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Abstract
How we perceive the world is not solely determined by what we sense at a given moment in time, but
also by what we processed recently. Here we investigated whether such serial dependencies for emo-
tional stimuli transfer from one modality to another. Participants were presented a random sequence
of emotional sounds and images and instructed to rate the valence and arousal of each stimulus
(Experiment 1). For both ratings, we conducted an intertrial analysis, based on whether the rating on
the previous trial was low or high. We found a positive serial dependence for valence and arousal
regardless of the stimulus modality on two consecutive trials. In Experiment 2, we examined whether
passively perceiving a stimulus is sufficient to induce a serial dependence. In Experiment 2, partici-
pants were instructed to rate the stimuli only on active trials and not on passive trials. The participants
were informed that the active and passive trials were presented in alternating order, so that they were
able to prepare for the task. We conducted an intertrial analysis on active trials, based on whether the
rating on the previous passive trial (determined in Experiment 1) was low or high. For both ratings,
we again observed positive serial dependencies regardless of the stimulus modality. We conclude that
the emotional experience triggered by one stimulus affects the emotional experience for a subsequent
stimulus regardless of their sensory modalities, that this occurs in a bottom-up fashion, and that this
can be explained by residual activation in the emotional network in the brain.
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1. Introduction

The emotional brain is a network of key brain areas including the prefrontal
cortex (PFC), amygdala, hypothalamus and anterior cingulate cortex (ACC)
(Dalgleish, 2004; Tovot et al., 2015). A small part of the sensory information
entering the brain goes to the amygdala. The amygdala can respond quickly
to emotionally relevant stimuli and for instance prepare the body for action
without much stimulus processing. After the amygdala, processing continues
through the cingulate cortex, the ventromedial prefrontal cortex and finally
the dorsolateral prefrontal cortex. Only in the dorsolateral prefrontal cor-
tex is the processing stream through the amygdala integrated with the more
cognitive processing stream from the sensory cortices. Emotional experience
and affective appraisal are the results of the integration of both processing
routes taking into account the context and previous experiences (van Erp et
al., 2016). This integration and interpretation of information is a typical func-
tion of the prefrontal cortex (Isotani et al., 2002). This network, starting with
the amygdala, receives information from all sensory systems (LeDoux, 2007;
McDonald, 1998), and it is therefore not surprising that emotional information
perceived via different sensory systems interacts with each other (Schreuder et
al., 2016). For instance, the sensation of wine depends upon the background
music (see Spence, 2015, for a review), and the emotional experience of music
depends on whether one can view the musician (Vines et al., 2006). In gen-
eral, multisensory interactions are typically observed when the information
from different sensory modalities is temporally or spatially aligned (Alais &
Burr, 2004; McGurk & MacDonald, 1976; Morein-Zamir et al., 2003; Philippi
et al., 2008; Shams et al., 2000; Shipley, 1964; Van der Burg et al., 2011,
2013a; Vroomen & De Gelder, 2000), and decreases with increasing asyn-
chrony (Noel et al., 2015; Slutsky & Recanzone, 2001; Van der Burg et al.,
2010, 2014; Van Wassenhove et al., 2007).

However, what we perceive via our different sensory modalities is not solely
determined by what we sense at a given moment in time. Indeed, numerous
studies have shown that our percept is also biased by information we pro-
cessed in our immediate past (Alais et al., 2017; Fischer & Whitney, 2014;
Fritsche et al., 2017; Harvey et al., 2014; Kiyonaga et al., 2017; Liberman et
al., 2014; Taubert et al., 2016; Van der Burg & Goodbourn, 2015; Xia et al.,
2016). Such serial dependencies have been observed across different modal-
ities and tasks (e.g., Fornaciai & Park, 2019; Lau & Maus, 2019; Liberman
et al., 2018; Manassi et al., 2018; Togoli et al., 2021)). There also appears to
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be a serial effect for the affective appraisal of emotional stimuli. For instance,
in our recent study, participants viewed a random sequence of different food
images and reported their affective appraisal of each image in terms of valence
and arousal (Van der Burg et al., submitted). For both measures, we conducted
an intertrial analysis, based on whether the rating on the preceding trial was
low or high. The analysis showed that valence and arousal ratings for a given
food image were both assimilated towards the ratings on the previous trial (i.e.,
a positive serial dependence). A positive serial dependence was also observed
when participants rated the emotional expression of faces (Liberman et al.,
2018) and when they made aesthetic judgements about artwork (Kim et al.,
2019).

A feasible explanation for this positive serial dependence may be a residual
activation in the emotional network caused by previous emotional experiences.
In other words, an emotional response does not disappear abruptly when a
stimulus disappears, but instead slowly decays over time (see Lapate et al.,
2017, for an example using face stimuli). As a result, the emotional response
to a subsequent stimulus is not a ‘pure’ response to the stimulus itself, but
rather a mixture of the residual emotional activation in combination with the
activation caused by the current stimulus. Such an averaging process over time
also explains why the emotional response to a new image is shifted towards
the preceding emotional response (i.e., a positive serial dependence). What is
interesting is that serial dependencies are not specific to the visual domain.
Indeed, similar short-term dependencies have been reported within the audi-
tory domain when participants were instructed to judge the direction of an
auditory frequency sweep (Alais et al., 2015), the loudness (Holland & Lock-
head, 1968; Jesteadt et al. 1977), or the timbre (Piazza et al., 2018) of a sound.
Serial dependencies have also been observed within the tactile domain when
rats had to judge each vibrissae (or whiskers) vibration (Hachen et al., 2020).

An intriguing question is whether the affective appraisal of emotional stim-
uli perceived in one sensory modality also depends on what was processed
in the immediate past by different sensory modalities. For instance, does
the emotional experience for a given visual or auditory stimulus depend on
whether you recently had a pleasant (like viewing a strawberry, or hearing
the ocean), or an unpleasant (like viewing a shooting soldier, or hearing a
car crash) emotional stimulus. Previous studies found no serial dependence at
the perceptual level across the auditory and visual sensory modalities (Forna-
ciai & Park, 2019; Lau & Maus, 2019). However, since there is a significant
overlap between the brain regions that mediate the core dimensions of affect
across these different sensory modalities (Satpute et al., 2015), it is likely that
there may also be a crossmodal transfer of serial dependency. The goal of this
study is to investigate whether serial dependencies for the affective appraisal of
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emotional stimuli transfer across the auditory and visual modalities. In Exper-
iment 1, we investigate whether the emotional experience transfers from one
trial to another regardless of the stimulus modality on successive trials. Given
the amodal nature of the amygdala (LeDoux, 2007; McDonald, 1998) and the
emotional network, we expect to find a positive serial dependence (consis-
tent with Van der Burg et al., submitted) for emotion perception regardless
of the stimulus modality on the previous trial (t − 1) and the current trial (t).
Another intriguing, yet unresolved question is whether such a positive serial
dependence for emotional stimuli also occurs when the task does not require
activation of the higher-order brain areas in the emotional network such as
the PFC. Involvement of the PFC is a prerequisite in for instance formulating
the affective appraisal of a stimulus but not for merely observing a stimulus.
Activation of the complete emotional network may result in a larger residual
activity in the network and thus a larger sequential dependence than a partial
activation of the network, e.g. the amygdala only. For instance, Tamietto and
de Gelder (2010) found evidence that the amygdala exerts some of its func-
tions even when participants were not aware of the content or even presence
of an emotional stimulus (see Diano et al., 2017, for an interesting review
regarding the amygdala’s response to emotional stimuli without awareness).
In Experiment 2, we investigate whether the emotional experience on the pre-
vious trial affects the emotional experience on the current trial even though no
emotional judgement is required on the previous trial. If passively observing
an emotional stimulus leads to partial activation of the emotional network only,
we expect to find a reduced positive serial dependence for emotional stimuli
compared to Experiment 1.

2. Experiment 1

The aim of Experiment 1 is to examine whether affective appraisal of visual
and auditory stimuli depends on the valence and arousal rating on the pre-
ceding trial regardless of the stimulus modality on the preceding trial. In the
present study, participants were presented a random sequence of 100 sounds
and 100 images and instructed to rate the valence and arousal of each stimulus
using the EmojiGrid (see Fig. 1A). Some example images are given in Fig. 1B,
and two example trials are depicted in Fig. 1C.

If an emotional response to a given stimulus results in a residual activa-
tion when the stimulus disappears, so that the subsequent emotional response
becomes a mixture of this residual response and the emotional response trig-
gered by the new stimulus, then we expect the rating for a given stimulus to
be higher when the residual activation (caused by the previous trial) is high
than when it is low (i.e., a positive serial dependence). Moreover, we expect
this positive serial dependence to be independent of the stimulus modality
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Figure 1. (A) EmojiGrid response tool used to rate the auditory and visual stimuli on each trial
(Toet et al., 2018). The horizontal axis represents the valence dimension and the vertical axis
represents the arousal dimension (0–100 point scale). (B) Example images used in the present
study. (C) Two consecutive example trials for Experiment 1. Participants either saw an image
or heard a sound, and were instructed to rate each stimulus using the EmojiGrid.

on successive trials, if the emotional response is processed by brain areas that
receive input from multiple senses, like the amygdala (LeDoux, 2007; McDon-
ald, 1998).

2.1. Method

2.1.1. Participants
We recruited 100 participants via Prolific (www.prolific.co). Since three par-
ticipants did not finish the whole experiment, we ended up with data from 97
participants (36 females; mean age 24.4 ± 5.1 ranging from 18 to 35). All the
participants were naïve as to the purpose of the online experiment. They signed
an informed consent form prior to the experiment. The experimental protocol
was reviewed and approved by the TNO Internal Review Board (TNO, The
Netherlands) and was in agreement with the Helsinki Declaration of 1975, as
revised in 2013 (World Medical Association, 2013). Note that all the partici-
pants participated in Experiments 1 and 2. Half of the participants started with
Experiment 1, whereas the other half started with Experiment 2.

2.1.2. Stimuli and Apparatus
The experiment was programmed using Gorilla (https://gorilla.sc) and the par-
ticipants performed the task online using their own computer. Performing the
task using a cell phone or tablet was not allowed. The stimuli consisted of 100
images and 100 sounds varying in emotional content (see Fig. 1B for exam-
ples). The images used in this experiment are a subset of the Nencki Affective
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Picture System (NAPS: Marchewka et al., 2014). The NAPS is a standard-
ized set of 1,356 realistic, emotionally-charged high-quality photographs, rep-
resenting five different semantic categories (people, faces, animals, objects,
and landscapes), with associated normative ratings for valence and arousal
(Marchewka et al., 2014; Riegel et al., 2016). The sound stimuli used in this
experiment are 100 sound clips from the expanded version of the International
Affective Digitized Sounds database (IADS-E; Yang et al., 2018), representing
nine different semantic categories (daily life scenarios, breaking sounds, daily
routine sounds, electric sounds, people, sound effects, transport, animals, and
music), with associated normative ratings for valence and arousal. The images
and sounds were selected such that their associated affective ratings (valence
and arousal) were maximally distributed over the two-dimensional affective
space.

2.1.3. Design and Procedure
A trial started with the presentation of a green fixation cross on a white back-
ground for 500 ms. Subsequently, either an image or a sound was presented
for 6,000 ms. Then, participants rated their affective appraisal of the stimulus
(i.e., valence and arousal) using a computer-based graphical EmojiGrid affec-
tive self-reporting tool (Toet et al., 2018). The EmojiGrid (depicted in Fig. 1A)
is a rectangular grid that is labelled with emojis with facial expressions that
vary from disliking (unpleasant) via neutral to liking (pleasant) along the x-
axis (valence), and gradually increase in intensity along the y-axis (arousal).
Users use the mouse to mark the location inside the grid that best represents
their affective appraisal of the stimulus. Both valence and arousal ratings were
scaled to a range between 0 and 100. The next trial was initiated when partic-
ipants marked their affective appraisal.

Participants received written instructions prior to the experiment, followed
by two practice trials (for rating both an image and a sound) to get familiar
with the task and the EmojiGrid. Participants also completed a sound check
to make sure that the audio was switched on (and set at a comfortable sound
level). On each trial the stimulus modality (auditory or visual) was randomly
determined. In total, there were 200 trials presented in a single block.

2.2. Results

Figure 2 illustrates the distribution of the responses in the EmojiGrid for all
stimuli used. Here, the mean arousal rating is shown as a function of the mean
valence rating for both auditory and visual stimuli. Consistent with previous
studies, the distribution of the responses in the EmojiGrid follows a U-shaped
pattern (see, e.g., Kaneko et al., 2018; Van der Burg et al., submitted), although
this pattern was more pronounced for the auditory stimuli than for the visual
stimuli.
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Figure 2. Distribution of the responses in the EmojiGrid. Mean arousal ratings and mean
valence ratings for all stimuli used. Green dots represent the auditory stimuli, while the pur-
ple dots represent the visual stimuli. The continuous lines represent the best quadratic fits to
the data points for both modalities used (see also Kaneko et al., 2018; Van der Burg et al.,
submitted).

For both the valence and arousal ratings for each participant, we first cal-
culated the median rating over all auditory and over all visual stimuli (i.e., the
neutral rating for each modality). Subsequently, each stimulus was labelled
either ‘low’ or ‘high’ on valence or arousal, if the rating for that particular
stimulus was either smaller or equal to or larger than the participants’ median
rating, respectively. Then, for all participants, we binned the data into two bins.
One bin contained those trials in which the preceding stimulus was labelled
‘low’, and the other bin represented those trials in which the preceding trial
was labelled ‘high’. For each participant, we then calculated the mean rating
for each bin. The difference between the means of the ‘high’ and ‘low’ bins
then represents the serial dependence. Figure 3 illustrates the mean valence
(upper panels) and arousal (lower panels) ratings as a function of the stimu-
lus modality on the current (t) and previous trial (t − 1). The first trial was
excluded from further analyses since we were interested in history effects.

2.2.1. Valence Rating
We conducted a repeated-measures ANOVA on the mean valence rating with
stimulus modality on trial t , stimulus modality on trial t −1 and valence rating
on the previous trial as within-subject variables. Alpha was set to 0.05. The
ANOVA yielded a significant effect of stimulus modality on trial t , F1,96 =
4.33, p = 0.040, indicating that the overall mean valence rating was higher
for visual (47.9) than for auditory stimuli (46.2; see Fig. 3a). Importantly, the
main effect of valence rating on the previous trial was significant, F1,96 =
21.52, p < 0.00005, as the mean valence rating was significantly higher when
the valence rating on the previous trial was high (48.4) than when it was low
(45.7). This positive serial dependence neither interacted with the stimulus
modality on the current trial, F1,96 = 2.32, p = 0.131, nor with the stimulus
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Figure 3. Results Experiment 1. (A) Mean valence rating as a function of the stimulus modality
on the previous trial (t − 1) and the valence rating (low versus high) on the preceding trial for
both auditory (left panel) and visual (right panel) stimuli on a given trial t . (B) Mean valence
intertrial effect as a function of the previous (t −1) modality for both auditory and visual stimuli
on a given trial t . The error bars represent the standard error of the mean (SEM).

modality on the previous trial, F1,96 = 0.78, p = 0.380. Figure 2b illustrates
the positive serial dependencies for each modality combination. The three-way
interaction also failed to reach significance, F1,96 = 1.60, p = 0.210. All other
effects were not significant (all F values < 1).

2.2.2. Arousal Rating
We conducted a second ANOVA on the mean arousal rating with stimulus
modality on trial t , stimulus modality on trial t − 1 and arousal rating on the
previous trial as within-subject variables. The ANOVA yielded a significant
effect of stimulus modality on trial t , F1,96 = 17.58, p < 0.0001, indicat-
ing that the overall mean arousal rating was lower for visual (41.0) than for
auditory stimuli (45.5). The main effect of previous modality failed to reach
significance, F < 1. Importantly, the main effect of arousal rating on the pre-
vious trial was significant, F1,96 = 63.46, p < 10−11, indicating that the mean
arousal rating was significantly higher when the arousal rating on the previous
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trial was high (45.6) than when it was low (40.8). This positive serial depen-
dence interacted neither with the previous modality, F1,96 = 1.99, p = 0.161,
nor with the current modality, F1,96 = 0.66, p = 0.420. However, the three-
way interaction was significant, F1,96 = 10.11, p = 0.002, suggesting that
the serial dependence varied across the different conditions. As is clear from
Fig. 3b, the serial dependence was significantly smaller when the stimulus
modality on trial t was visual and t − 1 was auditory compared to when
the stimulus modality on trial t and t − 1 were both auditory, t96 = 2.52,
p = 0.014, and compared to when the stimulus modality on trial t and trial
t − 1 were both visual, t96 = 2.91, p = 0.004. In contrast, the serial depen-
dence was not significantly different when the stimulus modality on trial t was
visual and t − 1 was auditory compared to when the stimulus modality on trial
t was auditory and trial t − 1 was visual, t96 = 1.48, p = 0.142. Importantly,
the positive serial dependence was significantly different from zero for all four
possible combinations (all t96 values � 2.84, all p values � 0.006).

We conducted a post-hoc analysis to examine whether the valence and
arousal ratings on a given trial t depended on the valence and arousal ratings
two trials back (trial t −2), respectively (see, e.g., Taubert et al., 2016; Van der
Burg & Goodbourn, 2015; Van der Burg et al., 2015, submitted)). Note that
we excluded the first two trials from further analyses. The valence rating was
higher when the valence rating on trial t − 2 was high (47.2) than when it was
low (46.9), but this effect failed to reach significance (p = 0.497). The arousal
rating was higher when the arousal rating on trial t − 2 was high (43.7) than
when it was low (42.7), but this effect failed to reach significance (p = 0.06).

Taken together, for both the valence and arousal ratings we observed a pos-
itive serial dependence, regardless of the modality on the previous trial and
the modality on the current trial. Thus, it appears that the emotional content
from one trial transfers to the subsequent trial, and this occurs both within
and between the different sensory modalities. In Experiment 2, we examine
whether this transfer occurs automatically (by passive viewing or listening) or
whether an explicit judgement of the stimuli is a prerequisite for this positive
serial dependence as it was part of the methods of Experiment 1.

3. Experiment 2

The aim of Experiment 2 is to examine whether passively perceiving an
emotional stimulus is sufficient to induce an emotional serial dependence as
observed in Experiment 1. Experiment 2 was largely identical to Experiment 1.
However, participants were instructed to rate the stimuli only on ‘active’ trials
and not to respond on ‘passive’ trials (see also Van der Burg et al., 2013b). The
participants were informed that the active and passive trials were presented in
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Figure 4. Two consecutive example trials for Experiment 2. Participants either saw an image
or heard a sound, and were only asked to rate stimuli on active trials (indicated by a green
fixation cross preceding the stimulus presentation), and not on passive trials (indicated by a red
fixation cross). Active and passive trials were presented in alternating order, and the stimuli
were randomly selected from the entire stimulus set.

alternating order, so that they were able to optimally prepare for the task. Fur-
thermore, on each trial, participants were informed about the nature of a trial
(i.e., active or passive trial) by presenting either a green or red fixation cross
prior the emotional stimulus. In the case of an active trial, participants rated
the stimulus immediately after its presentation using the EmojiGrid (like in
Experiment 1). In the case of a passive trial, a blank screen was shown for
1000 ms after the stimulus presentation. Two consecutive example trials are
illustrated in Fig. 4.

In Experiment 2, only active trials were analysed, since these are the only
trials for which we have valence and arousal ratings. If an explicit emotional
judgement is required to activate the full emotional network and therewith
increase the residual activity, we expect a reduced serial dependence, as the
participants never responded on the previous trial (i.e., a passive trial). In
contrast, if passively observing an emotional stimulus also triggers the full
emotional network, then we expect a positive serial dependence of the same
magnitude after a passive trial. It is important to note that the same partici-
pants participated in both Experiment 1 and in Experiment 2, that the order
of performing the experiments was counterbalanced, and that the auditory and
visual stimuli were identical in both experiments. Hence, in Experiment 2, we
used the valence and arousal ratings for each participant and for each specific
stimulus in a passive trial as provided in Experiment 1 (see also Van der Burg
et al., 2019, for a similar appoach).

3.1. Method

3.1.1. Participants
The 97 participants from Experiment 1 also participated in Experiment 2.

The experiment was identical to Experiment 1, except for the following
changes. In Experiment 2, participants were instructed to rate the stimuli on
active trials and not on passive trials. Active and passive trials were presented
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in alternating order and the participants were aware of this. Furthermore, par-
ticipants received a cue prior to the presentation of the emotional stimuli by
presenting a green or red fixation cross prior to active or passive trials, respec-
tively. In the case of an active trial, participants were asked to rate the stimulus
using the EmojiGrid (like in Experiment 1). In the case of a passive trial, the
response was replaced by a blank screen for 1000 ms. The emotional (auditory
and visual) stimuli were identical to the stimuli used in Experiment 1. How-
ever, half of the auditory and visual stimuli were used for the active trials while
the other half were used for the passive trials. On each trial the stimulus modal-
ity (auditory or visual) was randomly determined. The experiment started with
a passive trial. In total there were 200 trials (100 active and 100 passive trials),
presented in a single block. Participants received written instructions prior the
experiment, followed by four practice trials to get familiar with the trial tasks
(one for each possible stimulus combination, i.e., passive audio + active audio,
passive visual + active visual, passive audio + active visual, passive visual +
active audio). Participants were allowed to have a short break between the
experiments.

3.2. Results

We first analysed whether the ratings from the participants were consistent
across the two experiments. In Fig. 5, we plot the valence and arousal ratings
for both modalities in Experiment 1 as a function of the ratings in Experiment
2 (active trials) for each stimulus.

We expect a strong positive correlation (approaching 1), if participants
respond to the stimuli in a consistent manner across the two experiments. It
is clear from Fig. 5 that the ratings between Experiment 1 and Experiment
2 correlated very well (auditory valence: Pearson’s r = 0.98; visual valence:
Pearson’s r = 0.99; auditory arousal: Pearson’s r = 0.91; visual arousal: Pear-
son’s r = 0.95; all p values < 0.001). That we observe a correlation close to
1 means that we can use the ratings from Experiment 1 as valence and arousal
of stimuli presented in passive trials in Experiment 2.

In Experiment 2, only active trials were analysed. Like in Experiment 1, we
examined whether the valence and arousal ratings on a given trial t depend
on the corresponding ratings on the preceding (passive) trial. As mentioned
before, the valence and arousal ratings were based on the responses in Exper-
iment 1 (see Van der Burg et al., 2019, for a similar methodology). Further-
more, for both the valence and arousal ratings for each participant, we first
calculated the median ratings over all the auditory and all the visual stimuli
(i.e., a neutral rating for each modality), but only over the passive trials (as
these are the only trials we want to label ‘low’ or ‘high’). Subsequently, each
passive stimulus was either labelled ‘low’ or ‘high’ valence or arousal rating,
if the rating for that particular stimulus was either less than or equal to or larger
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Figure 5. (A) Mean valence rating in Experiment 1 as a function of the mean valence rating in
Experiment 2 (active trials) for each auditory (left panel) and visual stimulus (right panel). (B)
Mean arousal rating in Experiment 1 as a function of the mean arousal rating in Experiment 2
(active trials) for each auditory (left panel) and visual stimulus (right panel).

than the participants’ median rating, respectively. Then, for all participants, we
binned the data (active trials) into two separate bins for each modality. One bin
contained those trials in which the preceding passive trial was labelled ‘low’,
and the other bin represented those trials in which the preceding passive trial
was labelled ‘high’. For each participant, we then calculated the mean rating
for each bin. The difference between the means of the ‘high’ and ‘low’ bins
then represents the serial dependence. Figure 6 illustrates the mean valence
(upper panels) and arousal (lower panels) ratings as a function of the rating on
the previous trial, the stimulus modality on the current (t) and previous trial
(t − 1). Again, the first trial was excluded from further analyses since we were
interested in history effects.

3.2.1. Valence Rating
We conducted a repeated-measures ANOVA on the mean valence rating with
stimulus modality on trial t , stimulus modality on trial t − 1 and valence rat-
ing on the previous trial as within-subject variables. The ANOVA yielded a
significant effect of stimulus modality on trial t , F1,96 = 6.24, p = 0.014,
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Figure 6. Results Experiment 2. (A) Mean valence rating as a function of the stimulus modality
on the previous trial (t − 1) and the valence rating (low versus high) on the preceding trial for
both auditory (left panel) and visual (right panel) stimuli on a given trial t . (B) Mean valence
intertrial effect as a function of the previous (t −1) modality for both auditory and visual stimuli
on a given trial t . The error bars represent the standard error of the mean (SEM).

indicating that the overall mean valence rating was lower for visual (44.2)
than for auditory stimuli (46.0; see Fig. 6a). The main effect of previous
modality was not significant, F < 1. The modality × previous modality inter-
action was marginally significant, F1,96 = 4.15, p = 0.044, and not further
analysed. Importantly, the main effect of valence rating on the previous trial
was significant, F1,96 = 48.36, p < 0.00001, as the mean valence rating was
significantly higher when the valence rating on the previous trial was high
(48.3) than when it was low (41.9). This positive serial dependence did not
depend on the modality of the current active trial, as the modality × valence
rating on the previous trial interaction was not significant, F < 1. However,
the interaction between the modality on the previous trial and the valence rat-
ing on the previous trial was significant, F1,96 = 16.01, p < 0.001, indicating
that the serial dependence depended on the modality of the previous trial. The
serial dependence was larger when the emotional stimulus on the previous
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trial was visual (9.0) than when it was auditory (3.8). Importantly, these posi-
tive serial dependencies were significantly different from zero for both sensory
modalities on the preceding trial (auditory: t96 = 4.78, p < 0.001, and visual:
t96 = 6.54, p < 0.001). The three-way interaction failed to reach significance,
F1,96 = 1.48, p = 0.227.

3.2.2. Arousal Rating
We conducted a final repeated-measures ANOVA on the mean arousal rating
(on active trials) with stimulus modality on trial t , stimulus modality on trial
t − 1 and arousal rating on the previous (passive) trial as within-subject vari-
ables. The ANOVA yielded a significant effect of stimulus modality on trial
t , F1,96 = 34.35, p < 0.001, indicating that the overall mean arousal rating
was lower for visual (41.0) than for auditory stimuli (45.5). The main effect of
previous modality was not significant, F < 1. Importantly, the main effect of
previous arousal rating was significant, F1,96 = 24.15, p < 10−11, as the mean
arousal rating was higher when the arousal rating on the previous passive trial
was high (43.5) than when the arousal rating on the previous trial was low
(40.5). This positive serial dependence did not interact with the modality on
the current active trial, F < 1. However, like for the valence rating, the pos-
itive serial dependence did interact with the previous modality, F1,96 = 8.06,
p = 0.006. The serial dependence was larger when the emotional stimulus
on the previous trial was visual (4.7) than when it was auditory (1.4). The
positive serial dependence was significantly different from zero when the emo-
tional stimulus on the previous trial was visual, t96 = 5.14, p < 0.001, but not
when the emotional stimulus was auditory, t96 = 1.74, p = 0.086. The three-
way interaction was not significant, F1,96 = 3.16, p = 0.079. All other effects
failed to reach significance (all F values � 1.76, all p values � 0.188).

In Experiment 2, we observed a positive serial dependence for valence rat-
ings, regardless of the stimulus modality on the current and the previous trial.
We observed a similar positive serial dependence for the arousal ratings. How-
ever, this serial dependence was only significant when the preceding passive
trial presented a visual stimulus, and was only marginally significant when the
preceding passive trial presented an auditory stimulus. The presence of a serial
dependence effect in Experiment 2 is noteworthy as no explicit response was
provided on the preceding trial. In fact, since participants were informed that
the trial type was presented in alternating order, and since they received an
explicit cue (the colour of the fixation cross) about the upcoming trial type,
they could have been expected to process the active emotional information in
the passive trials less thoroughly.

3.2.3. Between Experiment Analyses
Finally, we examined whether the serial dependencies for both valence and
arousal differed between the two experiments. If the task in Experiment 2
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(passively observing) only leads to a partial activation of the emotional net-
work, the size of the serial dependence would be smaller or even absent. This
effect was present for arousal but not for valence. The serial dependence for
arousal was significantly lower in Experiment 2 (3.0) compared to Experiment
1 (4.8), t96 = 2.09, p = 0.039; however, the serial dependence for valence was
significantly higher in Experiment 2 (6.4) compared to Experiment 1 (2.7),
t96 = 3.55, p < 0.001.

4. General Discussion

In the present study, we investigated whether serial dependencies for emo-
tional stimuli transfer from one modality to another. In Experiment 1, we
reported a positive serial dependence for valence and arousal regardless of
the stimulus modality on two consecutive trials. In other words, the rating for
both characteristics (valence and arousal) on a given trial was higher when the
rating on the previous trial was high than when the rating on the previous trial
was low. In Experiment 2, for the valence rating, we replicated these findings,
even though participants did not rate the emotional stimuli on the previous
passive trial, indicating that an explicit emotional judgement is not a prereq-
uisite for observing a positive serial dependence. However, with respect to the
arousal rating, we observed a positive serial dependence when the stimulus on
the previous passive trial was visual, but not significantly so when the previous
stimulus was auditory.

The positive serial dependence can be explained well by a lingering (or
averaging) effect in (parts of) the emotional network: an emotional stimulus
results in a residual activation when the stimulus disappears, so that the sub-
sequent emotional response becomes a mixture of this residual response and
the emotional activation caused by the new stimulus, explaining why the rat-
ing for a subsequent stimulus is higher when the residual activation (caused
by the previous trial) is high than when it is low (i.e., a positive serial depen-
dence). The amygdala is the first brain structure where such a lingering effect
could take place as this subcortical brain area processes emotions and typically
receives information from all sensory modalities (LeDoux, 2007; McDonald,
1998). Furthermore, it is known that this subcortical brain region responds
automatically to emotional stimuli (Arnell et al., 2007; Bannerman et al.,
2012; Diano et al., 2017; Most et al., 2005; Tamietto & De Gelder, 2010),
which can explain why we observed a similar positive serial dependence for
emotional stimuli, even though no explicit emotional judgment was required
on the previous passive trial (Experiment 2) and hence no higher-order struc-
tures needed to be involved to do the task. This indicates that residual activity
in the amygdala alone is enough to cause the serial dependence effect or that
the full emotional network is activated even if the task is only to passively
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observe the stimulus. A question that remains is why we did not observe a
significant positive serial dependence for the arousal rating when the previous
emotional stimulus was passive and auditory.

An explanation for the absence of a serial dependence with respect to the
arousal rating after an auditory emotional stimulus may be the nature of the
stimuli that were used. First, it is important to note that the participants rated
the auditory and visual stimuli differently both in terms of arousal and valence,
making it tricky to compare the different conditions. What might be even more
important than the overall ratings is that the spread of the ratings differed sub-
stantially between the auditory and the visual stimuli. That is, the ratings were
rather similar for the auditory stimuli, and more diverse for the visual stim-
uli (compare the left panels with the right panels in Fig. 5). As a result, the
emotional response on the previous trial and thus the residual activation on the
current trial (causing the positive serial dependence) varied to a lesser extent
after an auditory stimulus than after a visual stimulus, and failed to reach
significance in Experiment 2 where the amount of data in statistical analy-
sis was reduced by half compared to Experiment 1. A recent study by Van der
Burg et al. (2019) corroborates the notion that the spread plays a significant
role in the magnitude for serial dependencies. Van der Burg and colleagues
observed a positive serial dependence when participants judged the attractive-
ness of faces, and importantly, the magnitude of this effect scaled linearly with
the attractiveness rating on the preceding trial, suggesting that more extreme
ratings also cause stronger serial dependencies. In line with this, a study inves-
tigating odour perception reported that odours of more extreme (either positive
or negative) valence evoke significantly higher amygdala activation than neu-
tral ones (Winston et al., 2005). With regard to the present study, we therefore
propose that the reduced serial dependence (and absence of an effect) after an
auditory stimulus is most likely due to the small spread of the ratings, and is
presumably unrelated to the sensory modality on the previous trial.

Numerous studies have shown that the task from trial to trial is an impor-
tant factor for observing a serial dependence (Van der Burg et al., 2019). For
instance, Van der Burg and colleagues reported a positive serial dependence
for facial attractiveness when participants rated a face on each trial, but not
when participants judged the gender of a face on the previous trial. In con-
trast, the present study yielded a positive serial dependence after an active
trial, but also after a passive trial. The presence of a serial dependence after a
passive trial suggests that (parts of) the emotional network were activated in
a rather automatic, bottom-up fashion, in a similar way for visual and audi-
tory stimuli, and regardless of the task from trial to trial (see also Fornaciai
& Park, 2018; Van der Burg et al., 2013b, 2018). What is striking though, is
that the overall positive serial dependence for valence was significantly larger
in Experiment 2 than in Experiment 1. This difference across experiments is
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contrary to what one might expect as the affective appraisal task in Experi-
ment 1 required the activation of the full emotional network while this was
not a prerequisite for the passive observing task in Experiment 2. One might
expect residual activity to be similar or smaller (but not larger) for a task that
requires only partial activation of the emotional network. A feasible explana-
tion for this discrepancy is that the ‘overall’ serial dependence in Experiment
1 actually reflects two serial dependencies: one positive serial dependence for
processing emotions and a second one reflecting a negative serial dependence
for the motor response (Lee et al., 2020; Zhang & Alais, 2020), whereas the
‘overall’ serial dependence in Experiment 2 only reflects the positive serial
dependence for emotions. As a result, the overall serial dependence (which
may reflect the sum of two processes, see e.g. Alais et al., 2017) becomes
larger when the participants do not respond to the previous trial (Experiment
2) than when participants respond to the previous trial (Experiment 1), as in
the latter condition a negative serial dependence is added to the positive serial
dependence for emotions. The presence of two serial dependencies is consis-
tent with the idea that serial dependence operates at multiple processing stages
(Kiyonaga et al., 2017), like perception (Cicchini et al., 2017; Fischer & Whit-
ney, 2014), memory (Makovski & Jiang, 2008) and decision (Fritsche et al.,
2017). Although this explanation is possible, one must keep in mind that there
were a couple of differences between both experiments. Although we used the
same participants and the same stimulus sets, the actual stimuli used for the
active trials in Experiment 2 were not identical to those used in Experiment 1.
Furthermore, the interstimulus interval between two successive trials was not
the same, since it depended on the reaction time in Experiment 1, while the
EmojiGrid was replaced by a 1-s blank interval in Experiment 2. We do not
believe that these factors play a crucial role in our findings, but it is important
to keep these differences in mind.

The present study is not the first study reporting intertrial effects between
different sensory modalities. Indeed, the modality switch effect (MSE; Spence
et al., 2001) refers to the increase in reaction time that occurs when switching
from one sensory modality to another unpredicted sensory modality. Thus, in
the case of the MSE, there is a cost associated with switching from one modal-
ity to another, whereas in the present study there is a carryover effect. We
believe that these effects reflect different processes, as indicated by a number
of differences in characteristics of the effect and conditions under which they
occur. First, switch costs typically occur when participants suddenly switch
from a predicted to an unpredicted modality, whereas in the present study,
the stimulus modality was always unpredictable (as both the auditory and the
visual stimuli had an equal probability to occur). Second, our intertrial effect
is not defined by the stimulus modality but by the emotional context of the
stimulus, regardless of the stimulus modality on the current and previous trial.
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Taken together, we believe that the present finding of serial dependency of
emotion refers to another effect than the MSE.

Emotions have a huge impact on our daily behaviour. For instance, the emo-
tional state has an impact on what we consume (see Watson & Spence, 2007,
for a review), on how we make decisions (Vohs et al., 2007), and how an
athlete performs during a match (Hanin, 2000). The present findings have
important implications, since we show that a particular emotion is in fact
not only triggered by an event (or stimulus) at a given moment in time, but
reflects multiple emotions over time. Indeed, in a recent study, we found evi-
dence that the emotion on a given trial depends on the rating up to three trials
back when participants rated food images using the same EmojiGrid as in
the present study (Van der Burg et al., submitted). Such a lingering effect was
also observed when participants rated the attractiveness of faces (Van der Burg
et al., 2019) and when participants made a temporal judgement on every trial
(Van der Burg & Goodbourn, 2015; Van der Burg et al., 2013b). Moreover, we
have shown for the first time that emotions, even though they are not related,
carry over from one event to another, and that this occurs regardless of the
sensory modality in a rather automatic fashion. This knowledge can be used
in many settings. For instance, one can increase the emotional experience in a
restaurant by playing some pleasant classical music as soon as costumers enter
the restaurant. However, what is pleasant is largely subjective, so one must be
sure that the emotion triggered is indeed a positive experience for everyone.
An intriguing question for the future is to determine how the delay between
two successive events relates to the positive serial dependence.
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Marchewka, A., Żurawski, Ł., Jednoróg, K. and Grabowska, A. (2014). The nencki affective
picture system (NAPS): introduction to a novel, standardized, wide-range, high-quality, real-
istic picture database, Behav. Res. Meth. 46, 596–610. DOI:10.3758/s13428-013-0379-1.

McDonald, A. J. (1998). Cortical pathways to the mammalian amygdala, Prog. Neurobiol. 55,
257–332. DOI:10.1016/S0301-0082(98)00003-3.

McGurk, H. and MacDonald, J. (1976). Hearing lips and seeing voices, Nature 264, 746–748.
DOI:10.1038/264746a0.

Morein-Zamir, S., Soto-Faraco, S. and Kingstone, A. (2003). Auditory capture of vision: exam-
ining temporal ventriloquism, Cogn. Brain Res. 17, 154–163. DOI:10.1016/S0926-6410(03)
00089-2.

Most, S. B., Chun, M. M., Widders, D. M. and Zald, D. H. (2005). Attentional rubbernecking:
cognitive control and personality in emotion-induced blindness, Psychon. Bull. Rev. 12, 654–
661. DOI:10.3758/BF03196754.

Noel, J.-P., Wallace, M. T., Orchard-Mills, E., Alais, D. and Van der Burg, E. (2015). True and
perceived synchrony are preferentially associated with particular sensory pairings, Sci. Rep.
5, 17467. DOI:10.1038/srep17467.

Philippi, T. G., van Erp, J. B. F. and Werkhoven, P. J. (2008). Multisensory temporal numerosity
judgment, Brain Res. 1242, 116–125. DOI:10.1016/j.brainres.2008.05.056.

Piazza, E. A., Theunissen, F. E., Wessel, D. and Whitney, D. (2018). Rapid adaptation to the
timbre of natural sounds, Sci. Rep. 8, 13826. DOI:10.1038/s41598-018-32018-9.
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