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IMPORTANCE Existing therapeutic options are insufficient to tackle the disease burden of
depression, and new treatments are sorely needed. Defining new psychotherapeutic targets
is challenging given the paucity of coherent mechanistic explanations for depression.

OBJECTIVE To assess whether mood homeostasis (ie, the stabilization of one’s mood by
engaging in mood-modifying activities) is a possible new therapeutic target by testing the
hypothesis that people with low (vs high) mean mood and people with (vs without) a history
of depression have impaired mood homeostasis.

DESIGN, SETTING, AND PARTICIPANTS The quantitative association between mood and daily
activities was computed in 2 large case-control studies based on the 58sec data set (collected
from December 1, 2012, to May 31, 2014, and analyzed from April 1 to 30, 2019), and the
World Health Organization Study on Global Aging and Adult Health (WHO SAGE) data set
(collected from January 1, 2007, to December 31, 2010, and analyzed from June 1 to 30,
2019). The 58sec data set consists of self-enrolled participants from high-income countries.
The WHO SAGE data set consists of nationally representative participants in low- and
middle-income countries recruited via cluster sampling.

MAIN OUTCOMES AND MEASURES The main outcome (defined before data analysis) was the
difference in mood homeostasis between people with high vs low mean mood (58sec data)
and between people with vs without a history of depression (WHO SAGE data).

RESULTS A total of 28 212 participants from the 58sec data set (65.8% female; mean [SD] age,
28.1 [9.0] years) and 30 116 from the WHO SAGE data set (57.0% female; mean [SD] age, 57.8
[14.7] years) were included, for an overall study population of 58 328 participants. Mood
homeostasis was significantly lower in people with low (vs high) mean mood (0.63 [95% CI,
0.45 to 0.79] vs 0.96 [95% CI, 0.96 to 0.98]; P < .001) and in people with (vs without) a
history of depression (0.03 [95% CI, −0.26 to 0.24] vs 0.68 [95% CI, 0.55 to 0.75]; P < .001).
In dynamic simulations, lower mood homeostasis led to more depressive episodes (11.8% vs
3.8% yearly risk; P < .001) that lasted longer (4.19 vs 2.90 weeks; P = .006).

CONCLUSIONS AND RELEVANCE In this study, mood homeostasis appeared to have been
impaired in people with low mood and in those with a history of depression. Mood
homeostasis may therefore provide new insights to guide the development of treatments for
depression.
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M ajor depressive disorder is the leading cause of dis-
ability worldwide.1 Existing pharmacological2 and
nonpharmacological3,4 treatment options for de-

pression achieve response rates of about 50%—a relatively
modest contribution to the reduction of the disease burden.5

The development of treatments with novel or optimized
mechanisms of action has therefore become a key strategic
objective of research in psychiatry.6

We propose that a fundamental—yet unexplored—
underlying mechanism of depression may lie in some people’s
inability to stabilize mood through their choice of everyday ac-
tivities. This idea was inspired by recent large-scale studies
showing a robust pattern of associations between mood and
choices of activities in the general population,7-9 termed the
hedonic flexibility principle. According to this principle, people
have a higher propensity to engage in mood-increasing activi-
ties when their mood is low and to sustain useful but mood-
decreasing activities when their mood is high. We hypoth-
esized that this principle reflects a homeostatic mechanism that
helps stabilize mood in healthy people. Conversely, if weak or
absent, the mechanism could increase the risk of a spiral down
to depression.

We first tested this hypothesis by assessing the associa-
tion between mood homeostasis and individuals’ mean mood
among 28 212 people whose moods and activities were tracked
in real time. We then sought to confirm the hypothesis by com-
paring mood homeostasis between people with and without
a history of depression in an independent data set of 30 116
people across 6 countries obtained from the World Health
Organization Study on Global Aging and Adult Health (WHO
SAGE).10

Methods
Participants and Data
We used 2 independent and complementary case-control data
sets. Demographic data for both studies are presented in the
eTable in the Supplement. This study was approved by the
Ethics Committee of ESADE (Escuela Superior de Adminis-
tración y Dirección de Empresas) Business School, Barce-
lona, Spain. Participants provided written informed consent.
This study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guideline.

The first data set (referred to as the 58sec data set) was ac-
quired in young adults (mean [SD] age: 28.1 [9.0] years) living
in high-income francophone countries. Participants volun-
teered by downloading a mobile application for ecological mo-
mentary assessment of mood and behavior via short ques-
tionnaires presented at random times throughout the day. The
2 questions of interest were “How are you currently feeling?”
(on a sliding scale from 0 [very unhappy] to 100 [very happy])
and “What are you currently doing?” (from a nonmutually ex-
clusive list of 25 activities, eg, exercising, chatting, working)
(eMethods 1 in the Supplement). We selected all participants
who answered 2 consecutive questionnaires or more within
12 hours. This resulted in 28 212 participants and 216 794 pairs

of observations. Details on the working of the app have been
published previously8 (eMethods 2 in the Supplement). Data
were collected from December 1, 2012, to May 31, 2014, and
analyzed from April 1 to 30, 2019.

The second data set (WHO SAGE data set) forms part of the
WHO SAGE study (wave 1),10 which consists of questionnaires
administered to nationally representative samples in China,
Ghana, India, Mexico, Russia, and South Africa. The partici-
pants were asked to name, in chronological order, the activities
that they engaged in during the day11 (eg, religion, subsistence
farming), their mood (eMethods 1 in the Supplement), and
whether they were ever depressed; 30 116 participants re-
corded at least 2 activities (mean [SD], 4.4 [1.6]) and correspond-
ing mood. Data were collected from January 1, 2007, to Decem-
ber 31, 2010, and analyzed from June 1 to 30, 2019.

Mood Homeostasis
We define mood homeostasis as the extent to which a person
preferentially engages in mood-increasing activities such as ex-
ercising when their mood is low and saves the mood-
decreasing activities such as housework for when their mood
is higher. Thus, individuals who preferentially engage in mood-
increasing activities when their mood is already high and un-
pleasant activities when their mood is already low would have
a low mood homeostasis.

Mood homeostasis represents the extent to which people
demonstrate hedonic flexibility.7 Mood homeostasis is an as-
pect of the broader concept of mood regulation,12 but it spe-
cifically refers to the moment-to-moment regulation of mood
states via choices of activities. Details on mood homeostasis
and its computation are presented in eMethods 3 to 5 and eFig-
ures 1 and 2 in the Supplement.

Statistical Analysis
Mood homeostasis is positive if the probability of next engag-
ing in an activity when current mood is low (estimated with a
logistic regression) is positively correlated with the change in
mood resulting from this activity (estimated with a linear re-
gression). In the 58sec data set, we let the coefficients of in-
terest (ie, the association between current mood and the prob-
ability of later engaging in a particular activity from the logistic
regression model, and the resulting change in mood from the

Key Points
Question Is impaired mood homeostasis (ie, failure to stabilize
mood via mood-modifying activities) associated with low mood
and a history of depression?

Findings In 2 case-control studies including a total of 58 328
participants from low-, middle-, and high-income countries, mood
homeostasis was lower in participants with low mood and those
with a history of depression. Dynamic simulations showed that
impaired mood homeostasis may lead to increased incidence and
longer duration of depressive episodes.

Meaning Mood homeostasis may be a new target for the
development of novel treatments and the optimization of existing
ones such as activity scheduling.
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linear regression model) vary as a function of a participant’s
mean mood. We evaluated mood homeostasis for mean moods
ranging from 2 SDs below the population mean to 2 SDs above
(ie, from 25 to 97 on a sliding scale of 0 to 100). We first tested
the null hypothesis that mood homeostasis at any level of mean
mood is equal to zero. We then tested the null hypothesis that
mood homeostasis is identical between a mean mood equal
to the mean in the top half of the population (75.2) and that in
the bottom half of the population (46.9). Similarly, in the WHO
SAGE data set, we calculated the coefficients of interest sepa-
rately for people with and without a history of depression. We
first tested the null hypotheses that mood homeostasis is equal
to zero in each group (people with and people without a his-
tory of depression) and then the null hypothesis that there is
no difference between the groups.

As in previous studies,7-9 the time of day and day of the
week (only available for the 58sec data set) were included as
potential confounders in the 2 regressions. The regression used
to assess the association between current mood and the prob-
ability of later engaging in a particular activity also included a
latency effect (ie, whether an individual was already engaged
in that activity before), and the daily mean mood as potential
covariates. Details on covariates are provided in eMethods 6
in the Supplement. Full details on the statistical analysis are
presented in eMethods 7 and eFigure 3 in the Supplement, and
robustness analysis is presented in eMethods 8 in the Supple-
ment. Significance level was set at P < .05, and all statistical
tests were 2-sided. Statistical tests were achieved using the
nonparametric bootstrap method.

Dynamic Simulations
To further assess the association of low mood homeostasis with
depressive episodes, we developed a generative model to simu-
late mood and activity timelines for a 5-year period for 200
simulated individuals: 100 with high and 100 with low mood
homeostasis. This simulation is further described in eMethods
9 in the Supplement.

Results
A total of 28 212 participants from the 58sec data set (18 504
[65.8%] female and 9621 [34.2%] male, among those who
reported sex; mean [SD] age, 28.1 [9.0] years) and 30 116
from the WHO SAGE data set (17 175 [57.0%] female and
12 939 [43.0%] male, among those who reported sex; mean
[SD] age, 57.8 [14.7] years) were included in the analysis, for
a total study population of 58 328 participants. Mood
homeostasis as a function of an individual’s mean mood in
the 58sec data set is shown in Figure 1. For individuals’
mean moods below the population mean (μ = 61), mood
homeostasis decreased monotonically. Its value fell to a
range that included zero for mean moods below 33. Mood
homeostasis for a high mean mood (taken as 75.2, which is
the mean in the top half of the population) was significantly
higher than mood homeostasis for a low mean mood (taken
as 46.9, which is the mean in the bottom half of the popula-
tion): 0.96 (95% CI, 0.96-0.98) vs 0.63 (95% CI, 0.45-0.79)

(P < .001) (Figure 2A). Both values were significantly larger
than zero (P < .001).

In the WHO SAGE data set, mood homeostasis among
people without a history of depression was 0.68 (95% CI, 0.55-
0.75) and significantly different from zero (P < .001) (Figure 3A).
Among people with a history of depression, mood homeo-
stasis was 0.03 (95% CI, −0.26 to 0.24) and not significantly
different from zero (P = .68) (Figure 3A). The difference be-
tween the 2 was statistically significant (difference, 0.65; 95%
CI, 0.46-0.93; P < .001), which implies that people with a his-
tory of depression had a disrupted mood homeostasis (which
may even be effectively absent) compared with people with-
out a history of depression. These findings were found to be
robust when the data were randomly split in 2 independent
subsets, when using parametric tests, when using multilevel
regression models, and when adjusting for the country of ori-
gin (eFigure 4 in the Supplement).

Factors Associated With Group Differences
in Mood Homeostasis
In the 58sec data set, thinking was associated with a reduc-
tion in mood homeostasis in participants with low mean mood
(Figure 2B and C). These participants tended to think more
when their mood was low, although this was associated with
a further decrease in their mood—the opposite of mood ho-
meostasis. However, the group difference in mood homeosta-
sis in terms of all other activities was also statistically signifi-
cant (difference, 0.15; 95% CI, 0.04-0.26; P < .001) (eFigure 5
in the Supplement), suggesting that it must also be associ-
ated with other factors. No specific activity was found to be
associated with the group difference in mood homeostasis in
the WHO SAGE data set (Figure 3B and C and eFigure 6 in the
Supplement).

The group differences in mood homeostasis were more
closely associated with when people engage in mood-
modifying activities than with how activities modify mood.

Figure 1. Mood Homeostasis as a Function of an Individual’s Mean Mood
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In the 58sec data set, the change in mood resulting from en-
gaging in different activities was virtually identical for people
with high and low mean mood (correlation between the hori-
zontal spread of activities, in Figure 2B and C, within the group
with high mean mood and the horizontal spread of activities
within the group with low mean mood: 0.955). For example,
exercising was the activity that was associated with the larg-
est boost in participants’ mood regardless of mean mood
levels. In contrast, the 2 groups were less similar in their pro-
pensity to engage in different activities as a function of their
current mood (correlation between vertical spreads in Figure 2B
and C: 0.787). The difference between these 2 correlations was

statistically significant (difference, 0.17; 95% CI, 0.07-0.32;
P < .001). Similarly, in the WHO SAGE data set, people with and
without a history of depression were relatively similar in the
change in mood associated with different activities (correla-
tion between horizontal spreads in Figure 3B and C: 0.782) but
less similar in their propensity to engage in different activi-
ties as a function of their current mood (correlation between
vertical spreads in Figure 3B and C: 0.135). The difference be-
tween these 2 correlations was statistically significant (differ-
ence, 0.65; 95% CI, 0.41-1.03; P < .001).

When people experience low mood, mood homeostasis can
be achieved in 2 ways: individuals can refrain from engaging

Figure 2. Group Differences in Mood Homeostasis in the 58sec Data Set
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Figure 3. Group Differences in Mood Homeostasis in the World Health Organization Study on Global Aging and Adult Health Data Set
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in mood-decreasing activities (negative valence; eg, postpon-
ing housework), or they can engage in mood-increasing ac-
tivities (positive valence; eg, exercising). In the 58sec data set,
activities with negative valence contributed more to the group
difference in mood homeostasis than activities with positive
valence. Specifically, the group difference in mood homeo-
stasis between people with high and low mean mood for nega-
tive activities was 1.27 (0.76 vs −0.51 [95% CI, 1.07-1.59];
P < .001), whereas the group difference in mood homeostasis
for positive activities was 0.22 (0.94 vs 0.72 [95% CI, 0.08-
0.47]; P < .001), and the difference between the 2 was statis-
tically significant (1.05 [95% CI, 0.81-1.41]; P < .001). A simi-
lar trend was observed in the WHO SAGE data set. The group

difference in mood homeostasis between people with and with-
out a history of depression was 0.860 for negative activities
(0.559 vs −0.301 [95% CI, 0.314-1.456]; P = .003) and 0.285 for
positive activities (0.383 vs 0.098 [95% CI, −0.002 to 0.937];
P = .054), although the difference between the 2 did not reach
statistical significance (0.575 [95% CI, −0.320 to 1.226]; P = .24).

Dynamic Simulations
In simulations of mood and activity timelines (Figure 4), low
mood homeostasis was associated with 3 times more depres-
sive episodes than high mood homeostasis (11.8% vs 3.8% an-
nual incidence of depressive episodes; P < .001) (Figure 5). When
they occurred, these depressive episodes lasted significantly

Figure 4. Output of the Dynamic Simulation of Mood and Activity Timelines for 1 Subject

4

1

3

2

0

–1

–2

–3

M
oo

d

Time, d

Simulated mood timelineA

365 730 1095 1460 18250

–1.0

–1.5

–2.0

–2.5

–3.0

M
oo

d

Depressive mood periodB

Time, d
1270 1280 1290 1300

Simulated activity timelineC

Activity
Sport

Culture
Leisure
Nature

Chatting
Playing
Eating

Shopping
Helping

Drinking
Music

Cooking
Grooming
Childcare

Television
Phone

Texting
Housework

Work
Transit

Other
Resting

Internet
Waiting

Thinking

Time, d
1270 1280 1290 1300

A, Example of a mood timeline from a simulated individual with low mood
homeostasis, with the depressive episode occurring in the fourth year
highlighted in blue. B and C, Zoom on the squared portion of the curve in part A,
showing the mood and activity timelines. In the latter, a dot is present if the
simulated individual is engaged in that activity at that particular moment. The

color of the dots corresponds to their effects on mood (blue dots have a
negative effect on mood whereas orange dots have a positive effect), and
darker dots indicate more influence of activity on mood. The preponderance of
blue dots shows that the simulated individual is mostly engaged in activities
that tend to decrease their mood despite their already depressed mood.
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longer (4.19 vs 2.90 weeks; P = .006) (Figure 5). As illustrated
in Figure 4C, when their mood was low, people with low-
mood homeostasis may have been more likely to engage in
mood-decreasing activities (blue dots) in higher proportion than
mood-increasing activities (orange dots), which was further as-
sociated with a reduction in their mood.

Discussion
Across 2 large data sets including more than 58 000 people
around the globe, we found that individuals with low mean
mood had impaired mood homeostasis and that, at the group
level, people with a history of depression showed no evi-
dence of mood homeostasis at all. In dynamic simulations, low
mood homeostasis predicted an increase in the incidence and
duration of depressive episodes.

In this study, although the changes in mood associated with
engaging in a specific activity at a specific time may appear small,
the changes associated with engaging in multiple activities were
additive. Thus, in the group with low mean mood, an indi-
vidual who was both thinking and waiting would decrease their
mood by a mean of 5 points (ie, 3 points for thinking and 2 points
for waiting). The changes over time also appeared to be cumu-
lative. For instance, an individual who is commuting and then
starts thinking while commuting and continues to think while
waiting for the elevator and then gets to work would see their
mood decrease by a mean of 9.6 points compared with their
mood before their commute. The decrease in mood from this
(arguably not uncommon) sequence of activities corresponds
to 29% of the median range of mood reports (see eResults 1 in
the Supplement for details). In addition, the dynamic simula-
tions enabled us to translate differences in mood homeostasis
into differences in incidence and duration of depressive epi-
sodes that are more clinically interpretable. The finding that the
simulated difference in mood homeostasis was associated with
a 3-fold increase in the incidence of depressive episodes and a
44% increase in their duration thus also supports clinically sig-
nificant associations between low mood homeostasis and
depression.

The 2 data sets used in this study differed on many im-
portant aspects, including age, socioeconomic background, and
data acquisition methods. The convergence of the findings from

these data sets as well as in sensitivity analyses testify to their
robustness. In addition, the consistency of the findings for high-
income and low- and middle-income countries contributes to
filling the gap between the burden of psychiatric disorders in
low- and middle-income countries1 and the scarcity of re-
search performed in them.13,14

Although findings converge in the 2 data sets, the strength
of the association with mood homeostasis was substantially
lower in people without a history of depression (WHO SAGE
data set) than in people with high mean mood (58sec data set).
This gap might be entirely accounted for by differences in sam-
pling duration and mean mood level between the data sets (as
shown in eResults 2 and eFigure 7 in the Supplement). Differ-
ences in age and income between data sets might also have
been a factor: older adults and people with lower income might
have daily activities that are less driven by their mood and more
driven by external factors such as the time of day, day of the
week, or immediate needs of the person or family. However,
in eResults 2 and eFigure 8 in the Supplement, we show these
were unlikely to have played significant roles. Finally, this
gap in mood homeostasis may result from underreporting
of depression by participants in the WHO SAGE data set
(some of the control individuals would then have a history
of depression, effectively lowering mood homeostasis in
that group). This underreporting would explain why the
prevalence of depression in that data set was lower than in the
corresponding countries.15 Alternatively, the survey might have
failed to reach a fully representative sample. Reliably estab-
lishing cross-cultural differences in mood homeostasis
remains for future work.

The association between mood homeostasis and depres-
sion may provide important insights into the treatment of de-
pression. Most treatments are developed in pragmatic ways
poorly informed by mechanistic understandings of mood regu-
lation, hampering their refinement and optimization.5 For ex-
ample, activity scheduling—a therapeutic technique in which
patients elaborate activity charts, predict their resulting plea-
sure, and actively evaluate with the therapist whether they
have had the anticipated effect16—is part of a wide range of psy-
chotherapies for depression, such as cognitive-behavioral
therapy17 and behavioral activation.18,19 However, its mecha-
nism of action remains largely unknown.20 Activity schedul-
ing avoids situations in which many unpleasant activities are

Figure 5. Distribution of the Number and Duration of Depressive Episodes in Dynamic Simulations
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scheduled consecutively, which is critical for achieving mood
homeostasis. This may be an important determinant of its
therapeutic benefit, in which case focusing explicitly on mood
homeostasis might further increase its efficacy. Moreover, mea-
suring mood homeostasis at baseline might help to predict
which patients will most benefit from such treatments or from
antidepressants. Similar to the early effect of antidepressants
on emotional processing,21 a gain of mood homeostasis could
also be an early biomarker of drug action.

A question for future investigation is the extent to which
behavior is driven primarily by conscious recognition of mood
states and active choice of subsequent activities, or whether
mood homeostasis occurs largely outside of awareness. Either
way, our findings could also be important in designing new psy-
chotherapeutic interventions. By monitoring mood in real
time,22 intelligent systems might be able to make activity rec-
ommendations to increase mood homeostasis. Such an inter-
vention could be delivered remotely,23,24 improving access to
treatment for patients for whom face-to-face care is unavail-
able, including in low- and middle-income countries.25,26 Im-
portantly, some associations between activities and mood
were highly culture specific. For instance, exercise led to the
highest increase in mood in high-income countries, whereas
religion did so in low- and middle-income countries. There-
fore, it seems that interventions aimed at increasing mood
homeostasis will need to be culture specific—or even indi-
vidual specific—and account for people’s constraints and
preferences. If a gap in mood homeostasis is found to be
driven by a few specific activities, then interventions could
directly target them. For instance, the effect of thinking on
mood homeostasis in the 58sec data set might reflect the ten-
dency for some people to ruminate when feeling depressed.27

In those people, an intervention that targets rumination28 could
restore mood homeostasis. Using the concept of mood ho-
meostasis might therefore unify different therapeutic
approaches by expressing their outcome as a quantifiable
measurement of mood stability.

Limitations
Although our hypothesis is that weak or absent mood homeo-
stasis may lead to depression, it is possible that low mood it-
self drives this association because this study was cross-
sectional. Using simulations, we have explored the possibility
of a direct link between the two. However, additional stud-
ies are needed to establish whether impaired mood homeo-
stasis may indeed cause depression. The large number of
participants guards against extreme unrepresentativeness,
but we know relatively little about their medical and social
histories. Hence, it is difficult to exclude various forms of
selection bias resulting, for example, from access to mobile
technologies (58sec cohort) or recruitment in different
countries (WHO SAGE study). Finally, measuring mood with
a sliding scale in the 58sec data set was motivated by the
need for simplicity (to be used multiple times a day within a
mobile application) while preserving a degree of granularity.
However, clinically validated mood scales29 could be used
in future studies, or the sliding scale could be validated
against them.

Conclusions
This study found that lower mood homeostasis was associ-
ated with low mood and a history of depression, and dynamic
simulations showed a plausible causal association linking the
two. These mechanistically informed findings may prompt
the development of new treatments for depression or the
optimization of existing ones, such as activity scheduling. As
a quantitative approach, measuring mood homeostasis may
play a role in personalized psychiatry by identifying the
patients most likely to benefit from a variety of treatments.
Additional studies are needed to demonstrate a causal link
between mood homeostasis and depression. We believe our
findings thus open the door to new research avenues that may
ultimately help reduce the disease burden of depression.
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