatments were considered as exclusion criteria. Hence, we consider our sample to be highly representative. We
investigated heterogeneity by moderator analyses. The individual datasets are described in detail in Supplementary Materials S1 and
a list of dataset sources can be found on OSF (https://osf.io/2tn8u)

Sampling strategy n/a, we did not collect data from participants ourselves but combined existing datasets in an individual participant data meta-
analysis, thus, there was no sample size calculation or sampling procedure for participants; To identify published studies for the
meta-analysis, the databases Web of Science, PubMed, Scopus, SPORTDiscus, and PsycINFO were searched till December 2023. The
five databases were systematically searched by the terms “ecological momentary assessment”, “mood”, “physical activity” and
“sedentary behavior” as well as their respective synonyms: "physical activity" or "exercise" or "sedentary behavior" or
"sedentariness" or "physical inactivity" plus "mood" or "emotion" or "affect" or "affective states" or "valence" or "calmness" or
"energetic arousal" plus "ambulatory assessment" or "ecological momentary assessment" or "experience sampling method" or
"electronic sampling method" or "ambulatory monitoring" or "accelerometry" or "physical activity monitoring" or "interactive
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Data collection na/, we did not collect data from participants ourselves but combined existing datasets in an individual participant data meta-
analysis. Corresponding authors of selected studies were contacted via email for data contribution. If authors did not respond within
six weeks after first contact, no further reminders were sent. Authors interested in contributing their data received an exemplary
data sheet, a letter of understanding, and a link to a password-secured file-drop folder. However, other formats of data transfer were
also accepted. If necessary, university agreements for data sharing were arranged.

The variables to be included on study, participant, and measurement level were chosen upon intensive discussion in the coordinating
team (JR, IT, GB, MG, JP, MR). For variables on study level, a data extraction template was custom-developed to extract data on:
authors, country, detailed participant characteristics, AWB assessment, PA assessment, assessment duration (number of days
participants were instructed to wear accelerometers and fill out e-diaries) and assessment frequency (number of e-diary prompts
sent per day). Two researchers (IT, MG) independently extracted the relevant information from included records. Thereafter, the two
files were merged. Any discrepancies were discussed among the two authors until an agreement was reached, and in case of
persistent non-agreement between the two researchers (IT, MG) a third reviewer (MR) was consulted to reach a decision. For
participant and measurement characteristics, all contributed data files were inspected individually by JR. Relevant variables were
renamed and recoded if necessary in order to harmonize all data sets following a predefined data mask.

Timing The databases were searched until December 2023. Data collection (i.e., requesting data from authors and including it in our
analysis) was carried out from March 2022 until October 2024.

Data exclusions Exclusion criteria were detailed in the pre-registration prior to study onset. Study exclusions are listed in detail in the flowchart and
the Methods section. Specifically, two datasets needed to be excluded. In one dataset, PA and AWB were only available for exercise
bouts, not for time slots preceding or following the e-diary prompt. The other only included one aggregate measure of PA per
participant so that the within-associations of PA and AWB could not be investigated. During preprocessing, we excluded all rows of
data with neither PA nor AWB data, reducing the dataset from i = 380,349 to i = 369,828. We also excluded participants with a
standard deviation of O in all AWB scores which we used as an indicator of careless responding to EMA prompts. This was not pre-
specified. This led to the exclusion of 27 participants (0.33%)/477 measurements (0.13%).

Non-participation No participants were involved in the present study as we conducted an individual participant data meta-analysis of existing data.

Randomization n/a; no intervention but correlative design
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