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Abstract
Introduction: There is growing evidence that mental disorders behave like complex dynamic systems. Complex
dynamic systems theory states that a slower recovery from small perturbations indicates a loss of resilience of a
system. This study is the first to test whether the speed of recovery of affect states from small daily life perturbations
predicts changes in psychopathological symptoms over 1 year in a group of adolescents at increased risk for mental
disorders.
Methods: We used data from 157 adolescents from the TWINSSCAN study. Course of psychopathology was
operationalized as the 1-year change in the Symptom Checklist-90 sum score. Two groups were defined: one with
stable and one with increasing symptom levels. Time-series data on momentary daily affect and daily unpleasant
events were collected 10 times a day for 6 days at baseline.
We modeled the time-lagged effect of daily unpleasant events on negative and positive affect after each unpleasant
event experienced, to examine at which time point the impact of the events is no longer detectable.
Results: There was a significant difference between groups in the effect of unpleasant events on negative affect 90
min after the events were reported. Stratified by group, in the Increase group, the effect of unpleasant events on both
negative (B = 0.05, p < 0.01) and positive affect (B = − 0. 08, p < 0.01) was still detectable 90 min after the events,
whereas in the Stable group this was not the case.
Conclusion: Findings cautiously suggest that adolescents who develop more symptoms in the following year may
display a slower affect recovery from daily perturbations at baseline. This supports the notion that mental health may
behave according to the laws of a complex dynamic system. Future research needs to examine whether these
dynamic indicators of system resilience may prove valuable for personalized risk assessment in this field.
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Background
Mental disorders are directly and indirectly associated
with a large part of overall morbidity and mortality
worldwide [1]. Once developed, many mental disorders
tend to become chronic or recur [2]. Hence, prevention
of these disorders is crucial.
Still, our current understanding of the development of
psychopathology is limited, due to a substantial amount of
different factors involved in this process (such as variations
in individual differences and environmental factors) and
complex, non-linear interactions between these factors.
Such complexity behind psychopathological processes
hampers accurate identification of people at risk.
Embracing this complexity may be the way forward in
understanding psychopathology and its development. A
promising approach to obtain accurate risk estimations
comes from the theory of complex systems. Examples of
such complex systems are ecosystems, which are known to
make shifts from a forest state to a swamp state, or the financial market, which can experience a sudden collapse [3,
4]. Although such changes are results of numerous mechanistic interactions, complex systems theory states that the
stability of a system, i.e., how hard it is for a large change to
occur, can be quantified in one characteristic: an index of
resilience. This overall estimate of resilience of the system
can be assessed by its capacity to recover from minor perturbations that occur. This phenomenon is called “critical
slowing down” (CSD) and refers to the process whereby
the system becomes increasingly slower in its capacity to
recover [3, 4]. Indicators of CSD have been shown to predict (non)-critical transitions as well as gradual change in
various sorts of complex systems, whether they are financial markets, oceans, climate, or brain activity [3, 5, 6]. If
these principles work for psychopathology as well, we can
assume that higher instability in the system (in this case,
mental health), and thus lower resilience, means that it is
more difficult to remain in a current healthy state and that
this is related to, on average, higher levels of symptoms in
the near future in this group of people.
Therefore, we expect that when speed of recovery
from small perturbations is slower over time, this signals
a lower stability of people’s current mental health state
and, therefore, a higher likelihood of a change in the
level of symptoms. Application of this approach to mental health, therefore, may help to improve personalized
assessment of risk and resilience to psychopathology before new symptoms have arisen [7–10].
Supporting this line of reasoning, some previous studies examined indirect indicators of the process of critical
slowing down, such as rising temporal autocorrelation
and variance [3], in the micro-dynamics of affect states.
These studies indeed showed that temporal autocorrelations and/or variances are increased in people with
higher levels of psychopathological symptoms compared
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to people with lower levels of symptoms or healthy controls [11–15]. Moreover, a study by Wichers and Groot
has shown on the individual level how a change in these
indicators directly preceded a transition to a state with
more psychopathological symptoms [16] Thus, there is
initial empirical support suggesting that mental health
may behave according to the laws of complex dynamic
systems based on indirect measures of critical slowing
down [10, 15, 17].
However, hardly any studies in psychopathology have
examined the phenomenon of critical slowing down
using direct measures of this process, i.e., direct measurements of the speed of recovery from minor perturbations in the system. For that, a design is needed that
allows for the prospective and detailed assessment of the
impact of minor perturbations in the flow of daily life on
mental states. To our knowledge, only one recent study,
by Vaessen and colleagues [18], examined in this way
the speed of the affect recovery from daily stressors in
groups with various levels of psychopathology. They
found that speed of affect recovery was slower in people
at early stages of psychosis compared to healthy volunteers and people with already developed psychosis. Although this study was not written explicitly from a
complex systems perspective, results may support the
predictions from that theory. This is because both
healthy controls and people with established psychosis
can be assumed to be in more stable states than those at
early stages of psychosis. Therefore, as a next step, it is
important to test the hypothesis that speed of recovery,
as an indicator of the process of critical slowing down,
indeed predicts the future development of psychopathology. The current study will therefore, for the first time,
use “speed of recovery from minor perturbations to the
system” as a direct dynamic indicator of the process of
critical slowing down to examine whether this measure
predicts future change in levels of psychopathology.
In order to examine this question, we used a sample of
adolescents from the general population with relatively
low levels of happy childhood experiences, representing
an increased risk for psychopathology [19]. These adolescents come from the TWINSSCAN data set which includes baseline time-series data on affect states and daily
unpleasant events, combined with baseline and follow-up
assessments of (subclinical) psychopathology in a large
sample of adolescents. Using a similar approach to measure the concept of “speed of recovery” as Vaessen and colleagues [18], we examined how quickly people recovered
in terms of their experienced affect states from small
negative events, reflecting minor perturbations, that happened throughout the day (e.g., spilled coffee, traffic jams).
In sum, the aim of this study is to examine whether the
speed of recovery from small perturbations in daily life differs between adolescents with different future trajectories
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of psychopathology. We expect the speed of affect recovery from daily life unpleasant events to be slower in adolescents who will develop more psychopathological
symptoms over 1 year than in adolescents who remain on
similar levels of symptoms over 1 year.
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individuals with the lowest range of safe and happy
childhood experiences (n = 451) were identified with a
median split. All participants in the final sample completed all four items.
Psychopathology trajectories

Methods
Sample and design

Data came from the TWINSSCAN cohort [20], which
comprises a subsample of 839 adolescents from the East
Flanders Prospective Twin Study (EFPTS), a register of all
multiple births in the Province of East Flanders, Belgium
from 1964 [21, 22]. All twins from the registry between
ages of 15 and 18 were invited to participate in the
TWINSSCAN study. This study consisted of baseline assessments and annual follow-ups [23]. Data from questionnaires and experience sampling methodology (ESM)
at baseline (T0) were used, as well as questionnaire data at
1-year follow-up (T1). Following our previous study with
the same sample [24], we used the data from subjects with
an above-average risk of psychopathology. Within this
subsample, we identified two groups with similar baseline
levels of symptoms, but different symptom trajectories
over the following year (see below), resulting in the subsample of 157 individuals (see “Results” for detailed description of the selecting procedure).
All participants provided written informed consent. For
those participants who were aged below 18 years, their
parents/caretakers signed additional written consent. The
local ethics committee (KU Leuven, Nr. B32220107766)
approved the study.
Instruments
Selection of individuals at increased risk

Similar to our previous study with the same subsample
[24], four items of the Dutch questionnaire on adverse
childhood experiences (JTV) [25] were used to assess the
quality of childhood experiences, namely the items: “I
had a happy childhood,” “my parents greatly loved each
other,” “I got the attention that I needed,” and “my privacy was respected.” These four items were over 90% correlated with the overall score of the JTV questionnaire
that was used in a previous twin sample of the EFPTS
(see [26] for a description of this sample). In addition,
they showed optimal variation in the studied population,
as they are phrased positively. Therefore, for the current
data collection, it was decided to assess only these four
items, as it relieves the participants’ burden of filling out
questionnaires, but retains essential information. These
items were measured with a 5-point Likert scale ranging
from 1 (“never”) to 5 (“very often”). These four items
had good internal consistency (Cronbach alpha in our
sample was 0.83 (confidence interval 0.80–0.85)). The
sum score of the four items was calculated, and the

The number of general psychopathological symptoms was
assessed at T0 and T1 with the Symptom Check List-90
(SCL-90) questionnaire [27] as a sum score of all 90 items.
To assess the trajectory of psychopathology, the SCL-90
scores at T0 were subtracted from the SCL-90 scores at
T1 for each participant. These change scores were divided
into tertiles, resulting in three groups defined by a reduction (Decrease group, mean SCL-90 sum score change =
− 41.48 points, n = 80), no change (Stable group, mean
SCL-90 sum score change = − 5.14 points, n = 80, and an
increase in symptom level (Increase group, mean SCL-90
sum score change = 25.9, n = 77) (see also Table 1). Furthermore, as the Decrease group reported significantly
higher symptom levels at T0 than the other groups, adding this group would not help to answer the research
question as we would not be able to make valid comparisons between this group and the other groups. Therefore
the Decrease group was excluded from the further
analysis.
Negative life events

Negative life events between T0 and T1 were measured
with an expanded version (20 items) of the Brugha List of
Threatening Experiences [28, 29]. Participants indicated
the presence or absence of an event during the 12-month
period between baseline T0 and T1. The sum of negative
life events was calculated and used as a continuous measure in the analyses.
Experience sampling procedure

Time-series data on affect states and daily unpleasant
events were collected by means of experience sampling
methodology [13, 30]. Participants filled in short questionnaires on a PsyMate™, a custom-made electronic device (www.psymate.eu), for 6 days, 10 times a day at
semi-random moments between 07:30 am and 10:30 pm.
More details about the ESM procedure in the TWINSSCAN cohort can be found elsewhere [24].
ESM measures
Positive and negative affect

We constructed negative and positive affect scores based on
the mean item scores of all available assessed affect items.
For the negative affect score, the mean score of all available
negative affect items (“insecure,” “lonely,” “anxious,” “irritated,” “listless,” “suspicious,” “down,” and “guilty”) was used.
For the positive affect score, the mean score of all available
positive items (“cheerful,” “relaxed,” “satisfied,” and
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Table 1 Sociodemographic characteristics, level of happy childhood experiences (JTV), Symptom Check List-90 scores, number of
negative life events between T0 and T1, percent of twin pairs allocated to the same group, and number, mean levels, and SDs of
ESM variables for the Stable and Increase groups
Measure

The Stable group

The Increase group

Number of people

80

77

% females

68.75%

63.64%

Low education

8

4

Middle education

50

54

High education

22

17

No data

0

2

Caucasian

78

76

Asian

1

0

No data

Education (n)

Ethnicity (n)

1

1

% of twin pairs allocated to the same group

9.59

14.03

M

SD

Range

M

SD

Range

Age at T0

17.85

3.98

14–33

16.95

3.60

15–34

JTV sum score at T0*

15.58

1.57

11–17

14.96

2.16

7–17

SCL-90 sum score at T0

127.08

26.13

92–214

130.73

33.91

90–245

SCL-90 sum score at T1*

121.94

25.89

90–212

156.65

42.18

105–305

Number of negative life events between T0 and T1

2.95

1.44

1–7

3.40

1.98

1–10

15.91

9.01

1–50

17.12

10.00

2–44

M

SD within-person

M

SD within-person

0.91

0.86

0.87

0.86

ESM measures at T0
Number of unpleasant events

Level of unpleasantness of unpleasant events
Negative affect score

1.72

0.51

1.87

0.61

Positive affect score

4.88

0.83

4.72

0.91

Note: * corresponds to a significant difference (p < 0.05) between Stable and Increase groups

“enthusiastic”) was used. All items were formulated as follows: “At this moment I feel … (‘lonely’, etc.)” and assessed
with 7-point Likert scales from 1 (“not at all”) to 7 (“very
much”).

significantly different from the person-specific mean of
negative/positive affect.

Daily unpleasant events

The speed of affect recovery was assessed by modeling the effect of unpleasant events on the level of
negative and positive affect. These models were constructed for five time points, starting from the same
time point, with the level of affect at time (t) as an
outcome and unpleasantness of the event at the same
time point (t) as a predictor. Following the contemporaneous association, the second model assessed the
lag-1 effect (affect at time (t) as an outcome and the
lagged unpleasantness of the event at the previous
time point (t − 1) as predictor, approximately 90 min
earlier), and so on, for five time points (t, t − 1, …,
t − 4) in total. The reason to choose only five time
points was the reduction of the number of

Daily events were recorded at every beep with a question
about the most important event since the last beep and
how pleasant/unpleasant this event was. Participants were
asked to rate an event (if any) on a 7-point Likert scale
ranging from − 3 as “very unpleasant” and 3 as “very pleasant”. For our study, we only used events that were
appraised unpleasant or neutral (reference category).

Speed of affect recovery

We operationalized the speed of recovery as the
amount of time it takes until the effect of unpleasant
events on negative/positive affect is no longer

Analysis
Differences between groups in speed of affect recovery from
daily unpleasant events
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observations due to restriction of the assessments
within the same day (associations from 1 day to the
next were omitted because of the large gap during
the night).
Our ESM data had a multilevel structure: multiple observations (level 1) belonged to one person (level 2), and multiple people sometimes belonged to the same twin pair
(level 3). Therefore, we used linear mixed models that are
multilevel models including both fixed and random effects.
The general model equation (including only fixed effects) is presented below: (1):
Level of affect ¼ level of unpleasantness of the event −lag
þ gender þ age þ time;
ð1Þ

Before model estimation, negative and positive affect
scores were person-mean centered by calculating the
mean score for each individual and subtracting this
score from the affect score at every time point. This was
done in order to keep only within-person and not
between-person changes in the models. As mixed errorcomponent models were used, the following random effects were specified: on the individual level, the random
intercept was added to correct for the different mean
levels of the affect for the participants, and a random
slopes for time and the event unpleasantness variables,
to correct for possible individual linear trends in these
variables over time. On the twin level, a random intercept was modeled to correct for possible differences in
the effect due to belonging to the same twin pair. For
the random effects, a diagonal positive definite matrix
structure was used (meaning that random effects are not
correlated with each other), and for the residuals, autocorrelation structure of order 1 (continuous AR (1)) with
a continuous time covariate was used (meaning that we
expect residuals to be correlated with themselves at
previous time points). Both covariance matrix structures were chosen based on the model comparisons,
as they were associated with the best model fit based
on the Akaike information criterion (AIC). All models
were corrected for age and gender. All analyses were
conducted in R version 3.6.1 with the “nlme” package
[31] (see Additional file 2 for R script). In addition,
we checked whether mean levels of the used variables
did not significantly differ between the two groups, to
ensure valid comparisons in speed of recovery. To
test the influence of different group compositions
based on different cutoffs for the SCL-90 change
score, we performed a limited version of multiverse
analysis (based on [32]). For details, see Additional files 1 and 2.
As we aimed to examine the difference between
groups in the speed of recovery, we investigated whether
this effect differed between the Increase and Stable
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group at every time point. For that, we added an interaction effect of group*event to Eq. (1) that lead to Eq.
(2) and fitted these models to the whole sample.
Level of affect ¼ level of unpleasantness of the event −lag
þlevel of unpleasantness of the event −lag group
þgroup þ gender þ age þ time;

ð2Þ

After that, we assessed the effect for each group separately, to assess group-specific trajectory of affect recovery. For that, models (Eq. (1)) were fitted separately for
the Stable and the Increase groups for 5 consecutive
time points.
Speed of affect recovery from daily unpleasant events as
predictor of individual symptom trajectories

After estimating the group differences in speed of affect
recovery, we investigated whether these estimates of the
speed of recovery can predict future individual symptom
trajectories. To create this personal indicator, we first fitted the multilevel models (I) for the whole sample, and
then derived the random slope estimation of the variable
“event unpleasantness” for each individual. Since the
random slope represents the individual deviation from
the mean regression slope, these estimations may be
used as a proxy for the effect for each individual. We extracted these random slopes for the model at contemporaneous (t) time point, t − 1, and so on, based on the
results of the previous (group-based) analysis (see the
“Results” section). Thus, we had several scores for each
individual, representing the individual effect of the event
unpleasantness on affect at t, t − 1, and so on. After that,
we combined these several scores into one affect recovery measure. To do so, we used these individual scores
to calculate individual areas under the curve with respect
to baseline (AUCb) using the formula proposed by
Pruessner and colleagues [33]. Thus, steeper recovery
curve would mean smaller AUCb and faster affect recovery, and less steep recovery curve would mean larger
AUCb and slower affect recovery. After that, we tested
whether these individual AUCbs were associated with
the SCL-90 scores at T1, corrected for scores at T0, belonging to twin pair (as a random intercept), age, gender,
and number of negative life events from T0 to T1. For
the effect size estimation, the outcome and predictor
variables were standardized using a grand mean score
(see Additional file 2 for R script).

Results
Sample characteristics

In line with our previous paper on the same subsample
[24], 839 individuals had enrolled in T0. From them, 25
people (2.98%) had no JTV data and were excluded.
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Then, we selected the subsample with a lower level of
happy childhood experiences based on the median split
of JTV scores resulting in a sample of 451 individuals.
Among the remaining 451 individuals, SCL-90 data on
both T0 and T1 were available for 249 participants (4
participants missed the SCL-90 data at baseline, and
200—at follow-up, 44.25% drop-out). From the
remaining subsample, ten participants were excluded because they provided less than 30% of ESM data (4.01%),
and two because they reported no negatively appraised
daily events (0.84%). This resulted in 237 participants.
When grouped based on tertiles of change in the SCL90 sum score in 1 year follow-up, this led to three
groups: one (Stable group) of 80 participants that
showed the smallest change in symptoms (for details see
Table 1); one (Increase group) of 77 participants that
showed the largest increase in symptoms (for details see
Table 1), and one (Decrease) group of 80 participants
(Mage = 17.84, age range 14–33 years, SD = 3.84; 66.25%
females) who showed the largest decrease in symptoms.
As the latter subgroup had significantly higher SCL-90
scores at baseline than the other two groups (p < .0001
with the comparison to the Stable group and p < .0001
with the Increase group), this group was excluded from
analyses. The Stable and the Increasing group did not
differ significantly on the SCL-90 score (difference =
3.65, p = .45) at baseline. At T1, the level of symptoms of
the Increase group was significantly higher than of the
Stable group (difference = 34.71, p < 0.001) which
roughly corresponds to an increase of one severity
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category [34]. Trajectories of psychopathology for the
two groups are presented in Fig. 1.
The Stable and Increase groups did not significantly
differ in sociodemographic characteristics and mean
level affect and number and level of unpleasant events
(Table 1). Groups also did not differ in the number of
occasions when unpleasant events occurred at two and
three consecutive time points.
The Increase group had significantly lower level of happy
childhood experiences (JTV) (difference = 0.45, p = 0.04).
In Table 1, JTV is 4 items (“I had a happy childhood,”
“my parents greatly loved each other,” “I got the attention
that I needed,” and “my privacy was respected”) from
Dutch questionnaire on adverse childhood experiences
[25]. SCL-90 is from Symptom Check List-90 (SCL-90)
questionnaire [27], sum score of all items. Number of
negative life events between T0 and T1 is measured with
Brugha List of Threatening Experiences [28].
Differences between groups in speed of affect recovery
from daily unpleasant events

At the same time point (lag 0), there was no significant
difference between the groups in the effect of unpleasant
events on negative and positive affect. For both groups,
the effect was present (see Table 2 and Fig. 2).
At the next time point (average 90 min after the event,
lag 1), the groups differed with regard to the effect of
unpleasant events on negative affect, but not positive
affect (see Table 2 and Fig. 2). Stratified by group, for
both negative and positive affect, the effect remained detectable for the Increase group, but not for the Stable

Fig. 1 The change in SCL-90 mean sum score for the Stable and the Increase groups. In this figure, the y-axis represents the total sum score of
the SCL-90 items; x-axis represents the baseline (T0) and 1 year (T1) assessments. The lines represent the change in the number of symptoms for
the Stable group (solid light-gray line) and for the Increase group (dashed dark-gray line). p values correspond to the results of the tests of the
differences of SCL-90 sum-scores between the Stable (n = 80) and the Increase (n = 77) groups at T0 and T1. The Stable and the Increase group
did not differ significantly on the SCL-90 score (difference = 3.65, p = .45) at T0. At T1, the level of symptoms of the Increase group was significantly
higher than of the Stable group (difference = 34.72, p < 0.001) which roughly corresponds to an increase of one severity category [34]
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Table 2 The effect of unpleasant events on negative and positive affect, per group and group * unpleasant event interaction
The Stable group

Lag 0

The Increase group

Interaction effect

Negative affect

Positive affect

Negative affect

Positive affect

Negative affect

Positive affect

B

p

B

p

B

P

B

p

B

p

B

p

0.09*

< 0.01

−0.11*

< 0.01

0.11*

< 0.01

−0.15*

< 0.01

0.02

0.34

−0.05

0.19

Lag 1

−0.01

0.62

−0.03

0.30

0.05*

< 0.01

−0.08*

< 0.01

0.05*

0.02

−0.06

0.15

Lag 2

0.02

0.25

0.00

0.87

−0.01

0.62

0.04

0.19

−0.03

0.33

0.03

0.39

Lag 3

0.02

0.38

0.01

0.83

0.04

0.17

−0.01

0.85

0.02

0.59

−0.02

0.72

Lag 4

0.00

0.95

0.00

0.88

0.01

0.70

−0.03

0.44

0.02

0.59

−0.04

0.43

*indicates significant (< 0.05) effect

Fig. 2 The speed of negative and positive affect recovery for Increase and Stable groups. In these figures, the y-axis depicts the b-coefficients that
represent the effect of affect (negative for a, positive for b) from the model at the corresponding lag after the unpleasant events. Lag 0
corresponds to the contemporaneous association at the moment of the unpleasant event, and lags 1–4—the associations 90, 180, 270, and 360
min, respectively, between the event and affect. The solid gray line represents the pattern of recovery of negative affect for the Stable group, and
the dashed black line represents pattern of recovery of negative affect for the Increase group. Stars indicate significant (p < 0.05) differences for
the level of affect from person-specific mean levels of affect
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Fig. 3 Speed of negative affect recovery as a predictor of individual symptom trajectories. In this figure, the y-axis depicts the standardized score
of the change of SCL-90 from baseline to follow-up. 0 represents the mean change in Stable and Increase group (i.e., increase of 10.21 points),
and each step of 1 corresponds to 1 SD increase (or decrease) in the SCL-90. x-axis depicts the standardized score of area under the curve with
respect to baseline (AUCb) of the negative affect recovery after the negatively appraised events: 0 represents the mean AUC, and the step of 1
SD increase (or decrease) in the AUCb. Thus, smaller values indicate smaller AUCb and therefore faster affect recovery, and larger values represent
larger AUCb and therefore slower affect recovery. The fitted line represents the linear relationship between change in SCL-90 scores and speed of
affect recovery, depicting a small positive correlation between these variables, meaning that the increase in the level of SCL-90 is positively
correlated with the longer affect recovery

group. To check robustness of the group difference with
regard to the lag-1 effect of unpleasantness on negative
affect, a limited multiverse analysis was performed
(based on the idea by [32]), which suggested robustness
of the effect to different group compositions. For details,
see Additional file 1.
At the following time points (lags 2, 3, and 4), the effect was no longer significant for neither negative nor
positive affect, and there were no differences between
groups (see Table 2).
Speed of affect recovery from daily unpleasant events as
predictor of individual symptom trajectories

As the difference between groups was detectable on
t – 1, we extracted the random slopes for the model at
contemporaneous (t) time point, t − 1 and t − 2 (one
more to represent the recovery to baseline). For negative
affect, resulting AUCb was borderline significantly
(Beta = 0.09, p = 0.051) associated with SCL-90 scores on
T1 (corrected for scores at T0). For positive affect,
AUCb was not associated with SCL-90 scores on T1
(Beta = − 0.02, p = 0.74) (Fig. 3).

Discussion
This study examined whether the speed of affect recovery from small perturbations in daily life differs between

adolescents with different mental health trajectories in
the following year. Results show that, in individuals who
will develop more symptoms in the following year, their
negative affect recovered slower after unpleasant events
than in people with no increase in symptoms in the following year. For positive affect, group differences were
not significant. Stratified by group, the effect of unpleasant events on both negative and positive affect was detectable 90 min longer in the Increase group than in the
Stable group. The analysis of the individualized estimations of speed of recovery similarly showed an association between speed of negative affect recovery and
individual future symptoms change, but did not reach
significance.
Complex systems principles and psychopathology

This study supports the idea that the complex systems
approach can be applied to psychopathology. This approach assumes that the system can shift between alternative states, such as between having different levels of
symptoms. These results add to the growing body of research suggesting that dynamic indicators of stability of
complex systems, which estimate the process of “critical
slowing down,” may be also applicable to mental health.
The current results have shown that a direct measure
hereof—namely speed of affect recovery from small
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perturbations—predicted mental health outcomes.
Moreover, although at baseline the two groups were
similar in levels of symptomatology, they already differed
in this dynamic measure of resilience. Thus, the dynamic
examination of speed of recovery may capture some additional information compared to simple mean levels of
stressors, affect states, and levels of symptoms. Therefore,
in the future, a complex systems approach to mental
health may contribute to a more accurate and reliable prediction of risk and resilience in psychopathology.
The dynamic concept of resilience

Psychological resilience is a popular topic in contemporary mental health research, as many scholars believe that
focusing on protective mechanisms may yield insights for
prevention and treatment [35–37]. However, most studies
attempt to examine resilience using static measurements,
such as retrospective questionnaires estimating personal
competences, acceptance of change, social abilities and
support, coping strategies, levels of optimism, and meaning in life [38–40]. However, the concept of resilience, in
most of its definitions, is about people’s ability to withstand adverse circumstances, making the concept a dynamic one [11, 41, 42]. Although static measures certainly
may tap into important aspects of resilience, they are
unlikely fit to fully capture a dynamic concept. Defining
resilience from a complex systems perspective has the
advantage that it can be assessed in a direct, dynamic way,
by prospectively measuring the impact of minor perturbations on the system. Although replication is warranted,
the dynamic assessment of resilience may become a valuable tool to assess and monitor change in psychological
resilience both for research and clinical practice.
Methodological issues

The current study has several methodological issues.
First, as the data came from a twin sample, it is possible
that twins may have different dynamics of affect than
non-twins, and therefore the findings may not be fully
generalizable. Moreover, the phenotype of slower (or faster) affect recovery may have a shared hereditary component. However, despite being a twin cohort, we could
only use those participants who also had follow-up measurements. Thereby, although interesting, this sample is
strongly underpowered for any hereditary investigations.
Second, the approach that we took for creating individualized affect recovery indicators has both benefits and
limitations. The additional benefits of this approach
were (i) the creation of one indicator that reflected recovery over several time points, (ii) a possibility to test
the predictive value of this indicator on the individual
level, and (iii) a possibility to obtain potentially clinically
relevant estimations of effect sizes (i.e., how differences
in the speed of recovery were associated with change in
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SCL-90 scores). The limitation of this approach, however, was a reduction of power due to the loss of the
multilevel structure of the data, as this approach was
performed with one score representing the speed of recovery per individual (although the time-series data
allowed us to retain more power due to the lower standard deviations of the variables which were constructed
based on multiple observations, compared to a hypothetical cross-sectional study with only one variable per person). Therefore, the borderline significance of the
association between this AUCb score and future level of
symptoms may be also due to the lack of power. Finally,
symptom trajectories were measured with only two assessments, 1 year apart, which adds much noise to the
data. Therefore, the results of this study should be considered preliminary until reproduced with more data observations and higher temporal precision.

Clinical translation and future directions

The above method of assessing people’s current resilience state may have clinical value, not only as a way to
monitor individual resilience but also as a new potential
target for intervention and prevention strategies. There
are, however, some important steps in the process of
translating this study outcome to clinical practice. First,
findings need to be translated from the group level to
the individual level. The differences between individuals
concerning affect dynamics may be substantial [43] and
it is very important to investigate which changes are of
clinical relevance and for whom. The results of this
study represent the average effect over many, and therefore the overall effect is an average of individual differences in affect dynamics. Moreover, individuals may also
differ in the moment when they precisely developed
symptoms, and this moment was not assessed in the
current study as only a single follow-up measure was
used. Thus, new personalized designs, in which people
are continuously and intensively monitored with regard
to daily stress, affect and symptoms over extended periods of time, are required to establish whether CSD indicators indeed consistently anticipate relevant symptom
changes. Although our study represents a first step towards testing this hypothesis, an important next step is
to reproduce these findings at the individual level.
Second, we can assume that speed of recovery, as an indicator of system stability, is not a constant but will change
over time. If we thus want to monitor changes in people’s
resilience, we should measure how the speed of recovery
from daily unpleasant events changes over time within individuals. This would require a design in which individuals
are monitored with ESM over a longer period of time (e.g.,
several months). Feasibility of such designs in patients has
recently been established (unpublished communication).
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Finally, for this study, we assume that CSD, because it
signals instability of the system, is relevant in predicting
vulnerability to psychopathology. With the current design, it was not possible to assess directly whether a sudden transition occurred and, if so, at what moment in
time. Therefore, for future studies, it is important to attempt to follow participants through transitions between
states and to directly assess the timing and shape of this
transition and the changes in the speed of recovery with
respect to them.

Conclusions
This paper applies complex dynamic systems theory to
mental health and is the first to demonstrate that a direct
indicator of critical slowing down—speed of recovery from
small perturbations—may predict mental health problems
in the following year, over and above the level of symptomatology. The paper supports the notion that mental health
may behave according to the laws of a complex dynamic
system and provides a basis for the use of a new dynamic
measure of psychological resilience. This dynamic measure
may have useful clinical applications.
Additional files
Additional file 1 Description of limited multiverse analysis.
Additional file 2 R script, R.
Abbreviations
AUCb: Area under the curve with respect to baseline; CSD: Critical slowing
down; ESM: Experience sampling methodology; JTV: Dutch questionnaire on
adverse childhood experiences (Jeugd Trauma Vragenlijst); SCL-90: Symptom
Check List-90
Acknowledgements
We thank Dr. Klaas Wardenaar, who kindly gave advice on some aspects of
the statistical analysis.
Funding
The East Flanders Prospective Twin Survey (EFPTS) is partly supported by the
Association for Scientific Research in Multiple Births and the TwinssCan
project is part of the European Community’s Seventh Framework Program
under grant agreement No. HEALTH-F2-2009-241909 (Project EU-GEI); M.
Wichers was supported by funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innovative
programme (ERC-CoG-2015; No 681466); J.T.W Wigman was supported by
the Netherlands Organization for Scientific Research (NWO) (Veni grant no.
016.156.019); Ruud van Winkel was supported by a FWO Senior Clinical Fellowship (3M150375).
Availability of data and materials
As there is a possibility to identify participants based on their clinical and
experience sampling data, the datasets generated and/or analyzed during
the current study cannot be made publicly available based on European law.
Authors’ contributions
AK, JW, SB, and MW were involved in the formulation of the research
hypothesis and questions. CML, JD, RvW, PD, MdH, CD, ET, BR, NL, and JvO
participated in data collection, study design, and data management. SB and
AK managed literature searches and statistical analyses and wrote the first
version of the manuscript. JW and MW participated in editing and finalizing

Page 10 of 11

the manuscript. All authors have contributed to and have approved the final
manuscript.
Ethics approval and consent to participate
All participants provided written informed consent. For those participants
who were aged below 18 years, their parents/caretakers signed additional
written consent. The local ethics committee (KU Leuven, Nr. B32220107766)
approved the study.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
University of Groningen, University Medical Center Groningen, University
Center Psychiatry (UCP) Interdisciplinary Center Psychopathology and
Emotion Regulation (ICPE), Groningen, The Netherlands. 2Department of
Research and Education, Friesland Mental Health Care Services, Leeuwarden,
The Netherlands. 3Center for Integrative Psychiatry, Lentis, Groningen, The
Netherlands. 4Department of Psychiatry and Neuropsychology, School of
mental health and neuroscience (MHeNS), Maastricht University, Maastricht,
The Netherlands. 5University Psychiatric Centre Sint-Kamillus, Bierbeek,
Belgium. 6KU Leuven, Department of Neurosciences, Center for Public Health
Psychiatry, UPC KU Leuven, Leuven, Belgium. 7KU Leuven, Department of
Neurosciences, Center for Clinical Psychiatry, UPC KU Leuven, Leuven,
Belgium. 8Mondriaan Mental Health Care, Heerlen, The Netherlands.
9
Antwerp Health Law and Ethics Chair – AHLEC University Antwerpen,
Antwerp, Belgium. 10Centre of Human Genetics, University Hospital Leuven,
KU Leuven, Leuven, Belgium. 11Department of Obstetrics and Gynecology,
Ghent University Hospital, Ghent University, Ghent, Belgium. 12Department of
Neurology, Ghent University Hospital, Ghent University, Ghent, Belgium.
13
Faculty of Psychology and Educational Sciences, Open University of the
Netherlands, Heerlen, Netherlands. 14Department of Psychosis Studies,
Institute of Psychiatry, King’s Health Partners, King’s College London, London,
UK. 15Department Psychiatry, Brain Center Rudolf Magnus, Utrecht University
Medical Centre, Utrecht, The Netherlands.
Received: 4 July 2019 Accepted: 21 January 2020

References
1. GBD 2015 DALYs and HALE Collaborators. Global, regional, and national
disability-adjusted life-years (DALYs) for 315 diseases and injuries and
healthy life expectancy (HALE), 1990–2015: a systematic analysis for the
Global Burden of Disease Study 2015. Lancet. 2016;388:1603. https://doi.org/
10.1016/S0140-6736(16)31460-X.
2. Whiteford HA, Degenhardt L, Rehm J, Baxter AJ, Ferrari AJ, Erskine HE, et al.
Global burden of disease attributable to mental and substance use
disorders: Findings from the Global Burden of Disease Study 2010. Lancet.
2013;382:1575.
3. Scheffer M, Bolhuis JE, Borsboom D, Buchman TG, Gijzel SMW, Goulson D,
et al. Quantifying resilience of humans and other animals. Proc Natl Acad
Sci. 2018;115:11883.
4. Veraart AJ, Faassen EJ, Dakos V, van Nes EH, Lurling M, Scheffer M. Recovery
rates reflect distance to a tipping point in a living system. Nature. 2012;481:
357–9. https://doi.org/10.1038/nature10723.
5. Dakos V, Carpenter SR, van Nes EH, Scheffer M. Resilience indicators:
prospects and limitations for early warnings of regime shifts. Philos Trans R
Soc B Biol Sci. 2015;370:20130263.
6. Scheffer M, Bascompte J, Brock WA, Brovkin V, Carpenter SR, Dakos V, et al.
Early-warning signals for critical transitions. Nature. 2009;461:53–9. https://
doi.org/10.1038/nature08227.
7. Tschacher W, Schiepek G, Brunner EJ, editors. Self-organization and clinical
psychology: empirical approaches to synergetics in psychology; 1992.
https://doi.org/10.1007/978-3-642-12601-7.
8. Pezard L, Nandrino J-L. Dynamical paradigm in psychopathology: “Chaos
theory”, from physics to psychiatry. Encephale. 2001;27:260–8.
9. Granic I. Timing is everything: developmental psychopathology from a
dynamic systems perspective. Dev Rev. 2005;25:386–407.

Kuranova et al. BMC Medicine

(2020) 18:36

10. Schiepek G, Heinzel S, Karch S, Plöderl M, Strunk G. Synergetics in
psychology: patterns and pattern transitions in human change processes.
Underst Complex Syst. 2016;PartF1:181–208.
11. Gijzel SMW, Van De Leemput IA, Scheffer M, Roppolo M, Olde Rikkert MGM,
Melis RJF. Dynamical resilience indicators in time series of self-rated health
correspond to frailty levels in older adults. J Gerontol Ser A Biol Sci Med Sci.
2017;72:991.
12. Kuppens P, Sheeber LB, Yap MBH, Whittle S, Simmons JG, Allen NB.
Emotional inertia prospectively predicts the onset of depressive disorder in
adolescence. Emotion. 2012;12:283–9. https://doi.org/10.1037/a0025046.
13. Myin-Germeys I, Oorschot M, Collip D, Lataster J, Delespaul P, van Os J.
Experience sampling research in psychopathology: opening the black box
of daily life. Psychol Med. 2009;39:1533–47.
14. van de Leemput IA, Wichers M, AOJ C, Borsboom D, Tuerlinckx F, Kuppens
P, et al. Critical slowing down as early warning for the onset and
termination of depression. Proc Natl Acad Sci U S A. 2014;111:87–92. https://
doi.org/10.1073/pnas.1312114110.
15. Wichers M, Wigman JTW, Myin-Germeys I. Micro-level affect dynamics in
psychopathology viewed from complex dynamical system theory. Emot
Rev. 2015;7:1–6. https://doi.org/10.1177/1754073915590623.
16. Wichers M, Groot PC. Critical slowing down as a personalized early warning
signal for depression. Psychother Psychosom. 2016;85:114–6.
17. Kendler KS, Zachar P, Craver C. What kinds of things are psychiatric
disorders? Psychol Med. 2011;41:1143–50.
18. Vaessen T, Viechtbauer W, van der Steen Y, Gayer-Anderson C, Kempton MJ,
Valmaggia L, et al. Recovery from daily-life stressors in early and chronic
psychosis. Schizophr Res. 2019;213:32.
19. Kessler RC, McLaughlin KA, Green JG, Gruber MJ, Sampson NA, Zaslavsky
AM, et al. Childhood adversities and adult psychopathology in the WHO
world mental health surveys. Br J Psychiatry. 2010;197:378–85.
20. Pries LK, Guloksuz S, Menne-Lothmann C, Decoster J, van Winkel R, Collip D,
et al. White noise speech illusion and psychosis expression: an experimental
investigation of psychosis liability. PLoS One. 2017;12:e0183695.
21. Loos R, Derom C, Vlietinck R, Derom R. The East Flanders prospective twin
survey (Belgium): a population-based register. Twin Res. 1998;1:167–75.
22. Derom C, Thiery E, Peeters H, Vlietinck R, Defoort P, Frijns J-P. The East
Flanders prospective twin survey (EFPTS): an actual perception. Twin Res
Hum Genet. 2013;16:58–63. https://doi.org/10.1017/thg.2012.75.
23. Hasmi L, Drukker M, Guloksuz S, Menne-Lothmann C, Decoster J, van Winkel
R, et al. Network approach to understanding emotion dynamics in relation
to childhood trauma and genetic liability to psychopathology: replication of
a prospective experience sampling analysis. Front Psychol. 2017;8:1908.
24. Kuranova A, Wigman JTW, Menne-Lothmann C, Decoster J, van Winkel R,
Delespaul P, et al. Network dynamics of momentary affect states and future
course of psychopathology in adolescents. J Abnorm Child Psychol. 2019.
(article in preparation).
25. Arntz A, Wessel I. Jeugd trauma vragenlijst [Dutch version of the childhood
trauma questionnaire]. Maastricht; 1996.
26. Jacobs N, Myin-Germeys I, Derom C, Delespaul P, van Os J, Nicolson NA. A
momentary assessment study of the relationship between affective and
adrenocortical stress responses in daily life. Biol Psychol. 2007;74:60–6.
https://doi.org/10.1016/j.biopsycho.2006.07.002.
27. Derogatis L. SCL-90. Administration, scoring & procedures manual-I for the
(revised) version and other instruments of the psychopathology rating scale
series. Baltimore: Clinical Psychometrics Research Unit, Johns Hopkins
University School Medicine; 1977.
28. Brugha TS, Cragg D. The list of threatening experiences: the reliability and
validity of a brief life events questionnaire. Acta Psychiatr Scand. 1990;82:77.
29. Bebbington P, Hurry J. The list of threatening experiences: a subset of 12
life event categories with considerable long-term contextual threat. Psychol
Med. 1985;15:189.
30. Wichers M, Lothmann C, Simons CJP, Nicolson NA, Peeters F. The dynamic
interplay between negative and positive emotions in daily life predicts
response to treatment in depression: a momentary assessment study. Br J
Clin Psychol. 2012;51:206–22.
31. Pinheiro J, Bates D, DebRoy S, Sarkar D, Team TRC. nlme: Linear and
Nonlinear Mixed Effects Models. 2009. http://scholar.google.com/
scholar?start=10&q=mixed+effects+model&hl=en&as_sdt=2000#8.
32. Steegen S, Tuerlinckx F, Gelman A, Vanpaemel W. Increasing transparency
through a multiverse analysis. Perspect Psychol Sci. 2016;11:702.

Page 11 of 11

33. Pruessner JC, Kirschbaum C, Meinlschmid G, Hellhammer DH. Two formulas
for computation of the area under the curve represent measures of total
hormone concentration versus time-dependent change.
Psychoneuroendocrinol. 2003;28:916.
34. Arrindell W, Ettema H, Groenman N, Brook F, Janssen I, Slaets J, et al.
Further Dutch experiences with the symptom checklist-90 revised.
Psycholoog. 2003;38:576.
35. Bos EH, Snippe E, De Jonge P, Jeronimus BF. Preserving subjective
wellbeing in the face of psychopathology: buffering effects of personal
strengths and resources. PLoS One. 2016;11:1–15.
36. Kalisch R, Baker DG, Basten U, Boks MP, Bonanno GA, Brummelman E, et al.
The resilience framework as a strategy to combat stress-related disorders.
Nat Hum Behav. 2017; https://doi.org/10.1038/s41562-017-0200-8.
37. Schrank Brownell T, Tylee A, Slade MB. Positive psychology: an approach to
supporting recovery in mental illness. Posit Psychol. 2014;24:SP-95-103.
38. Connor KM, Davidson JRT. Development of a new resilience scale: the
connor-davidson resilience scale (CD-RISC). Depress Anxiety. 2003;18:76–82.
39. Wagnild GM, Young HM. Development and psychometric evaluation of the
resilience scale. J Nurs Meas. 1993;1:165.
40. Ponce-Garcia E, Madewell AN, Kennison SM. The development of the scale
of protective factors: resilience in a violent trauma sample. Violence Vict.
2015;30:735.
41. Waugh CE, Koster EHW. A resilience framework for promoting stable
remission from depression. Clin Psychol Rev. 2015;41:49.
42. Rutter M. Resilience as a dynamic concept. Dev Psychopathol. 2012;24:335–
44. https://doi.org/10.1017/S0954579412000028.
43. Kuppens P, Oravecz Z, Tuerlinckx F. Feelings change: accounting for
individual differences in the temporal dynamics of affect. J Pers Soc Psychol.
2010;99:1042.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

