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Engagement in activities increases positive affect (Reward

Path 1), which subsequently reinforces motivation (Reward

Path 2), and hence future engagement in activities (Reward

Path 3). Strong connections between these three reward

loop components are considered adaptive, and might be

disturbed in depression. Although some ecological nomen-

tary assessment (EMA) studies have investigated the cross-

sectional association between separate reward paths and

individuals’ level of depression, no EMA study has looked

into the association between individuals’ reward loop

strength and depressive symptom course. The present

EMA study assessed reward loop functioning (5x/day, 28

days) of 46 outpatients starting depression treatment at

secondary mental health services and monitored with the

Inventory of Depressive Symptomatology—Self-Report

(IDS-SR) during a 7-month period. Results of multilevel

regression analyses showed significant within-person asso-

ciations for Reward Path 1 (b = 0.21, p < .001), Reward

Path 2 (b = 0.43, p < .001), and Reward Path 3 (b = 0.20,

p < .001). Stronger average reward loops (i.e., within-

person mean of all reward paths) did not relate to partici-
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pants’ improvement in depressive symptoms over time.

Path-specific results revealed that Reward Paths 1 and 2

may have partly opposite effects on depressive symptom

course. Together, our findings suggest that reward pro-

cesses in daily life might be best studied separately and that

further investigation is warranted to explore under what

circumstances strong paths are adaptive or not.

Keywords: depression; motivation; positive affect; reward engage-

ment; experience sampling method (ESM)

MAJOR DEPRESSIVE DISORDER (MDD) is one of the most
common mental health conditions: almost one in
five people experience a depressive episode at some
point in their lives (Malhi & Mann, 2018).
According to the Diagnostic and Statistical Man-
ual of Mental Disorders, 5th Edition (DSM-5;
American Psychiatric Association, 2013), individ-
uals diagnosed with MDD experience five or more
symptoms during at least 2 weeks, including at
least one of two core symptoms: depressed mood
and loss of pleasure. Loss of pleasure in previously
rewarding activities, also known as anhedonia, has
consistently been linked to reduced reward pro-
cessing (Der-Avakian & Markou, 2012;
Pizzagalli, 2014) and a poor MDD prognosis
(Vrieze et al., 2013; Wardenaar et al., 2012).

Treatment for depression often startswith behav-
ioral activation therapy. Behavioral activation is a
structured, brief psychotherapeutic approach that
aims to (a) increase engagement in rewarding activ-
ities, (b) decrease engagement in activities that
maintain depression or increase risk for depression,

http://ilabpsychiatry.nl/en_US/
http://ilabpsychiatry.nl/en_US/
mailto:v.e.heininga@umcg.nl
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and (c) solve problems that limit access to reward or
that maintain or increase aversive control
(Dimidjian et al., 2011). Interest in behavioral acti-
vation treatments for depression has increased over
the past two decades, as it is less costly and complex
than other psychotherapies (Ekers et al., 2011;
Gortner et al., 1998), and at least as efficacious
(see Ekers et al., 2014, for a meta-analysis).

The mechanisms of change that bring about
depressive symptom improvement in behavioral
activation treatments are not yet fully understood
(Forbes, 2020; Janssen et al., 2021), but it is plau-
sible that the treatment intervenes in the aberrant
reward processing that is often found in MDD.
Reward processing is complex, and is parsed into
the components of wanting (i.e., motivation for
rewards), liking (i.e., experiencing positive emo-
tions, such as cheerfulness, relaxation, and enthu-
siasm), and learning (Berridge et al., 2009).
Findings from neurobiology, primarily based on
animal studies, strongly suggest that these compo-
nents map onto partially different neurobiological
pathways (Berridge & Robinson, 2003).

Based on neurobiological evidence and the prin-
ciples of behavioral activation (illustrated in Fig-
ure 1), engaging in rewarding activities is
expected to increase positive affect (Reward Path
1), which subsequently reinforces motivation
(Reward Path 2) for engaging in such activities
(Reward Path 3). Strong connections between
reward loop components are believed to be adap-
tive because they steer an organism toward rewards
(Berridge & Robinson, 2003; Rømer Thomsen
et al., 2015). Hence, investigating dysregulation in
the various components of reward processing in
MDD holds promise for developing more targeted
and efficacious treatment and intervention strate-
gies (see Whitton et al., 2015, for a review).

Reward processing in MDD is typically studied
in controlled environments, using laboratory tasks
that involve stimuli and rewards that mimic real
life. Unlike traditional assessment approaches,
the ecological momentary assessment (EMA)
approach enables researchers to observe reward
processes in the flow of individuals’ actual daily
lives, and therefore offers a more ecologically valid
approach to study reward functioning. An individ-
ual’s engagement in rewarding activities, positive
affect (PA), and motivation for engagement in
rewarding activities can, for instance, be assessed
by means of one or more short questionnaires
per day over the course of several days or weeks.
This repeated sampling allows researchers to study
dynamic relationships on the individual level, for
example, to what extent changes in an individual’s
engagement in activities are associated with
changes in their subsequent PA. Below, we review
studies that examined three components of reward
processing, with a special focus on EMA research
in MDD.

Engagement in Activities and Subsequent PA
(Reward Path 1)

EMA studies consistently show that engagement in
physical activity and social interaction are associ-
ated with higher levels of PA in healthy individuals
(Aggio et al., 2017; Bos et al., 2018; Cushing et al.,
2017; Glasgow et al., 2019; Pannicke et al., 2020;
Schöndube et al., 2016), as well as in individuals
with depressive symptoms (Flores et al., 2018;
Hollands et al., 2020; Kesselring et al., 2021;
Zawadzki et al., 2022; but see Bakker et al.,
2017). An active lifestyle and social company have
also been reported to diminish depressive symp-
toms (Kendall et al., 2014; Snippe et al., 2016),
but the beneficial effects of physical activity may
evaporate sooner in depressed than in nonde-
pressed individuals (Wichers et al., 2012; but see
Heininga et al., 2019). Taken together, EMA stud-
ies into “liking” processes suggest that changes in
engagement in physical and social activities are
associated with changes in the level of subsequent
PA, and that this association might be weaker in
individuals with depressive symptoms.

PA and Subsequent Motivation to Engage in
Activities (Reward Path 2)

According to the broaden-and-build theory, high
levels of PA boost psychological well-being
because PA facilitates goal-directed action
(Fredrickson, 2004; Fredrickson et al., 2000). In
line with theory, experimental research shows that
this path might be disturbed in individuals with
MDD—for example, in an experimental study
where depressed and nondepressed individuals
were asked to rate how much they liked cartoons,
the levels of liking predicted motivation to expend
effort for rewards only in healthy participants but
not in participants diagnosed with depression
(Sherdell et al., 2012). However, motivation is a
multifaceted construct and there is no consensus
yet on how motivation is measured best in daily
life. Using an EMA approach, Bakker and col-
leagues (2017) reported a positive association
between the level of PA and the level of reward
anticipation measured 90 minutes later in both
healthy controls and individuals with at least mod-
erate depressive symptoms. Bakker and colleagues
asked participants to think about the most impor-
tant situation they thought they would encounter
in the next hour and to rate how much they were
looking forward to this situation, a construct the



FIGURE 1 Overview of the three reward paths underlying the average reward loop strength, with the ecological momentary assessment
(EMA) items used in this study listed below the three main concepts together with exemplary answers. According to the principles of
behavioral activation, neurobiological evidence, and preliminary evidence from EMA studies, engaging in activities increases positive affect
(Reward Path 1), which subsequently reinforces motivation (at t; Path 2) and hence engagement in future activities (using motivation t–1;
Path 3). The b values reflect the person–mean-centered slope coefficients found in the present study. SE = standard error. ***p < .001.
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authors labeled “reward anticipation.” Although
anticipation of a reward is a concept similar to
motivation, the motivation to engage in activities
is a broader concept as it also includes an activa-
tion and effort-related aspect (Berridge et al.,
2009; Engel et al., 2013; Sherdell et al., 2012).
van Roekel et al. (2019), who operationalized
motivation as the mean level of determination
and the inverse of sluggishness, also reported a
positive association between PA and motivation
measured 6 hours later both in individuals with
and without anhedonia. In contrast to the idea that
strong connections between reward loop compo-
nents are adaptive, individuals with anhedonia
showed a stronger association between PA and
subsequent motivation compared to healthy con-
trols. In sum, EMA studies suggest that changes
in PA are associated with changes in subsequent
motivation, and that this association is either equal
in depressed and nondepressed individuals or
stronger in individuals with depressive symptoms.
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Motivation and Subsequent Engagement in
Activities (Reward Path 3)

Several EMA studies investigated the association
between reward anticipation and subsequent
engagement in activities—for example, using a
large community sample, Bakker and colleagues
(2017) reported no significant association between
reward anticipation and subsequent engagement in
activities. Engagement in activities was assessed
with the item “I am actively engaged in some-
thing.” Exploratory analyses by Bakker et al. in a
subsample of 20 participants without any depres-
sive symptoms showed that anticipation of reward
positively predicted engagement in activities up to
3 hours later (on average 90 minutes). However,
the authors report no association between antici-
pation of reward and subsequent active engage-
ment in a subsample of 22 participants with at
least moderate depressive symptoms. This (ex-
ploratory) finding contrasts with functional mag-
netic resonance imaging (fMRI) studies showing
significant associations between reward anticipa-
tion and subsequent engagement in activities in
individuals with depression, or individuals at risk
for depression. In a study where reward anticipa-
tion was measured during an fMRI guessing task,
adolescent youth at high familial risk for depres-
sion show reduced striatal response during the 12
seconds before a reward is presented (e.g., Olino
et al., 2014), and such reduced reward anticipation
correlated with lower positive affect as measured
by EMA in adolescents with MDD (Forbes et al.,
2009). In a similar vein, EMA studies that rely
on self-reports of reward anticipation (i.e., partic-
ipants reporting the extent to which they look for-
ward to activities) report reduced reward
anticipation in individuals with more severe
depressive symptoms (Li et al., 2019). In conclu-
sion, the path from motivation to engagement in
activities is still understudied, and predominantly
focused on reward anticipation—a related but dis-
tinct concept. So far, EMA findings indicate that
changes in the anticipation of rewards are likely
associated with changes in subsequent engagement
in activities and that this association is weaker or
absent in individuals with depressive symptoms.

The Present Study
It has been put forward that a strong reward loop
is evolutionarily adaptive because it steers organ-
isms toward rewards (Bakker et al., 2017;
Berridge & Robinson, 2003; Rømer Thomsen
et al., 2015). The EMA literature so far only par-
tially supports this hypothesis, as EMA findings
suggest that Reward Paths 1 and 3 might be
weaker or absent in individuals with depressive
symptoms, but Reward Path 2 is either similar or
stronger in individuals with depressive symptoms.

The present study adds more clarity on whether a
strong reward loop is evolutionarily adaptive, by
testing the hypothesis more directly (preregistration
of the hypothesis and analysis plan: https://osf.io/
h5qta). Instead of the cross-sectional association
between separate rewardpaths and individuals’ level
of depressive symptoms, the present study investi-
gates the association between individuals’ average
reward loop strength (calculated as the mean coeffi-
cient across all three reward paths) and depressive
symptom course over 7 months after the start of
depression treatment. Given that activation is a key
principle of behavioral activation (Dimidjian et al.,
2011), we measured participants’ intention to
engage in activities (i.e., the activation and effort-
related aspect of motivation) in addition to the
extent to which participants look forward to activi-
ties (i.e., the reward anticipation aspect of motiva-
tion, as also measured by Bakker et al., 2017).

We expect that higher reward loop connection
strength is associated with decreases in depressive
symptoms over time. Given that previous EMA
studies suggest that Reward Path 2 is either equal
(Bakker et al., 2017) or stronger in individuals
with depressive symptoms (van Roekel et al.,
2016), we also investigate how the separate
reward paths relate to depressive symptom course.

Material and Methods

participants and procedure

The sample consisted of 46 outpatients with a clin-
ical diagnosis of depression starting depression
treatment at secondary mental health services
(mean age 32.80 years; SD = 12.15; 45.65%
women). The sample is a subsample of the 161
participants from the ZELF-i study (Bastiaansen
et al., 2018, 2020), of whom 55 were randomly
assigned to an experimental condition involving
weekly personalized feedback on their PA and
activities (i.e., the “Do module”).

The weekly feedback was mostly descriptive in
nature—for example, during the first 3 weeks, par-
ticipants got insight into what activities they did
the most the past week and what their average
level of PA was for that specific week (see https://
osf.io/m9w8k for an example report after the first
week). After 4 weeks, participants received person-
alized feedback based on vector autoregressive
(VAR) models on their link between activities
and PA (e.g., correlation between being outside
and participants’ mean level of PA), but this was
after participants had completed the EMA part
of the study.

https://osf.io/h5qta
https://osf.io/h5qta


1 The “I did what I wanted to” item was linked to the
prospective items on motivation for future engagement (i.e.,

“intend to undertake certain things” and “looking forward to

the next three hours/day”) for which participants were instructed
to think of physical, social, and planned activities.
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Nine of these 55 participants were excluded
from the analyses: four participants dropped out
of the study due to practical reasons or time con-
straints, three for unknown reasons, one partici-
pant had possibly invalid data due to selecting
the last questionnaire of the day for all measure-
ments, and for one participant nearly all measure-
ments were missing. Completers and dropouts did
not differ significantly in baseline depression sever-
ity or psychosocial functioning (see Bastiaansen,
2020, supplementary appendix B).

At enrollment, participants were instructed on
the EMA protocol and completed baseline ques-
tionnaires on depressive symptom severity, psy-
chosocial functioning, and empowerment.
Participants were sent five text messages per day
containing a link to the online EMA survey follow-
ing a fixed sampling scheme (i.e., 3 hours between
assessments) for 28 consecutive days (via routine
outcome monitoring software RoQua: www.
roqua.nl). They received a reminder after 15 min-
utes and had 30 minutes to complete the EMA
assessment, which consisted of in total 35 questions
about the participant’s current mood, physical
state, and activities (see Bastiaansen et al., 2018,
for the full item list). Each assessment comprised a
momentary part, a retrospective part (past 3 hours),
and a prospective (next 3 hours) part. In addition,
the morning assessment included a question about
sleep, and the evening assessment a few general
questions on how participants experienced the past
day and how they felt about the next day. In case 10
or more subsequent measurements had been
missed, participantswere called to askwhether they
wanted to stop the EMAmeasurements. To account
for a potential initial elevation bias (Shrout et al.,
2018), the first five EMA measurements (i.e., the
first day) were excluded from the analyses, leaving
a maximum of 135 assessments for each of the 46
participants included in this study.

Participants received travel reimbursements and
an optional €10 to compensate for the mobile phone
data usage needed to complete the online surveys on
their smartphone. The ZELF-i study complied with
local ethical regulations and was approved by the
Medical Ethical Committee of the University Medi-
cal Center Groningen (UMCG, 2015/530). All par-
ticipants provided written informed consent.

measures

Depression Severity
Depressive symptom severity was measured by the
total score of the 30-item self-report Inventory of
Depressive Symptomatology (IDS-SR; Rush et al.,
1996), which was administered at six time points:
baseline (t0); directly after the 28 days of EMA
assessments (t1); and 1 month (t2), 2 months
(t3), 3 months (t4), and 6 months (t5) after the
EMA period. The IDS-SR includes all DSM-5
diagnostic criterion items for MDD (American
Psychiatric Association, 2013), as well as com-
monly associated symptoms, such as irritability.
Each item was scored on a scale from 0 to 3, with
higher scores denoting greater symptom severity.
The IDS-SR has good psychometric properties
with high concurrent and internal validity (Cron-
bach’s a at baseline = .84).

Engagement in Activities
Engagement in activities was operationalized as
having been involved in physical, social, or
planned activities. As shown in Figure 1, during
each measurement, participants were asked to
respond to the statements “I’ve been physically
active,” “I’ve been in pleasant company,” and “I
did what I wanted to”1 with regard to the previous
3 hours, using a visual analogue scale ranging from
0 (not at all) to 100 (very much). Engagement in
activities was calculated as the within-person aver-
age of the three items at each measurement.

Positive Affect
For each measurement, PA was calculated as the
within-person mean score of six PA adjectives:
cheerful, relaxed, satisfied, energetic, enthusiastic,
and calm. As shown in Figure 1, participants rated
how they felt at that moment on a visual analogue
scale ranging from 0 (not at all) to 100 (very
much). The adjectives were balanced regarding
high and low arousal (Russell & Barrett, 1999;
Watson & Clark, 1994). The nested alpha for mul-
tilevel data as proposed by Nezlek (2017) indi-
cated high reliability of the scale (a = .82).

Motivation
Motivation was operationalized as the motivation
to pursue rewards, and calculated as the within-
person average of two items at each measurement.
As shown in Figure 1, these items were “I intend to
undertake certain things” and “I’m looking for-
ward to the next three hours/day.” Participants
rated the items using a visual analogue scale rang-
ing from 0 (not at all) to 100 (very much). The
within-person correlation between the two items
was .28 (N = 3,869; p < .001), and the between-
person correlation was .62 (N = 46; p < .001).
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data analytic strategy

Analyses were performed in a reproducible manu-
script using R 4.1.2, Rmarkdown, papaja, lme4,
and lmerTest. The hypothesis and data analytic
strategy were preregistered via the Open Science
Framework: https://osf.io/h5qta.

Descriptive Statistics
To describe how much variation in momentary
mood states came from differences between versus
within individuals, we calculated the intraclass
correlation coefficient (ICC). The ICC is calculated
by dividing between-person variance and the sum
of between- and within-person variance. An ICC
of 0.46 means that 46% of the variance in the vari-
able is due to person-to-person variation (i.e.,
explainable by person-related characteristics).
The remaining part, in this case 54% (i.e.,
1–0.46), is due to within-person observation-to-
observation variation (i.e., explainable by situa-
tional characteristics). There are no clear guideli-
nes for interpreting an ICC, however; scores
approaching 1.0 suggest that nearly all variation
is occurring at the person level and that modeling
individual reward loop strengths would thus not
be the appropriate approach.

Determining Reward Path Strengths
The strength of the three reward paths was deter-
mined by separate random slopes multilevel linear
regression analyses. To establish meaningful zero
points on its scales and to prevent collinearity,
all predictor variables were person–mean centered
(i.e., values were subtracted from participants’
own means). Furthermore, to investigate the
increase in PA, motivation, or engagement in
activities relative to the previous assessment, the
lagged variant of each outcome variable was
added as a covariate (i.e., EMA assessment t–1).
All models were fitted using restricted maximum
likelihood estimation, with random slopes and
intercepts.

Within each participant, PA at assessment t was
regressed on (retrospectively assessed) person–
mean-centered engagement in activities at assess-
ment t (Reward Path 1) and person–mean-
centered PA at assessment t–1, and the person-
specific regression coefficient for engagement in
activities was saved for further analyses. Similarly,
motivation at assessment t was regressed on
person–mean-centered PA at assessment t (Reward
Path 2) while controlling for person–mean-
centered motivation at assessment t–1 (note that
PA is momentarily assessed, and motivation is
prospectively assessed, meaning that at assessment
t both items are implicitly subsequent), and
engagement in activities at assessment t was
regressed on person–mean-centered motivation at
assessment t–1 (Reward Path 3) while controlling
for person–mean-centered engagement in activities
at assessment t–1. The average person-specific
regression coefficient of engagement in activities
from Path 1, PA from Path 2, and motivation from
Path 3 was calculated as a measure of average
reward loop strength.

Average Reward Loop Strength and the Course of
Depression
Next, we performed multilevel linear regression
analyses with average reward loop strength pre-
dicting the course of depressive symptoms over
time. The six time points at which depressive
symptoms were measured (i.e., time variable) and
average reward loop strength were entered as pre-
dictors of participants’ depressive symptom sever-
ity. To prevent collinearity between time and time
squared, the time variable was centered around its
mean (i.e., 2,5) and squared thereafter. It should
be noted that, due to mean centering the time vari-
able, t0 refers to the midpoint of the six assess-
ments (i.e., in between the 2- and 3-month
follow-ups). All models were fitted using restricted
maximum likelihood estimation, with random
slopes and intercepts.

deviations from preregistration

1. In line with a previous publication (Bastiaansen
et al., 2020), quadratic time trends were added
to the average reward loop strength predicting
the course of depressive symptoms over time
because it slightly improved model fit for all mod-
els according to Akaike information criterion (see
supplementary materials).

2. Because a more detailed review of the literature
revealed the EMA literature only partially sup-
ports the hypothesis that a strong reward loop is
evolutionary adaptive (i.e., Reward Path 2 might
be similar or stronger in individuals with depres-
sive symptoms), we also explored the associations
between the separate reward path strengths and
the course of depression.

Results

descriptive statistics

Participants filled out 78.10% (SD = 16.40) of all
assessments on average, with a minimum of
24.44% and a maximum of 97.04%. Table 1
shows a moderate average level of engagement in
activities, PA, and motivation, and a moderate to
strong correlation between the constructs on the

https://osf.io/h5qta


Table 1
Descriptive Statistics for the Three EMA Variables

Variable M SD 1 2

EA 42.09 12.70

PA 40.69 13.94 .58**

[0.34, 0.74]

MOT 50.22 12.14 .70**

[0.51, 0.82]

.75**

[0.59, 0.86]

Note. EMA = ecological momentary assessment; M = mean;

SD = standard deviation; EA = engagement in activities;

PA = positive affect; MOT = motivation. Values in brackets indi-

cate 95% confidence intervals. The correlations were calculated

on the group level.
** p < .01.
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group level. For the score distribution per variable,
see the supplementary materials, Figure S1.

The ICC for engagement in activities, PA, and
motivation were respectively 0.34, 0.53, and
0.32, meaning that respectively 47%, 66%, and
68% of the variance of these variables was due
to within-person observation-to-observation
variation.

reward path strengths

As depicted in Figure 1 and Table 2, for every unit
participants exceeded their own average level of
engagement in activities, their subsequent PA
(Reward Path 1) increased by 0.21 units
(p = <.001; range .10–.35). Similarly, for every
unit participants exceeded their own average level
of PA, their anticipatory pleasure and tendency to
undertake things in the next 3 hours (Reward Path
2) increased by 0.43 units (p = <.001; range .07–
.83), and for every unit participants exceeded their
own average level of motivation, their engagement
in activities in the next 3 hours (Reward Path 3)
increased by 0.20 units (p = <.001; range –.04–
.55)2.

Participants’ average reward loop connection
strength across all three reward paths ranged from
.10 to .42, with a group-level average beta of .28
(SE = 0.07).3

average reward loop strength and
the course of depression

As expected, the course of depression decreased
over time in a slightly convex shape (see
Table S1 and Figure S2 in the supplementary mate-
rials). Contrary to our expectations, the associa-
tion between participants’ average reward loop
strength and the course of their depressive symp-
toms was not significant (see Table 3).

Post Hoc Analysis: The Course of Anhedonia
To investigate whether the lack of an association
between average reward loop strength and the
course of depression could be explained by the
heterogeneous nature of depressive symptoms,
2 Given that a similar previous ESM study (Bakker et al., 2017)

focused on reward anticipation, and our results show a low within-
person correlation between the two motivation items, we reran our

analyses while using only the “I am looking forward to” (i.e.,

reward anticipation) item. Although the coefficients for Reward
Path 2 and Reward Path 3 were stronger on group level compared

to the coefficients depicted in Table 2, there was still no significant

association between participants’ average reward loop strength

and their course of depression. For more information, see the
supplementary materials.
3 Similar effects are found when adding a Level 2 predictor that

represents the deviation of the person mean from the overall grand
mean to the model. For details, see the supplementary materials.
we also explored the association between average
reward loop strength and the course of the most
relevant depressive symptom for reward process-
ing: anhedonia. Anhedonia was operationalized
as the sum score of the four anhedonic items of
the IDS-SR (i.e., 8: response of your mood to good
or desired events; 21: general interest, 23; capacity
for pleasure or enjoyment, excluding sex; and 24:
interest in sex).

The course of anhedonia decreased marginally
over time with the majority of symptom improve-
ment between baseline and the post-EMA assess-
ment (see Table S2 and Figure S3 in the
supplementary materials). We found no interac-
tion between participants’ average reward loop
strength and the amount of change in anhedonia
over time (see Table 3). Thus, it is unlikely that
the heterogeneity of the depression measure caused
the lack of our association between average
reward loop strength and the course of depression.

Separate Reward Path Strengths and the Course of
Depression
As shown in the left side of Table 4, analyses of the
separate reward path strengths revealed a signifi-
cant negative main effect of Reward Path 1 (from
engagement in activities to PA) on depression at t0
(B = –4.41, p = .03); note that due to mean center-
ing t0 refers to the midpoint of the six assessments
(i.e., in between the 2- and 3-month follow-ups),
and a significant interaction with the linear course
of depression. The interaction between the
strength of Path 1 and the quadratic course of
depression was nonsignificant. Descriptive simple
slopes estimated based on the quadratic model
for Path 1 (see Figure S3, left graph) indicate that
a stronger Reward Path 1 connection might be
associated with more improvement in depressive
symptoms over time.

The strength of Reward Path 2 (from PA to
motivation) had a positive main effect on depres-
sion at t0. There was no interaction with the linear
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course of depression but a significant negative
interaction with the curvilinear course of depres-
sion (see Table 4). The descriptive simple slope
in the middle graph of Figure S3 shows that partic-
ipants with a stronger Path 2 connection showed a
rather linear decline in depressive symptoms over
time. Participants with a relatively weak Path 2
connection strength improved more in the begin-
ning of the follow-up period but regained depres-
sive symptoms after 2 months post-EMA.
Despite Path 2 strength-related differences in the
estimated course of depression, all participant
groups reported about similar levels of depressive
symptoms at 6 months post-EMA.

The strength of participants’ Reward Path 3
(from motivation to engagement in activities) had
no significant main effect on depression at t0 and
was not associated with the linear course of
depression, but did show a significant association
with the quadratic course of depression (see
Table 4). As visualized in the descriptive simple
slope graphs, participants with a relatively weak
Reward Path 3 showed an estimated linear decline
in depressive symptoms, whereas participants with
a strong Reward Path 3 seemed to improve in
depressive symptoms more strongly at first but
partially regained depressive symptoms again after
2 months and seem to be worse off than those with
a weak path at 6 months post-EMA (Figure S3).

Discussion
The present study was the first to examine the
association between depressed individuals’ real-
life reward loop functioning and their depressive
symptom improvement over time. Based on the
premise that positive reward path strengths
between the three major components of reward
functioning (positive affect, motivation, and activ-
ities) are an indication of a good functioning
reward system, we hypothesized that a stronger
average reward loop strength would be associated
with more depressive symptom improvement.
Although all components of reward functioning
were positively associated on the group level, and
participants’ depressive symptoms improved over
time, there was no interaction between partici-
pants’ average reward loop strength and their
course of depression over a 7-month period.
Path-specific results showed that this might be
because Reward Paths 1 and 2 have partly oppo-
site effects on depressive symptom improvement.

With regard to reward loop functioning,
involvement in physical, social, or planned activi-
ties was significantly associated with participants’
increase in positive affect approximately 3 hours
later (Reward Path 1 of Figure 1). The increases



Table 3
Results of Multilevel Random Slopes Models Testing the Interaction Between Average Reward Loop Strength and Symptom
Course for Depression and Anhedonia

Depression Anhedonia

Est. SE df t value Pr(>|t|) Est. SE df t value Pr(>|t|)

(Intercept) 26.59 2.09 43.94 12.72 0.00 3.32 0.43 43.47 7.76 0.00

Reward loop strength 2.24 2.13 46.54 1.05 0.30 0.43 0.44 46.86 0.98 0.33

t -1.60 0.44 32.78 -3.63 0.00 -0.21 0.09 35.16 -2.39 0.02

t2 0.59 0.26 34.74 2.26 0.03 0.12 0.06 33.19 2.04 0.05

Reward loop strength*t -0.56 0.50 34.77 -1.12 0.27 0.00 0.10 37.10 -0.03 0.97

Reward loop strength*t2 -0.17 0.28 41.98 -0.60 0.55 0.01 0.07 39.74 0.16 0.87

Note. Est. = estimate; SE = standard error; df = degrees of freedom. Depression severity was measured with the Inventory of Depressive

Symptomatology (IDS-SR) across six time points. Anhedonia was measured with the four-item subscale of the ISD-SR. Reward loop

strength was calculated as the average individuals’ coefficient of the three reward loop pathways coefficients (see Figure 1) measured

during the experience sampling method period. The variables t and t2 refer to the linear and quadratic effect of time, respectively. Reward

loop strength was standardized. Due to mean centering, t0 refers to the midpoint of the six assessments (i.e., in between the 2- and 3-

month follow-ups).
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in participants’ level of positive affect, in turn,
were associated with increases in their subsequent
motivation to pursue rewards (Reward Path 2).
Finally, participants’ increases in motivation were
significantly associated with increases in their
engagement in physical, social, or planned activi-
ties in the next 3 hours (Reward Path 3). That
we observed dynamic associations for all three
reward paths in daily life provides further support-
ive evidence that the wanting and liking processes
observed in laboratory settings can also be
observed in the flow of daily life (i.e., ecological
validity), and that there are individual differences
in those paths—even within a sample of individu-
als diagnosed with depression.

Our findings with regard to the reward path
strengths are largely consistent with the only previ-
ous EMA study that also examined all parts of the
reward cycle, except for one path. In a community
sample, Bakker and colleagues (2017) reported
positive associations for Paths 1 and 2, but not
for Path 3. Additional analyses showed a positive
association for Path 3 in participants without
depressive symptoms (N = 20) and no significant
association in participants with at least moderate
depressive symptoms (N = 22). That we found a
significant Path 3 in our sample of depressed indi-
viduals and Bakker et al. did not may be due to dif-
ferences in study design and analytical strategy—
for instance, our larger time frame (3 hours vs.
90 minutes) might have provided more room for
engagement in activities, or a better fit to model
the effect of motivation on the engagement in
activities. In addition, Bakker and colleagues used
network analyses to study all bidirectional effect
simultaneously in one model (i.e., results are con-
trolled for all other effects in the model), whereas
we studied the unidirectional effects separately.
Moreover, we may have had more power to detect
effects due to a larger sample size of individuals
with depressive symptoms (N = 46 vs. N = 22).

A high average strength of the three reward
paths, hence strong positive connections between
behavioral, motivational, and emotional reward
components, has been proposed to be a sign of a
well-functioning reward system (Bakker et al.,
2017) and evolutionary adaptiveness (Berridge &
Robinson, 2003; Rømer Thomsen et al., 2015)—
however, we find no support for the hypothesis
that a high reward loop connection strength pre-
dicts more decreases in depressive symptom course
over 7 months. Also when we zoomed in on anhe-
donia, a more proximal construct for reward func-
tioning than the multifaceted construct of
depression, we did not find support for the hypoth-
esis (but note that variability in scores was rather
low). Given that we tested the hypothesis more
directly than previous EMA studies, our results
cast doubts on whether a high average reward loop
strength is always a sign of a well-functioning and
adaptive reward system.

This is further supported by our path-specific
analyses, which show that different positive
reward path strengths work in partly opposite
ways with regard to individuals’ depression level
and course—that is, for Reward Path 1 (from
engagement in activities to PA), our results are in
line with our expectations based on theory (i.e.,
the stronger the path, the better the depression
course). However, for Reward Path 2 (from PA
to motivation), our results show a negative effect
of a strong connection: the stronger the path, the
worse the depression, especially in the first couple
of months after intake. Our finding for Path 2 is in
line with findings by van Roekel and colleagues
(2019), who found a stronger association between
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PA and subsequent motivation in people with
anhedonia compared to healthy controls. The
stronger association in individuals with anhedonia
was mostly driven by lower levels of PA predicting
a subsequent decrease in motivation. A strong con-
nection between PA and motivation may thus be
detrimental if individuals already experience low
levels of PA to begin with. Another possible expla-
nation comes from the literature on PA dampen-
ing—that is, mental strategies that downgrade
the intensity and duration of PA by minimizing
its significance or by directing attention away from
it.

Previous research shows that dampening of PA
predicts subsequent low motivation (Dunn et al.,
2018)—hence, a strong Path 2 (from PA to moti-
vation) might indicate a high degree of PA damp-
ening. In turn, greater engagement in dampening
following PA has been associated with a more neg-
ative course of depression (see Bean et al., 2022,
for a meta-analysis). Taken together, our findings
suggest that future researchers should be cautious
about accumulating or averaging all three reward
paths in daily life. One cannot simply assume that
the pathways are affected in the same way for
every individual, or that they interact in the same
way with the course of depression. Although repli-
cation is warranted, for clinical practice, it may be
useful to consider tracking patients’ connections
between engagement in activities and subsequent
PA (Reward Path 1) and between PA and motiva-
tion (Reward Path 2) during treatments, as they
could provide handles to further personalize
behavioral activation therapy sessions. In the
future, EMA researchers could assess patients’
reward loop functioning for a longer duration of
EMA, for example, across the whole span of
patients’ behavioral activation therapy sessions.
That way, they could get insight into the extent
to which Reward Paths 1 and 2 are dynamically
changing over time, and to what extent these
changes are associated with changes in partici-
pants’ course of depressive symptoms. This
approach is also interesting for clinicians because
there are likely large individual differences
between patients. While it may be especially
important for one patient not to wait for motiva-
tion before engaging in pleasant activities, it may
be more important for another patient to investi-
gate why they cannot enjoy certain activities and
how they can improve their level of PA. Purely
speculatively, if clinicians are aware of (changes
in) patients’ personal connection strengths, they
can take this into account in the treatment plan
and therewith contribute to a faster depression
recovery.
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Limitations
The interpretation of the findings of the present
study comes with a limitation. Participation of
the Do module entailed weekly person-specific
descriptive feedback, which could have changed
participants’ normal levels of positive affect and/
or physical activity—however, explicit feedback
on the link between positive affect and engage-
ment in activities was not provided until after the
EMA period. In theory, participants could have
drawn links between their descriptive graphs on
the level of PA and physical activity over the past
week—however, most participants reported that
they did not notice any actual impact of the
EMA intervention on their behavior (Folkersma
et al., 2021). Moreover, there is no statistical evi-
dence that the intervention of the Do module
increased PA over time (Ornée et al., 2021) nor
that it augmented the efficacy of regular depression
treatment (Bastiaansen et al., 2020), suggesting
that any distorting effects of the EMA module
are limited.

Conclusions
That we were able to observe the three major com-
ponents of reward processing in MDD across a 3-
hour time frame and in the daily lives of individu-
als diagnosed with depression holds promise for
developing more targeted and efficacious treat-
ment and intervention strategies. Albeit strong
reward loops are considered adaptive, the underly-
ing components of reward processing may be dif-
ferentially related to depressive symptom
improvement.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.beth.2023.01.
007.
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