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ABSTRACT
BACKGROUND: Loneliness and social isolation have detrimental consequences for mental health and act as
vulnerability factors for the development of depressive symptoms, such as anhedonia. The mitigation strategies used
to contain COVID-19, such as social distancing and lockdowns, allowed us to investigate putative associations
between daily objective and perceived social isolation and anhedonic-like behavior.
METHODS: Reward-related functioning was objectively assessed using the Probabilistic Reward Task. A total of 114
unselected healthy individuals (71% female) underwent both a laboratory and an ecological momentary assessment.
Computational modeling was applied to performance on the Probabilistic Reward Task to disentangle reward
sensitivity and learning rate.
RESULTS: Findings revealed that objective, but not subjective, daily social interactions were associated with moti-
vational behavior. Specifically, higher social isolation (less time spent with others) was associated with higher
responsivity to rewarding stimuli and a reduced influence of a given reward on successive behavioral choices.
CONCLUSIONS: Overall, the current results broaden our knowledge of the potential pathways that link (COVID-19–
related) social isolation to altered motivational functioning.

https://doi.org/10.1016/j.bpsgos.2024.100369
The consequences of social isolation for symptoms and mal-
adaptive behaviors have been widely investigated in clinical and
preclinical studies. For example, it is well established that
chronic social isolation elicits anhedonia (operationalized as a
reduction in sucrose intake and sucrose preference) in rodents
(1–3). Converging evidence from human investigations points to
the bidimensionality of the construct: on the one hand, social
isolation (or social disconnectedness) has been defined in terms
of a restricted network of relationships and objective lack of
interaction with others or participation in social activities (4,5). On
the other hand, emotional isolation (5), also called perceived
isolation (6), has been conceptualized as the subjective
perception of lack of companionship, intimacy, and support and
seems to be more strictly associated with feelings of loneliness,
a sense of dissatisfaction with one’s connections, and qualita-
tive, rather than quantitative, social deficiencies (7). Importantly,
studies of humans suggest that both dimensions of social
isolation and perceived isolation predict anhedonic symptoms,
depression, anxiety (8,9), poorer mental health (10), and
morbidity more generally (11). Conversely, a higher level of social
support is a protective factor for anhedonia (12), suicide, and
suicide risk (13) and is associated with a better quality of life and
reduced functional decline in individuals with depression (14).

Most longitudinal studies that have attempted to shed light
on causal relationships between loneliness and depressive
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symptoms have pointed to the perception of social isolation,
loss of significant others, and a poor interpersonal network as
risk factors for the development of depression (15–17), while
others have described reciprocal influences between the 2
constructs (8,18).

The reviewed findings are consistent with the assumption of
the social baseline theory, according to which the social
network is the primary source of safety (19) and of the social
safety theory, which further hypothesizes that social isolation
and rejection upregulate inflammatory activity mainly via bidi-
rectional neural-immune communication, ultimately increasing
all-cause mortality (20,21).

The current study was conducted during a major period of
social deprivation amid strict COVID-19 measures. Even
following the conclusion of national lockdowns, Italy (including
the area in which the current study was performed) continued
to face prolonged restrictions at the regional level until early
2022, namely constraints on the number of individuals
permitted in public or private spaces, implementation of cur-
fews, and the transition to online learning and remote work.
This situation afforded us the opportunity to investigate the
effects of varying degrees of loneliness and isolation in a
naturalistic setting.

The aim of the current study was to investigate whether
(objective or perceived) social isolation would be associated
y of Biological Psychiatry. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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with anhedonic symptoms in an unselected healthy sample.
Importantly, an ecological momentary assessment (EMA) was
implemented to provide a daily estimation of the number and
duration of (i.e., objective social isolation) as well as the desire
and need for (i.e., perceived isolation) social interactions.
Moreover, assessment of anhedonic symptoms did not rely on
self-reports but instead was evaluated based on participants’
performance on the Probabilistic Reward Task (PRT) (22), in
which anhedonic behavior is operationalized as the ability to
modify behavior as a function of rewards. Overall, we hy-
pothesized positive associations between objective and sub-
jective measures of social isolation and anhedonic behavior.
Although it has been historically conceptualized as loss of
pleasure (23), anhedonia is a complex and multifaceted
symptom that may arise from impairments in several aspects
of reward processing, including blunted reward learning or
reward sensitivity (24,25). To parse the specific associations of
each of these components with social isolation, computational
modeling of trial-level performance on the PRT was imple-
mented (26). Given the absence of previous investigations of
this issue, we did not have a specific hypothesis about which
of the 2 components would be more affected by social
isolation.

Numerous studies have explored the relationship between
objective or perceived social isolation and their associations
with the multifaceted construct of anhedonia. However, the
current study stands out by aiming to investigate this rela-
tionship not only through ecological assessment but also
through a behavioral task. By dissecting behavioral perfor-
mance into 2 components, we aimed at a closer understanding
of which aspects of motivational functioning are more involved
in this relationship. This approach holds promise to provide a
more nuanced understanding of the mechanisms that underlie
the interplay between social isolation and anhedonia.

METHODS AND MATERIALS

Participants

This study is part of a larger research project (27), although the
sample is not overlapping. Participants were recruited from
among university students and the general population from
May 2021 to November 2021. The protocol was approved by
the local institutional review board (Protocol No. 1170/2021).
The final sample included 114 participants (81 female, mean
age 22.24 6 2.93 years, range 20–30 years) (see Supplemental
Section S1 for exclusionary criteria).

Procedure

After signing the informed consent form, participants were
asked to complete a set of online questions assessing socio-
demographic, lifestyle, and medical information (e.g., age,
weight, nicotine and alcohol consumption, physical activity)
and a validated questionnaire to evaluate self-reported loneli-
ness. Next, a laboratory visit was scheduled during which
participants were asked to perform the PRT. Participants then
received a full explanation of the EMA procedure and were
asked to keep electronic diaries on their smartphones for 4
consecutive days, after which they were debriefed and
compensated with the money that they won during the PRT.
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Assessment of Perceived Social Isolation

The Italian version of the Revised UCLA Loneliness Scale
(28,29) was administered; it is a 20-item questionnaire that
assesses the subjective experience of loneliness and subjec-
tive feelings of social isolation (detailed in Supplemental
Section S2). Internal consistency in the current study was
a = 0.867. Questions regarding the specific COVID-19 situation
were also administered (see Supplemental Section S3 for the
full list).

Probabilistic Reward Task

The PRT (22) is a well-validated signal detection task recom-
mended by the Research Domain Criteria (30) as a probe of
participants’ ability to modify their behavior as a function of
reward, thus providing an objective measure of reward
responsiveness and reward learning (detailed in Supplemental
Section S4 and Figure S1) (31).

Performance was analyzed with respect to response bias
(log b), an empirically derived measure of systematic prefer-
ence to choose the more frequently rewarded stimulus (rich).
DResponse bias was computed as the systematic preference
to identify the more frequently rewarded stimulus (response
bias) during block 3 minus response bias during block 1 (22).
To evaluate overall task performance, we also examined dis-
criminability, which is participants’ ability to distinguish be-
tween the 2 stimuli reflecting task difficulty, as well as accuracy
and reaction times (see Supplemental Section S4 for formulas
and secondary analyses).

Computation Modeling of the PRT. To parse specific
components of reward processing, the participants’ trial-level
PRT data were fitted with 4 reinforcement learning models
based on previously established methods (detailed in
Supplemental Section S5) (26). Group priors in these models
were computed via expectation maximization (32), and
subject-specific parameters were estimated through Laplace
approximation of the posterior distributions. Integrated group-
level Bayesian information criterion factors were used to
compare the model fits. The most parsimonious account of the
data was provided by the action model, with a group-level log
Bayes factor compared with the second-best belief model of
68 (which represents very strong evidence). This approach
allowed for the derivation of 2 main parameters: 1) reward
sensitivity, with higher scores denoting that a participant is
more sensitive to rewards (mean = 2.02, SD = 0.35), and 2)
learning rate (mean = 25.35, SD = 1.9), which measured the
ability to learn from reward feedback, with higher scores indi-
cating a stronger effect of reward on successive behavior.

In accordance with Huys et al., parameters were computed
in the transformed space to prevent issues with non-
Gaussianity (see Supplemental Section S6 for details) (26).

Ecological Momentary Assessment

The EMA was the last step of the research protocol and
involved repeated sampling of individuals’ current experiences
in real time and in natural environments with the purpose of
minimizing recall bias and maximizing ecological validity (33).

Participants received preprogrammed emails containing a
link to their electronic diary on Qualtrics.com. These emails
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were sent randomly within a 2-hour time window from the first
Wednesday after the laboratory session until the following
Saturday. On each of the 4 days, participants received 6 sur-
veys, which were randomly distributed throughout their self-
reported waking period and began at least 30 minutes after
they woke up. The EMA questions were only available for 25
minutes after the initial notification. Answers were provided on
a visual analog scale, and each diary took 1 to 2 minutes to be
filled out. Based on previous studies (34), ad hoc questions
were used to assess the quantity (“Since the last electronic
diary, did you have any social interaction?”), duration (“How
long did this interaction last?”), subjective perception (“How do
you rate the valence of such interaction?”), and desire or need
for social interactions (“Since the last electronic diary, have you
missed interacting with people?” or “How hard have you
desired to interact with someone?”). Participants had to
choose “yes” or “no” for the question about the presence of
interaction while the other answers were provided on a visual
analog scale ranging from 1) 0 = “completely negative” to 10 =
“completely positive” for valence; 2) 1 minute to 120 minutes or
more for duration; and 3) 0 = “not at all” to 10 = “very much” for
desire or need.
Data Analysis

First, assumptions of normality, linearity, homogeneity of var-
iances, and sphericity were checked. Then, the influence of
potential confounders, such as age, sex, alcohol, and smoking,
on the main variables of interest was assessed using correla-
tional and t test analyses. The variables that yielded significant
results in this preliminary check were included as covariates in
all subsequent analyses.

Regarding PRT performance, 4 separate general linear
models were performed. First, the general linear models were
computed for response bias and discriminability as outcomes
and block (block 1, block 2, block 3) as the within-participant
variable. For accuracy and reaction time, stimulus (lean vs.
rich) was included as an additional factor. Behavioral results
regarding performance on the PRT have been reported else-
where (27) and will not be detailed here (see Figure S1 for a
graphical representation).

For the EMA component, a multilevel model was carried out
with Mplus version 8.7 software (35) using robust maximum
likelihood estimators with a full information maximum likeli-
hood approach under the missing-at-random assumptions to
handle missing data. Participants with ,30% of valid as-
sessments on the EMA measures were not retained for this
analysis as they were in previous EMA studies in the context of
anhedonia and motivational behavior (36,37).

The models were hypothesis driven and informed by the
previously reviewed rodent and human findings on the detri-
mental effects of social isolation on anhedonic symptoms. A
mediational chain was specified at the between-participants
level: trait loneliness predicting valence of social interaction,
which in turn predicted the duration of daily social interaction,
which in turn predicted Dresponse bias (model 1) and the 2
components of the PRT (model 2). Duration of daily social
interaction was also partialled out for trait loneliness, and trait
loneliness was specified as being associated with the 2 com-
ponents of the PRT. In model 2, the computational-based
Biological Psychiatry: Globa
components of the PRT (i.e., reward sensitivity and learning
rate) were treated as separate dependent between-
participants variables within the overall nomological network
(see Supplemental Section S8 for details on the models).

RESULTS

No correlations or differences emerged in the main variables of
the study with respect to age, sex, or nicotine and alcohol
consumption, with the exception of Dresponse bias, which
was significantly higher in nonsmokers than smokers (t112 =
2.06, p = .02). Thus, general linear models were performed
controlling only for smoking status also given previous findings
of significant effects of nicotine craving on response bias (38).

The sample included 5 participants who lived alone, 7 who
lived with a partner, 23 who lived with roommate(s), and 79
who lived with their family. Regarding consequences of
COVID-19, 40 participants reported that they had undergone
quarantine measures during the 6 months prior to the start of
the study. Most participants (n = 81) highlighted a negative
influence of COVID-19 restrictions, and 67 participants re-
ported perceived social isolation. The average Revised UCLA
Loneliness Scale score was 38.34 6 8.37 (normative scores
are 37.06 6 10.91 for men and 36.06 6 10.11 for women) (28).

In general, after excluding 1.76 of outlier trials, an increase
in response bias from the first block to the following blocks
emerged together with a concomitant increase in accuracy and
a decrease in reaction time for rich (vs. lean) trials from block 1
to block 2 and 3. As expected, no effects of discriminability
emerged. Collectively, these patterns confirm that the PRT
elicited the intended behavioral effects. Consistent with pre-
vious accounts (26), reward sensitivity and learning rate were
inversely associated (r = 20.59, p , .001) (see Table 1,
Figure 1, and Supplemental Section S7 for outliers).

EMA Models

Eight participants reported a very large proportion of missing
data points on EMA variables (.70% of the total), and
consequently, they were excluded from the analyses. Thus, the
final sample for EMA models comprised 106 individuals, who
did not differ from those excluded from the analyses on any
sociodemographic or between-person variables. The final
average proportion of valid data points for the EMA measures
was 59.34% (SD = 15.04), with an average number of data
entries (16.14, SD = 3.93, range: 9–24) that was comparable to
that obtained in previous studies that have examined social
interactions (39,40).

Descriptive statistics and scatterplots related to the EMA
models are summarized in Table 1 and Figure 1. Model 1 failed
to show significant prediction of Dresponse bias by valence or
duration of daily social interactions (detailed in Figure S2).

Estimates from the empirical EMA model 2 are reported in
Figure 2. The model showed substantial fit to the data: Satorra-
Bentler c2

2 = 0.88, p = .88. The unconditional intraclass cor-
relation coefficients associated with the valence of social in-
teractions and duration of daily social interactions largely
varied across EMA occasions (approximately 90%), but a
nonignorable component of their variability was associated
with stable individual differences. In other words, scores on
these variables varied to a consistent degree between
l Open Science November 2024; 4:100369 www.sobp.org/GOS 3
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Table 1. Descriptive Statistics and Zero-Order Correlations for the Ecological Momentary Assessment Model Variables
(n = 106)

Descriptive Statistics Correlations

Mean (SD) Skewness Kurtosis 1 2 3 4 5 6

1 DResponse Bias 0.09 (0.28) 0.33 0.13 – 0.20a 0.30a 0.00 20.02 20.05

2 Learning Rate 25.35 (1.9) 1.06 0.06 – – 20.59b 0.12c 0.22a 0.02

3 Reward Sensitivity 2.02 (0.35) 21.57 4.73 – – – 20.15c 20.27a 20.04

4 Valence 5.81 (3.59) 20.53 21.08 – – – – 0.47b 20.36b

5 Duration 4.31 (3.77) 0.35 21.40 – – – 0.64b – 20.15

6 Loneliness 34.47 (0.81) 0.80 0.66 – – – – – –

DResponse bias indicates response bias during block 3 minus response bias during block 1; learning rate (in transformed space) indicates the ability to learn from
reward feedback; reward sensitivity (in transformed space) indicates the internal worth of an external reward; valence indicates the valence of social interaction;
duration indicates the duration of social interaction (objective measure of social isolation); loneliness indicates self-reported levels of loneliness assessed by the
Revised UCLA Loneliness Scale. Mean, SD, skewness, and kurtosis refer to the between-participants level (for the ecologic momentary assessment variables, these
are calculated across all available measurement occasions). Correlations below the diagonal pertain to the within-participants level, and those above the diagonal
pertain to the between-participants level.

ap , .01.
bp , .001.
cp , .05.
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assessments, although approximately 10% of their overall
variability was explained by enduring individual characteristics.
Trait loneliness significantly explained the stable component of
the valence of social interactions stemming from EMA
assessment (standardized b = 20.36, p , .001), which in turn
significantly explained the stable component of the duration of
daily social interactions (standardized b = 0.48, p, .001). Most
importantly, the stable component of the duration of daily
social interactions significantly explained both computational-
based PRT parameters, exerting a negative effect on reward
sensitivity (standardized b = 20.28, p , .01) and a positive
effect on learning rate (standardized b = 0.22, p , .05). Overall,
the nomological network explained 8% of the total variance in
reward sensitivity and 5% of the total variance in the learning
rate scores.
DISCUSSION

Combining a laboratory session and an EMA, the current study
evaluated whether daily perceived and objective social isola-
tion were associated with anhedonic behavior assessed by
performance on the PRT, which provides an objective measure
of the ability to adapt behavior as a function of reinforcement
history.

The hypothesis of an association between social isolation
and dysregulation in motivated behavior was driven by existing
evidence of positive cross-sectional and longitudinal associ-
ations between social isolation and anhedonic symptoms in
human and animal studies (8,38) and of perceived social
support as a protective factor for anhedonia and depressive
symptoms in general (12,41).

Unexpectedly, momentary levels of perceived and objective
social isolation, assessed over 4 consecutive days, were not
significantly related to changes in response bias, which is the
systematic preference in identifying the more frequently
rewarded stimulus across blocks. However, the application of
a trial-by-trial computational modeling analysis to PRT choice
data allowed us to distinguish 2 critical parameters that un-
derlie such systematic preference, namely reward sensitivity
4 Biological Psychiatry: Global Open Science November 2024; 4:10036
and learning rate. Previous research that attempted to disen-
tangle single critical parameters in the construct of anhedonia
described reward sensitivity as the immediate hedonic impact
of rewards (or the behavioral equivalent of consummatory
pleasure) and learning rate as the participant’s ability to learn
from reward feedback, which is shaped by prediction error
mechanisms (26).

In the current study, the daily duration of social interactions
was negatively associated with reward sensitivity: thus, lesser
time spent interacting with others (i.e., higher social isolation)
was unexpectedly associated with higher responsivity to
rewarding stimuli. Conversely, the duration of daily social in-
teractions was a positive predictor of learning rate, meaning
that higher social isolation was associated with an impaired
ability to learn from reward feedback, specifically a reduced
influence of a given reward on successive behavioral choice.

This conflicting pattern of results is not new in the scientific
literature on the effects of social isolation. Behaviorally, the
increased reward responsiveness that we found in association
with high social isolation resembles the effects of the construct
of social craving, which was recently developed by Tomova
et al. to describe the urge and desire for social interactions that
seems to develop following forced isolation in humans and
animals (42,43). Conversely, the association of less frequent
social interactions with lower reward learning may suggest an
impaired ability to learn from reward feedback that may reflect
a cognitive adaptation to reduced social stimuli. This could
indicate a diminished reinforcement learning capability,
possibly due to a generalized decrease in motivation or
engagement stemming from prolonged social isolation. This
closely resembles what could be termed social despair.
Although not explicitly defined as such, this pattern has been
observed in both clinical (44) and preclinical studies, particu-
larly during extended or chronic periods of isolation (45).
Chronic isolates appear to exhibit a series of profound inter-
personal deficits, involving cognitive, affective, and behavioral
aspects, linked to reduced motivation and impaired reward
learning. In rodents, this is reflected in increased immobility
and reduced swimming and climbing behaviors, diminished
9 www.sobp.org/GOS
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Figure 1. Scatterplots of the between-level
associations between learning rate (in trans-
formed space) and reward sensitivity (in trans-
formed space) and momentary ecological
assessment of valence and duration of daily
social interaction.
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sucrose preference, and impaired spatial memory and learning
(46–48). Compared with transiently lonely humans, chronically
lonely individuals make more self-derogatory internal and
stable attributions, seem to prefer passive coping strategies,
expect social failure, and fail to seek solutions (49,50).

The opposite associations of social isolation with rewarding
sensitivity and learning rate is not surprising if the different
neurobiological mechanisms that underpin each parameter are
considered. Previous investigations primarily related reward
sensitivity and consummatory pleasure to the opioidergic
system; specifically, the hedonic impact and liking facet of
Biological Psychiatry: Globa
motivation have been linked to m opioid signaling in regions
such as the shell of the nucleus accumbens (51). On the other
hand, preclinical and clinical studies have shown that reward
prediction error is primarily tracked by phasic firing of dopa-
minergic neurons in the midbrain (52–54). Coherently, the
application of the computational model on PRT choice data by
Pizzagalli et al. showed that administration of a low dose of
pramipexole (a dopaminergic agonist acting as an antagonist
at low doses) reduced learning rate but not sensitivity (27,55).
Thus, it is plausible that the obtained opposite associations
between social isolation and the 2 computational factors map
l Open Science November 2024; 4:100369 www.sobp.org/GOS 5
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ICC(1) = .13

Figure 2. Completely standardized estimates
from ecological momentary assessment (EMA)
model 2. Dotted lines represent statistically nonsig-
nificant paths. One-headed arrows represent direct
effects, while double-headed arrows represent co-
variances. Squares indicated observed variables,
while circles represent latent (between participants–
level) components of EMA measures. *p , .05, **p,

.01, ***p , .001. CFI, comparative fit index; ICC,
intraclass correlation coefficient; RMSEA, root mean
square error of approximation; SB, Satorra-Bentler;
SRMR, standardized root mean square residual; TLI,
Tucker-Lewis index.

Social Isolation and Anhedonic-Like Behavior
Biological
Psychiatry:
GOS
onto different and partially dissociable neurobiological
mechanisms.

A large body of clinical and preclinical literature points to a
role of dopaminergic and opioidergic neuromodulation in
regulating social interactions and bonding formation, as well as
in social deprivation or social distress (45,56,57). According to
preclinical evidence, the endogenous opioid system not only
regulates physical pain but also social distress and plays a role
in the attribution of value to social interactions (58,59).
Coherently, a positron emission tomography study conducted
with healthy humans found increased activation in the m opioid
receptor system in the ventral striatum, midline thalamus,
amygdala, and periaqueductal gray in individuals exposed to
social rejections (60). When comparing individuals with a
diagnosis of major depressive disorder to healthy control in-
dividuals, however, the same authors found reduced endoge-
nous opioid release during social rejection in brain regions
implicated in stress and reward processing (61).

Social isolation, on the other hand, appears to be more
specifically related to dopaminergic transmission; in rodents,
brief periods of social isolation enhance motivation to seek
contact and social interactions with conspecifics, a behavior
underpinned by an increase in excitatory inputs to midbrain
dopaminergic neurons of the dorsal raphe (42). Again, when
chronic isolation is considered, opposite patterns of
depressive-like behaviors (increased immobility and despair
and reduced sucrose preference indicating impaired reward
sensitivity and anhedonia) have been described (48). Consis-
tently, encouraging results linking loneliness (perceived isola-
tion) to weaker activation in reward-related brain regions during
exposure to socially rewarding stimuli (vs. objects) has emerged
in humans (62). However, these results were not replicated by
D’Agostino et al. in a similar functional magnetic resonance
imaging paradigm (63). To summarize, social isolation and so-
cial distress may be modulated by the dopaminergic and
opioidergic systems, which in turn may have a preferential
impact on reward learning and sensitivity, respectively.

Importantly, most of the reviewed clinical literature concerns
loneliness and thus the subjective feeling of isolation involving
6 Biological Psychiatry: Global Open Science November 2024; 4:10036
concepts of the quality of and satisfaction with interactions
rather than objective social disconnectedness and lack of re-
lationships per se. According to a large body of research,
loneliness represents a greater threat to mental health than
physical isolation and seems to be implicated in depression,
suicide, alcohol and substance use, poor sleep habits, and
dementia (8,9). This is notable considering the current lack of
association between self-reported levels of loneliness as
assessed by the UCLA Loneliness Scale and reward learning
or sensitivity. However, it should be noted that scores on the
UCLA Loneliness Scale were negatively associated with the
valence of social interaction but not with its daily duration,
which confirms the potential of this scale to primarily assess
perceived rather than objective social deprivation. Although
the literature linking loneliness assessed by the UCLA Loneli-
ness Scale and momentary assessment of social isolation is
not extensive, an increasing interest in the issue has evolved,
especially during periods of lockdowns and restrictions of
public life. As expected, such studies have positively linked
daily loneliness to negative subjective states (64) but have
failed to find statistically significant associations between
quantity and duration of social conversations and scores on
the UCLA Loneliness Scale (65).

The unexpected current lack of association between
perceived isolation (scores on the UCLA Loneliness Scale) and
the components of reward sensitivity and learning may be well
explained by the fact that the study was conducted during
times when pandemic-related social distancing protocols were
in effect. When considering both objective and subjective so-
cial isolation, the determinants of objective isolation (living
alone, having a small social network, etc.) are considered to be
among the most powerful predictors of loneliness (66,67). It is
plausible that when objective social disconnectedness reaches
an extreme, as in the situation of the severe social restrictions
imposed worldwide in the past few years, its effects outweigh
the effects of subjective perception of isolation.

The main limitation of the current research is its correlational
design, which does not allow for conclusions about causal
relationships between the investigated variables (full limitations
9 www.sobp.org/GOS
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are detailed in Supplemental Section S9). Although far from
unraveling the complex relationships between social isolation
and the multifaceted construct of anhedonia, the current study
provides preliminary insights into impaired motivational func-
tioning in circumstances of higher daily objective social isola-
tion. Importantly, the use of computational modeling allowed
us to add a level of complexity to these well-known associa-
tions. Given the involvement of different neurobiological
pathways in learning rate and reward sensitivity, replication of
the current results may provide meaningful insights for phar-
macological and psychotherapeutic early interventions.
Because anhedonia is one of the main detrimental mental
health effects of the COVID-19 outbreak and its related lifestyle
changes and social restrictions (68–71), understanding the
pathways through which forced social isolation influences the
specific components of reward learning and sensitivity is
important. It is possible that different durations of social
isolation distinctively influence each component of reward
processing. For example, we speculate that while reward
learning deteriorates progressively in response to longer pe-
riods of deprivation, sensitivity to reward is enhanced as a
coping strategy or compensatory mechanism. Future studies
may investigate this hypothesis in humans by administering
the PRT during acute mandatory isolation (72) and/or in
chronically isolated individuals. In the future, researchers could
build on current findings by including a larger and more diverse
group of participants in terms of age, sex, and ethnicity to
examine whether these variables moderate the observed
outcomes.
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S1. Exclusionary criteria 

Exclusionary criteria were (a) history or presence of serious medical conditions; (b) self-reported 

formal diagnosis of psychiatric disorder or problematic substance use; (c) neurological disorders; (d) 

use of drugs/medications; and (e) pregnancy or breast-feeding. Participants were informed that they 

could win up to 20 euros for their participation. 

 

S2. Revised UCLA Loneliness scale 

Examples of items are “How often do you feel that you lack companionship?” or “How often do you 

feel outgoing and friendly?”, and answers are provided on a Likert scale from 0 = Never to 4 = Often. 

The total score ranges from 20 to 80.  

 

S3. Questions regarding the COVID-19 situation 

The following questions about individuals’ lifestyle, social isolation (objective or perceived) and 

recent changes in habits due to the COVID-19 outbreak and subsequent restrictions were 

administered: 

1. Do you live alone?  

2. If you do not live alone, with whom do you live?  

3. Has the spread of the virus and the restrictions forced you to spend a lot of time alone?  

4. Has the spread of the virus and the restrictions significantly impacted your lifestyle and led to 

substantial changes?  

5. Have you ever been in isolation because you contracted COVID-19 or came into contact with 

someone who tested positive?  

6. In the past 6 months, have you been in isolation because you contracted COVID-19 or came 

into contact with someone who tested positive?  

7. Are you currently in isolation?  

 

S4. Probabilistic Reward Task 

The PRT was administered in the laboratory via E-Prime (version 3.0). As depicted in Figure S1, 

the task involves 300 trials, divided into 3 blocks separated by 30-sec breaks. In each trial, participants 

saw a cross for 1000-1400 ms in the center of the screen, then a cartoon face without the mouth for 
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500 ms. After that, a mouth appeared for 100 ms. The mouth could be short (10.00 mm) or long 

(11.00 mm). Next, the cartoon face without the mouth appeared again for an additional 1500 ms. The 

difference between the short and long mouths was small (just 1 mm), making it difficult to distinguish 

them (22). Participants were asked to decide if the mouth was short or long by pressing a button (“v” 

or “m”) on the keyboard, counterbalanced across participants. Importantly, not every accurate answer 

receives a reward. Moreover, and unbeknownst to participants, correct identification of one of the 

mouth lengths (defined as the “rich stimulus”) was rewarded three times more frequently compared 

to the other (“lean stimulus”). Within each block, the short and long stimuli were presented equally 

often in a pseudorandomized sequence with the constraint that the same stimulus was not presented 

more than three times consecutively. For each block, reward feedback (“Correct!! You won 20 cents”) 

was presented after 40 correct responses for 1500 ms after the participant’s choice and was followed 

by 250ms of blank screen. During each block, correct identifications of the rich stimulus received 

reward feedback for 30 times while correct identifications of the lean one were followed by the 

positive feedback only 10 times. A controlled reinforcer procedure was used to provide reward 

feedback according to a pseudorandom schedule that determined which specific trials were to be 

rewarded for correct choices. If a participant failed to make a correct identification for a trial in which 

feedback was scheduled, reward feedback was delayed until the next correct response of the same 

stimulus type (rich or lean). When the reward was not given because the participant was inaccurate 

(or accurate, but no feedback was scheduled) a blank screen was displayed for 1750 ms. The total 

task duration was approximately 24 minutes. Participants were informed that they could potentially 

win up to €20; however, the actual reward was fixed and not contingent on their performance. 

Therefore, at the conclusion of the task, all participants received a monetary reward of €20. 

 

Response Bias (log b) was calculated as:  

 

log⬚𝑏𝑏 =
1
2
𝑙𝑙𝑙𝑙𝑙𝑙 �

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 0.5)  ×  (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 0.5)
(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 0.5) × (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 0.5) �, 

 

In addition, discriminability (log d) was computed as a control measure of participants’ ability to 

discriminate between the two stimuli. Discriminability reflects task difficulty and was calculated as: 

log⬚𝑑𝑑 =
1
2
𝑙𝑙𝑙𝑙𝑙𝑙 �

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 0.5)  ×  (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 0.5)
(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 0.5) × (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 0.5)�, 
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0.5 was added to each variable in order to make the calculation of the Response Bias and 

discriminability possible in cases in which one of the raw cells was equal to 0. 

Following previous studies, secondary analyses evaluating accuracy and reaction times (RT) were 

performed to assess overall task performance. Overall, trials with RTs less than 150 ms or longer than 

1500 ms were excluded to remove outliers; then, remaining trials with RTs (following natural log 

transformation) falling outside the mean 3 ± SD were considered as additional outliers and excluded.  

 

S5. Computation Modeling of PRT  

The ‘Stimulus-Action’ model adopts the standard Rescorla-Wagner premise. Both stimuli 

were assumed to be totally distinct, and rewards were associated with separate stimulus-action 

pairs. The ‘Action’ model proposed that participants only learned the value of their actions when 

forming expectations, independently of the stimuli.  The third model, ‘Belief’, assumed that 

participants are uncertain of which stimulus was actually presented on each trial and, thus, the 

rewards were associated with a combination of two uncertainty-weighted stimulus-action 

associations. Finally, the ‘Punishment’ model examined whether trials in which no reward was 

delivered were treated as aversive losses.  

S6. Computation of Learning Rate and Reward Sensitivity in the transformed space 

Learning rate is not constrained to the range of 0–1 and reward sensitivity is not constrained 

to the range of 0 to +inf. Instead, both parameters are unconstrained from –inf to +inf, but larger 

values still indicate greater learning rate and reward sensitivity. Assuming 𝜀𝜀 is the actual learning 

rate with a constraint from 0 to 1, we have presented learning rate in the transformed space as 

log 𝜀𝜀
1−𝜀𝜀

 , which is unconstrained from -inf to +inf. Similarly, assuming 𝜌𝜌 is the actual reward 

sensitivity with a constraint from 0 to +inf, we have presented reward sensitivity in the log-

transformed space as log𝜌𝜌, which is unconstrained from -inf to +inf.  

The role of reward sensitivity and learning rate in achieving optimal performance in the task 

has been explored. Optimal performance was defined as a 3:1 response ratio of rich to lean choices, 

reflecting the reward probabilities in the task setup (rich trials rewarded at 60% and lean trials at 

20%). This ratio is indicative of optimal decision-making, where choice allocation proportionally 

matches the reward probabilities – a principle derived from the probabilistic matching law. 
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For the simulations, we varied RS and LR around the mean values observed in our sample 

data. Specifically, RS and LR were varied by ±1 and ±2 standard deviations from these means. This 

approach was chosen to reflect a range of behavior that spans from typical to extreme within our 

observed participant data, thus providing insights into how deviations from the mean affect task 

performance. 

We generated 500 surrogate datasets for each of the 25 RS-LR combinations, with each 

dataset consisting of 300 trials. We analyzed these datasets using a sliding window of 50 trials to 

monitor the evolution of the rich:lean response ratio. The results highlighted a nuanced dynamic 

(Figure S3). For example, if you look at the third row, when learning rate is kept constant at the 

mean, excessively high RS led participants to disproportionately favour the rich option, deviating 

from the optimal 3:1 ratio (indicated by the red horizontal line in the plots). Conversely, too low RS 

resulted in insufficient responsiveness to rewards, failing to leverage the richer option adequately. 

Regarding LR, if you look at the third column, when RS is kept constant at the mean, high values of 

LR led to overfitting to recent outcomes, causing fluctuations and instability in choice patterns 

where the rich:lean response ratio is close to 1. On the other hand, low values of LR hindered timely 

adaptation to the task's reward contingencies. 

These findings illustrate the importance of balancing RS and LR to achieve a response ratio 

that aligns with the optimal strategy defined by the reward probabilities of the task. 

 

S7. Outlier management 

A single outlier at the level of enduring individual differences (i.e., between-persons level) was 

identified as potentially influential data point using standardized scores >|3| for univariate outliers. 

Multivariate outliers were identified based on their multivariate Mahalanobis distance (for p < .01). 

While no multivariate outliers were detected, a potentially influential subject was identified for 

Valence. Removing this subject from the analyses did not change the substantive results, and 

differences between the zero-order correlations calculated on the final sample and those excluding 

the univariate outlier did not exceed |.02|. 

 

S8. Ecological Momentary Assessment data analysis 

EMA observations (Level 1 or within-person level) were nested within individuals (Level 2, or 

between-person level). While loneliness and ΔResponse Bias (as well as its subcomponents, reward 
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sensitivity and learning rate) represents between-person variables by design (i.e., they were 

measured once), EMA measures represent within-person variables. In both Model 1 and Model 2, 

the between-person (stable) components of valence and duration of daily social interaction were 

modeled at the between-person level (i.e., they were centered at their latent means), and their 

within-person components were specified as unstructured at Level 1 of analysis (i.e., the within-

person level was fully saturated). 

Participants with < 30% of valid assessments on the EMA measures were not retained for this 

analysis; however, findings are the same in terms of effect sizes, statistical, and practical 

significance when a more stringent criterion (<25%) is adopted. 

 

S9. Limitations of the study 

The study relies on self-reported measures using a convenience sample, and data were collected 

in a single national context. Moreover, it is difficult to completely disentangle objective and perceived 

social isolation in an unselected sample in which the mismatch between actual and perceived social 

contacts is expected to be lower compared to what is usually seen in clinical populations (1). 

Notwithstanding, thanks to the use of an EMA design to capture ongoing daily levels of interactions, 

distinctive patterns of results for actual and perceived social isolation were found. However, the EMA 

design does not include inquiries about participants' modes of communication, specifically, whether 

interactions occurred in person or online. This consideration should have been taken into account, as 

some research suggests that online interactions may detrimentally affect the sense of social bonding, 

particularly when employed to alleviate social disconnection (2,3). The existing literature is 

inconsistent on this topic; while several studies support the compensatory theory of technology use 

in terms of mental well-being and reduced loneliness during the pandemic (4,5), others demonstrate 

no correlation between the frequency of virtual social interaction and perceived isolation (6). The last 

limitation is indeed the fact that the present study was conducted during COVID-19 social restrictions 

(7,8). It has to be noted, however, that studies investigating the role of social relationships during the 

pandemic showed how perceived social support and social network size may act as a buffer against 

COVID-related physical and mental health concerns, fatigue and general psychological distress 

(9,10).  
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Figure S1. Illustration of the Probabilistic Reward Task (A) and graphical representation of the 

current results in terms of Response Bias (B), Accuracy (C), Discriminability (D), and Reaction Times 

(E). 
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Figure S2. Completely Standardized Estimates from the EMA Model 1.  

 

Note. RMSEA = Root Mean Square Error of Approximation; CFI = Comparative Fit Index; TLI = 

Tucker-Lewis Index; SRMR = Standardized Root Mean Square Residual. Dotted lines represent 

non statistically significant paths. One-headed arrows represent direct effects, while double-headed 

arrows represent covariances. Squares indicated observed variables, while circles represent latent 

(between-subject level) components of EMA measures. *p < .01, **p < .01, ***p < .001. 
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Figure S3. Role of reward sensitivity (RS) and learning rate (LR) in achieving optimal performance 

in the PRT. 
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