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Emotional information is better remembered than neutral information. Extensive evidence indicates that the amygdala and its interactions with other cerebral regions play
an important role in the memory-enhancing effect of emotional arousal. While the cerebellum has been found to be involved in fear conditioning, its role in emotional
enhancement of episodic memory is less clear. To address this issue, we used a wholebrain functional MRI approach in 1,418 healthy participants. First, we identiﬁed clusters signiﬁcantly activated during enhanced memory encoding of negative and positive
emotional pictures. In addition to the well-known emotional memory–related cerebral
regions, we identiﬁed a cluster in the cerebellum. We then used dynamic causal modeling and identiﬁed several cerebellar connections with increased connection strength corresponding to enhanced emotional memory, including one to a cluster covering the
amygdala and hippocampus, and bidirectional connections with a cluster covering the
anterior cingulate cortex. The present ﬁndings indicate that the cerebellum is an integral part of a network involved in emotional enhancement of episodic memory.

Signiﬁcance
Enhanced memory for emotional
stimuli is crucial for survival, but it
may also contribute to the
development and maintenance of
fear-related disorders in case of
highly aversive experiences. This
large-scale functional brain
imaging study identiﬁes the
cerebellum and
cerebellar–cerebral connections
involved in the phenomenon of
superior memory for emotionally
arousing visual information. These
ﬁndings expand knowledge on the
role of the cerebellum in complex
cognitive and emotional processes
and may be relevant for the
understanding of psychiatric
disorders with aberrant emotional
circuitry, such as posttraumatic
stress disorder or autism
spectrum disorder.
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Enhanced memory for emotionally arousing information is a well-recognized phenomenon that has adaptive value in evolutionary terms, as it is vital to remember both dangerous and favorable situations (1, 2). From studies in rodents, it is well established
that emotional arousal leads to noradrenergic activation of the amygdala, which in turn
activates the hippocampus and other brain regions to enhance memory consolidation
of emotionally arousing information (3–5). Moreover, there is evidence from human
studies that emotional arousal and noradrenergic activation already regulate memory
processes during encoding (6–10) and that the connection strength from the amygdala
to the hippocampus is rapidly increased during the encoding of emotionally arousing
information compared to neutral information (11). Apart from the amygdala and hippocampus, two meta-analyses of human brain activation studies using functional MRI
(fMRI) indicated the potential relevance of several additional brain regions for
enhanced encoding of declarative memory by emotional arousal, including the middle
occipital gyrus, middle frontal gyrus, fusiform gyrus, inferior frontal gyrus, supramarginal gyrus, orbitofrontal cortex, parietal cortex, claustrum, caudate, and the insula
(12, 13). Even though the cerebellum has been occasionally listed in fMRI studies on
emotional memory enhancement (14, 15), a meta-analysis including 15 studies did not
list it (12). A more recent meta-analysis including 25 studies did ﬁnd the cerebellum to
be signiﬁcantly activated, but after excluding three studies showing no behavioral
enhancement effect, the signiﬁcance vanished (13). Potential reasons for this ambiguity
include that the cerebellum may have shown only subthreshold signiﬁcance levels in individual studies or that the cerebellum has a priori not been included in the analysis (16).
The cerebellum is typically known for its important role in controlling motor functions (17). However, there is evidence that the outputs of the cerebellum target not
only cortical motor areas but also several nonmotor cortical and subcortical regions
that are involved in higher brain functions, including emotion and cognition (18–21),
and that the cerebellum itself holds robust representations of multiple networks
involved in these functions (22, 23). Notably, it is known from animal and human
studies that the cerebellum plays an important role in fear conditioning (19, 24–27),
which is traditionally categorized as an unconscious or nondeclarative form of learning
with a strong emotional component (5, 28). It is less clear, however, whether the
cerebellum is also involved in the enhancing effect of emotional arousal on episodic
memory, a declarative form of memory that requires conscious memory encoding and
enables the conscious recollection of information along with its context (5, 29, 30).
Animal and human lesion studies and human neuroimaging studies indicate that fear
conditioning and emotional enhancement of episodic memory partly depend on the
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same neural underpinnings, such as the amygdala (5, 12,
31, 32). Therefore, it is possible that the cerebellum is involved
not only in fear conditioning but also in emotional enhancement of episodic memory. In the present study, we investigated
whether the cerebellum and cerebellar–cerebral connections are
involved in the phenomenon of superior episodic memory for
emotionally arousing visual information.
We used an fMRI sample of 1,418 healthy human participants who performed a picture encoding task containing positive
and negative emotional and neutral pictures, followed by a free
recall test, which assesses episodic memory (29, 30), 20 min after
the end of encoding. While emotional arousal rather than
valence has been identiﬁed as driving the memory-enhancing
effect of salient information on episodic memory (5, 33, 34),
valence-related differences have also been identiﬁed (35). Here,
we focused on the identiﬁcation of emotional arousal effects
common to positive and negative valence. The large sample size
allowed us to divide the sample into a discovery (n = 945 participants) and replication sample (n = 473 participants; see Materials and Methods). To measure the neural correlates of superior
memory for emotional information during encoding, we used
the subsequent emotional memory paradigm (12). This paradigm assesses the difference between the encoding activity of
later successfully recalled emotional items versus that of nonrecalled emotional items, compared to successfully recalled neutral
items vs. nonrecalled neutral items (termed “enhanced emotional
memory encoding”). At ﬁrst, we identiﬁed voxels with signiﬁcantly increased activity during enhanced emotional memory
encoding in the discovery sample. We performed this analysis
for the entire brain, including the cerebellum. From the voxels
that showed increased activity during enhanced emotional memory encoding, we deﬁned regions of interest (ROIs). We deﬁned
ROIs functionally, rather than anatomically, as the sensitivity of
detecting the presence of connections can be increased by using
ROIs that match actual functional boundaries (36). Speciﬁcally,
we combined voxels with a similar response proﬁle to create spatially coherent and temporal homogeneous ROIs by using a clustering approach (37). We then tested whether the identiﬁed
ROIs showed increased activity during enhanced emotional
memory encoding also in the replication sample.
With the replicated ROIs (i.e., one cerebellar ROI, 25 cerebral ROIs) we ﬁnally explored the directed effective connectivity between the cerebellar ROI and the cerebral ROIs using
dynamic causal modeling (DCM) (38, 39) in both samples.
Whereas DCM was originally developed to test speciﬁc hypotheses concerning the presence, direction, and modulators of
effective connectivity between a set of predeﬁned brain regions,
it can be also applied in an exploratory manner involving a
large number of brain regions and models ([40]; see Materials
and Methods). Here we applied DCM to explore the directed
effective connectivity between the cerebellar ROI and the cerebral ROIs involved in emotional memory enhancement. DCM
allowed us to determine 1) whether the strength of those connections was increased during successful emotional memory
encoding, and 2) the direction of effective connectivity to learn
whether the input from the cerebellum causally drives a cerebral
ROI implicated in emotional memory enhancement or if the
direction of inﬂuence is the other way around.
Results
The behavioral results in both the discovery and replication sample indicated
that participants freely recalled more emotional (positive and

Behavioral data: Emotional memory enhancement.
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negative) pictures than neutral pictures (discovery sample, mean
difference: 4.50 ± 2.76 [mean ± SD], T = 50.01, P = 7.53 x
10-268, n = 945; replication sample, mean difference: 4.65 ±
2.60 [mean ± SD], T = 38.82, P = 7.03 x 10-149, n = 473).
For a detailed description of the behavioral data, see reference
(11). This emotional memory enhancement was not signiﬁcantly associated with age or sex (P > 0.05; 2-sided).
Activity related to enhanced emotional memory encoding.

For the contrast representing enhanced emotional memory
encoding, 7,708 voxels with increased activity were identiﬁed in
the discovery sample at a whole-brain level, corrected for multiple
comparisons using the family-wise error (FWE) rate procedure
(n = 944, Pwhole-brain-FWE-corrected < 0.05; SI Appendix, Fig. S2
and Table S3). We did not observe signiﬁcant positive or
negative associations between activity and the effects of sex,
age, changes in scanner software, or changes in gradient coils
(Pwhole-brain-FWE-corrected > 0.05). Voxels related to enhanced
emotional memory encoding were parcellated into 30 clusters
(i.e., ROIs) to reduce the dimensionality of the data (Fig. 1 and
SI Appendix, Figs. S3–S7, see Materials and Methods for details
on the parcellation method). One cluster (ROI 11) contained
isolated voxels and small clusters of voxels that were not spatially
coherent and was therefore removed from further analysis.
Out of the 29 remaining ROIs, 28 were located in neocortical and subcortical regions of the cerebrum and one was in the
cerebellum (Fig. 1; see SI Appendix, Table S5 for details on the
number of voxels as well as the anatomical correspondence per
cluster). According to a probabilistic magnetic resonance (MR)
atlas of the human cerebellum (41), the cerebellar cluster in the
discovery sample mapped mainly onto the vermis of the cerebellum (local maximum by 76% in lobule IX, and by 22% in the
replication sample). Out of the 29 ROIs identiﬁed in the discovery sample, 26 ROIs (including the cerebellum) were also signiﬁcantly activated during enhanced emotional memory encoding
in the replication sample (signiﬁcance threshold for ROI maxima: T = 4.41, P < 0.05, one-sided, Bonferroni-corrected for
all signiﬁcant voxels of the 29 ROIs identiﬁed in the discovery
sample). Maxima for ROIs 7, 13, and 25 did not reach signiﬁcance in the replication sample and therefore, these ROIs were
not considered for the DCM analysis. In summary, the replicated
26 ROIs mapped onto the occipital, temporal, parietal, and frontal cortex and onto the amygdala/hippocampus, cingulate, thalamus, brainstem, and cerebellum (Fig. 1; SI Appendix, Table S5).
Notably, activity related to successful memory encoding did not
signiﬁcantly differ between the positive and negative pictures in
the cerebellar ROI in both the discovery and the replication samples (Pwhole-brain-FWE-corrected > 0.05, Psmall-volume-corrected > 0.001).
DCM: Connection strength during enhanced emotional memory
encoding. The replicated 26 ROIs related to enhanced emo-

tional memory encoding entered the DCM analysis. To investigate changes in connection strength during enhanced emotional
memory encoding between the cerebellar ROI and the remaining 25 cerebral ROIs, we used a series of 2-node (cerebellum to
all others) DCMs to explore all pairwise (bidirectional) connections (note that the large number of model parameters precluded the inclusion of all 26 ROIs into a single DCM model).
Within the discovery sample, 25 connections (out of the 50
possible unidirectional connections) showed increased strength
during enhanced emotional memory encoding (posterior probability > 0.99). Considering the number of tests, we applied a
conservative probability threshold of 0.99 and replicated the
results in an independent sample using the same threshold
(38, 42, 43). Fifteen out of the 25 connections also had
pnas.org
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Fig. 1. Clusters showing an increased activation for enhanced emotional memory encoding within the discovery sample. Clusters span voxels signiﬁcantly
activated during enhanced emotional memory encoding (Pwhole-brain-FWE-corrected < 0.05, n = 944). These clusters were used as ROIs to explore the connectivity of the cerebellar cluster (ROI 12). Different colors denote different clusters. (A) Three-dimensional images of the 29 clusters. (B) Sagittal, coronal, and
horizontal views, focusing on the cluster located in the cerebellum (ROI 12). L, left; R, right. See SI Appendix, Figs. S3–S7 for additional illustrations.

increased strength in the replication sample (posterior probability > 0.99) (Fig. 2 and SI Appendix, Figs. S8–S10). Out of
those 15 replicated connections, 11 connections showed
increased connection strength from the cerebellum to the cerebral regions. Of particular interest is the strong connection
from the cerebellar ROI to ROI 26 that includes voxels from
the amygdala and hippocampus (Fig. 2). Four connections
showed increased connection strength from the cerebral regions
to the cerebellum (Fig. 2). The connections between the cerebellar ROI and ROI 22 that includes voxels from the rostral
anterior cingulate ROI and between the cerebellar ROI and
ROI 9 that contains voxels from the precentral cortex showed
increased strength in both directions.
Discussion
The aim of the present study was to investigate whether the
cerebellum and cerebellar–cerebral connections are involved in
the phenomenon of superior episodic memory for emotionally
arousing visual information. In the ﬁrst step, we identiﬁed clusters showing increased activity during enhanced encoding of
emotional pictures. The cerebral clusters mapped onto the
occipital, temporal, parietal, and frontal cortex and onto the
amygdala/hippocampus, cingulate, and thalamus. These brain
activation results are largely in line with the ﬁndings of two
meta-analyses of enhanced emotional memory encoding in
humans (12, 13) and extensive experimental work in animals
(4, 32, 44). In addition to these cerebral regions, we found
robust evidence for a cluster located mainly within the vermis
of the cerebellum showing increased activity during enhanced
emotional memory encoding in two large samples. Interestingly, the midline cerebellum has been found to be activated
during recall of emotional personal life episodes, indicating a
role of this region in emotional memory retrieval (21).
There is accumulating evidence that the cerebellum, in particular the cerebellar vermis, is crucially involved in fear
PNAS
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conditioning (19, 24, 26, 27). In rodents, it has been shown
that lesions of the vermis abolish heart rate conditioning (45)
and that the vermis is necessary for intact fear conditioning
(46). In humans, it has been reported that patients with lesions
of the cerebellar vermis show impaired acquisition of fearconditioned bradycardia (47). Moreover, an fMRI study in
healthy participants found the vermis to be involved in
eye-blink classical conditioning (48). The vermis has efferent
projections to limbic regions, including the amygdala and hippocampus, structures involved in delay conditioning and trace
conditioning, respectively (49). The connection of the vermis
with the amygdala and hippocampus would also allow an inﬂuence of the vermis on the enhancement of episodic memories
by emotional arousal, which depends on both structures (5).
The ﬁndings of the present study indeed indicate that the vermis is not only involved in fear conditioning but is also
involved in the phenomenon of superior episodic memory of
emotionally arousing visual information.
The subsequent DCM connectivity analysis indicated that
several cerebellar–cerebral connections showed increased strength
during enhanced emotional memory encoding (Fig. 2), suggesting that the cerebellum is an integral component of the network
involved in emotional memory enhancement. Speciﬁcally, we
found 11 connections with increased connection strength from
the cerebellum to the cerebral regions. In the context of
enhanced emotional memory encoding, the connection to the
ROI that includes voxels from the amygdala and hippocampus
(ROI 26) seems of special interest. It has been shown that the
cerebellum and the amygdala are functionally interconnected
during fear conditioning (50, 51). Moreover, studies in rats and
cats showed that electrical stimulation of the vermis (outside of a
learning context) modulates (i.e., some units are facilitated
and others are inhibited) amygdala and hippocampus activity
(52, 53), indicating that the vermis is functionally connected
with these limbic regions. These ﬁndings ﬁt with the direction
found in the current DCM analysis, indicating an inﬂuence
https://doi.org/10.1073/pnas.2204900119
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Fig. 2. Increase in the strength of cerebellar connections during enhanced
emotional memory encoding. Green edges indicate an increased connection from the cerebellum to a target ROI, while the other colors represent
an increased connection from the ROI to the cerebellum. The width of
the edges denotes the strength of the increase in connectivity in the replication sample. Only replicating connections are depicted (discovery sample
nmax = 902, nmean = 887, nmin = 798; replication sample nmax = 433, n
mean = 426, nmin = 378; posterior probability > 0.99; SI Appendix, Table S1).
For a detailed breakdown of anatomical localization per ROI, see SI
Appendix, Table S5. For connection strength values, see SI Appendix, Tables
S6–S9. For additional illustrations, see SI Appendix, Figs. S8–S10.

of the vermis on ROI 26. There is ample evidence that the
amygdala and hippocampus, as well their interactions, are crucially involved in the enhancing effect of emotional arousal on
episodic memory (4, 5, 11, 54).
We also found evidence for the involvement of bidirectional
connections of the cerebellum with the ROI, which included
voxels from the anterior cingulate cortex (ROI 22), in emotional
memory enhancement. A resting-state functional connectivity
MRI study in healthy humans has shown that the cingulate is
functionally connected with the cerebellum (23). Furthermore,
the anterior cingulate has been related to emotion, reward valuation, and value representations (55). It has been postulated
that the anterior cingulate cortex, in addition to the amygdala
and the insula, is a fundamental part of a large-scale salience
network that functions to segregate the most relevant among
internal and extrapersonal stimuli in order to guide behavior
(56, 57). Moreover, the salience network has been reported to
be activated by noradrenergic activation (58), a neurotransmitter system crucially involved not only in arousal and attentional
processes but also in emotional memory enhancement (59).
Interestingly, the locus coeruleus, the principal site for brain
synthesis of norepinephrine, also projects to areas throughout
the cerebellum (60). Whether the cerebellum gets activated
directly by the locus coeruleus or indirectly by the salience network has yet to be determined. Furthermore, we found a bidirectional connection of the cerebellum with the ROI in the
frontal cortex (mainly precentral) that may be related to the
regulation of motor functions (61), possibly motor learning, in
the context of emotional memory enhancement. Finally, we
found connections with increased connection strength from
4 of 9

https://doi.org/10.1073/pnas.2204900119

two cerebral ROIs to the cerebellum (i.e., ROI 10, including
voxels from the lingual and pericalcarine gyrus, and ROI 23,
including voxels from the lateral occipital cortex).
Taken together, the DCM analysis has shown that from the
25 cerebral ROIs involved in emotional memory enhancement,
13 ROIs showed increased connection strength with the cerebellum, mostly in the direction from the cerebellum to cortical
ROIs, in two cases in the opposite direction and in another
two cases in both directions. These ﬁndings suggest that the
cerebellum is an integral part of a connectivity network
involved in emotional memory enhancement. However, from
these results we cannot infer which of these connections are the
most important ones. Since ROIs were deﬁned functionally,
rather than anatomically, we can also not specify the precise
anatomical substrates of the cortical ROIs. We have chosen this
approach because the sensitivity of detecting the presence of
connections can be increased by using ROIs that match functional boundaries (36). The consequence of this procedure is a
loss of anatomical speciﬁcity and the inability to distinguish
between contributions of distinct anatomical structures within
a certain ROI. Moreover, since the DCMs tested here included
only two nodes, they do not consider whether the inﬂuence
between the cerebellum and a second ROI is mediated by additional regions. The values of our connectivity parameters therefore potentially reﬂect both direct and indirect connections.
The current ﬁndings may contribute to a better understanding of the network involved in emotional memory enhancement in physiological conditions. Furthermore, the ﬁndings
may also have implications for understanding pathological conditions, such as posttraumatic stress disorder (PTSD), since the
formation of an excessively strong aversive-memory trace after a
traumatic event is an important pathogenic mechanism in the
development of fear-related disorders (1, 62, 63). Whereas it
will not be possible to investigate initial memory formation in
PTSD by means of fMRI, studies may investigate the neural
correlates of traumatic memory retrieval. A recent fMRI study
followed this approach and found enhanced brain activation in
the cerebellum (including the vermis), occipital gyri, supramarginal gyrus, and amygdala during trauma recall in patients with
PTSD (64).
In contrast, cerebellar hypoactivity could be related to conditions with reduced emotional memory enhancement. Indeed,
clinical studies indicate that the pathologies affecting vermal
functioning are associated with a range of cognitive and emotional impairments, including symptoms of autism spectrum
disorder (65, 66). Interestingly, patients with autism spectrum
disorder show deﬁcits in emotional enhancement of episodic
memories (67, 68). It is possible that these deﬁcits partially
originate from structural and functional abnormalities of the
amygdala often observed in this disorder (69, 70). However,
based on the present results, the vermal hypoplasia in autism
spectrum disorder may also contribute to impaired emotional
enhancement of episodic memory. This hypothesis would need
to be tested in patients with autism with varying degrees of
amygdala and vermis abnormalities.
There is mounting evidence indicating that the cerebellum,
in particular the cerebellar vermis, and its connections to several
cerebral regions, including the limbic system, are involved in
emotional functions, including emotional perception, emotional recognition, emotional processing, and fear conditioning
(27, 71). The present ﬁndings now suggest that the cerebellum
is also part of a circuitry involved in the emotional enhancement of episodic memory. Within this circuitry, the cerebellum
receives input from several cerebral regions including the
pnas.org

cingulate, while the amygdala/hippocampus and several other
brain regions receive input from the cerebellum. These ﬁndings
expand knowledge about the role of the cerebellum in complex
cognitive and emotional processes and may be relevant for the
understanding of psychiatric disorders with aberrant emotional
circuitry, such as PTSD or autism spectrum disorder.
Materials and Methods
Participants. We recruited healthy, young participants (872 females, 546
males, mean age = 22.39 y, SD = 3.27). Advertising was done mainly at the
University of Basel and in local newspapers. The participants were free of any
neurological or psychiatric illness, did not take any medication at the time of the
experiment (except hormonal contraceptives), and were between ages 18 and
35 y. Physical and mental health was assessed based on standard questionnaires. The experiment was approved by the ethics committee of the Canton of
Basel, Switzerland. All participants gave written informed consent before participating in the study. Prior to the analysis, the sample was divided into a discovery
sample (n = 945, 2/3 of all participants) and a replication sample (n = 473, 1/3
of all participants) by randomly assigning participants to one of the samples.
Randomization was performed using the Matlab function randperm. There were
no signiﬁcant differences between the discovery and replication samples in
terms of age, sex, or emotional memory enhancement (P ≥ 0.33, 2-sided
testing, n = 1,418).

Participants underwent four consecutive tasks: a
picture-encoding task, a working-memory task, a free-recall memory test, and a
recognition task. Participants were ﬁrst instructed and then trained on the
picture-encoding and working-memory tasks. After training, they were positioned
in the scanner and received earplugs and headphones to reduce scanner noise.
Their heads were ﬁxated in the coil using small cushions, and they were told not
to move. Pictures were presented in the scanner using MR-compatible liquid
crystal display goggles (VisualSystem; NordicNeuroLab, Bergen, Norway).
Eye correction was used when necessary. The picture-encoding task lasted for
∼20 min. Immediately afterward, participants performed a letter n-back (0-back
and 2-back conditions) working-memory task in the scanner for ∼10 min. In the
current study, the working-memory task was used as a distraction task between
encoding and recall of memory testing. Hence, we did not analyze the data from
the working-memory task itself (see reference 72 for a description of the task).
After leaving the scanner, participants were given an unannounced free-recall
memory test of the pictures in a separate room (no time limit was set for this
task). After the free recall, participants were repositioned in the scanner and
performed a recognition task (see reference 73 for a description of the task).
Participants received 25 Swiss francs/h for participation. Due to organizational
constraints, we had to change the room in which pictures were recalled, which
meant that some participants recalled pictures in a slightly different setting.
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Experiment: Procedure.

Experiment: Design of picture-encoding task. Stimuli consisted of 72 pictures (24 positive, 24 negative, and 24 neutral) that were selected from the International Affective Picture System (IAPS) (74) and from in-house standardized
picture sets that allowed us to equate the pictures for visual complexity and content (e.g., human presence). Pictures received from the IAPS were classiﬁed
according to the IAPS valence rating. Eight out of the 24 neutral pictures were not
received from the IAPS. These pictures were rated based on an in-house valence
rating (11). Based on normative valence scores (from 1 to 9), pictures were
assigned to negative (2.3 ± 0.6), neutral (5.0 ± 0.3), and positive (7.6 ± 0.4)
conditions, resulting in 24 pictures for each valence. Positive stimuli were initially
selected to match arousal ratings of negative stimuli based on data of a pilot
study in 20 participants not included in the study. Four additional pictures showing neutral objects were presented. Two of these pictures were presented in the
beginning and two at the end of the picture task. These pictures were excluded
from recall performance evaluation to control for primacy and recency effects in
memory. Examples of pictures included erotica, sports, and appealing animals for
the positive valence; bodily injury, snakes, and attack scenes for the negative
valence; and neutral faces, household objects, and buildings for the neutral condition. In addition, 24 scrambled pictures were used. The background of the
scrambled pictures contained the color information of all pictures used in the
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experiment (except primacy and recency pictures), overlaid with a crystal and distortion ﬁlter (Adobe Photoshop CS3). In the foreground, a mostly transparent geometric object (a rectangle or ellipse of differing size and orientation) was shown.
For the present study, the scrambled pictures were of no interest.
The pictures were presented for 2.5 s in a quasi-randomized order so that at
maximum four pictures of the same category occurred consecutively. A ﬁxation
cross appeared on the screen for 500 ms before each picture presentation. The
stimulus onset time was jittered within 3 s (1 repetition time [TR]) per valence
category with regard to the scan onset. During the intertrial period, participants
rated each of the 72 pictures according to valence (negative, neutral, or positive)
and arousal (large, medium, or small) on a 3-point scale (self-assessment manikin) by pressing a button with their dominant hand. For scrambled pictures, participants rated the form (vertical, symmetrical, or horizontal) and size (large,
medium, or small) of the geometric object in the foreground. The software Presentation (Neurobehavioral Systems, Inc., Berkeley, CA; https://www.neurobs.
com) was used for the picture presentation.
Behavioral data: Emotional memory enhancement. To document free
recall, participants had to write down a description of the recalled pictures. A picture was scored as correctly recalled if the rater could identify the presented
picture on the basis of the participant’s description. Two trained investigators independently rated the descriptions for recall success (interrater reliability > 99%).
A third independent rater decided on pictures that were rated differently. For
each participant, we computed how often emotional pictures were recalled
compared to neutral pictures: ([recalled positive – recalled neutral] + [recalled
negative – recalled neutral])/2. Data points were plotted and were found to be
approximately normally distributed (SI Appendix, Fig. S1). Two-sided t tests were
applied to test whether emotional memory performance was signiﬁcantly different from zero. In addition, we tested for the effects of potential confounders. We
used a 2-sample t test to assess whether emotional memory performance
depended on sex. We used Pearson’s linear correlation coefﬁcients to associate
recall performance with age. Two-sided t tests were applied to test whether the
correlation coefﬁcient was signiﬁcantly different from zero.
Imaging: MRI acquisition. Measurements were performed on a Siemens
Magnetom Verio 3 T whole-body MR unit equipped with a 12-channel head coil.
Functional time series were acquired with a single-shot echo-planar sequence
using parallel imaging (GRAPPA). We used the following acquisition parameters:
echo time (TE) = 35 ms; ﬁeld of view (FOV) = 22 cm; acquisition matrix =
80 × 80, interpolated to 128 × 128; voxel size = 2.75 × 2.75 × 4 mm3;
GRAPPA acceleration factor R = 2.0. Using a midsagittal scout image, 32 contiguous axial slices placed along the anterior–posterior commissure plane covering
the entire brain with a TR = 3,000 ms (α = 82°) were acquired using an ascending interleaved sequence. The ﬁrst two acquisitions were discarded due to T1
time constant saturation effects. A high-resolution T1-weighted anatomical image
was acquired using a magnetization prepared gradient echo sequence (TR =
2,000 ms; TE = 3.37 ms; TI = 1,000 ms; ﬂip angle = 8°; 176 slices; FOV =
256 mm; voxel size = 1 × 1 x 1 mm3).
Imaging: Software package for statistical analysis of imaging data. We
used the statistical parametric mapping (SPM) software SPM12 version 6685
(Wellcome Trust Centre for Neuroimaging, London, UK; https://www.ﬁl.ion.ucl.
ac.uk/spm/) implemented in Matlab R2016a.
Imaging: Preprocessing and normalization of echo planar imaging
(EPI) volumes. Volumes were slice-time–corrected to the ﬁrst slice, realigned

using the “register to mean” option, and coregistered to the anatomical image
by applying a normalized mutual information three-dimensional rigid-body
transformation. Successful coregistration was visually veriﬁed for each participant. Each volume was masked with the participant’s T1 anatomical image to
exclude voxels outside of the brain. The echo planar imaging (EPI) volumes were
normalized to Montreal Neurological Institute (MNI) space and smoothed with
an 8 mm full width at half-maximum (FWHM) Gaussian kernel by applying DARTEL, which led to an improved registration between participants (75, 76).
The interleaved sequence used to acquire functional time series made it a
prerequisite to use slice-time correction as a ﬁrst preprocessing step (77). Slicetiming correction methods can successfully compensate for slice-timing effects
(78). Notably, in DCM for fMRI, the direction of causality is not identiﬁed by
https://doi.org/10.1073/pnas.2204900119
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temporal precedence. Instead, causality is embodied by the mathematical form
of the differential state equation of each region. The state equations of a given
model deﬁne the systems structure (e.g., the connectivity between regions),
prescribing explicitly how dynamics arise within the system (39). Therefore, a
number of DCM studies with similar TRs were previously conducted (79–81).

voxels were then additionally masked with the encoding of emotional pictures
contrast (Pwhole-brain-FWE-corrected < 0.05) to assure that all included voxels also
showed a positive effect for emotion encoding (99% of all voxels signiﬁcant in
the “successful emotional memory encoding contrast” were also signiﬁcant in
the “encoding of emotional pictures contrast”).

Imaging: Modeling of voxel-wise activity. General linear models (GLMs)
were speciﬁed for each participant to identify voxels activated by task. Regressors
modeling the onsets and duration of stimulus events were convolved with
a canonical hemodynamic response function. More precisely, the model
comprised regressors for button presses modeled as stick/delta functions, picture
presentations (positive, neutral, negative, scrambled, primacy, and recency) modeled with an epoch/boxcar function (duration: 2.5 s), and rating scales modeled
with an epoch/boxcar function of variable duration (depending on when the subsequent button press occurred). Serial correlations were removed using a ﬁrstorder autoregressive model, and a high-pass ﬁlter (128 s) was applied to remove
low-frequency noise. Six movement parameters were also entered as nuisance
covariates. We deﬁned two different types of GLMs. One type of GLM was used
to identify voxels related to successful emotional memory encoding. Here, positive, negative, and neutral stimuli were modeled separately depending on
whether they were subsequently recalled or not. The resulting parameter estimates were contrasted to identify voxels associated with successful emotional
memory encoding ([recalled emotional pictures – nonrecalled emotional pictures] – [recalled neutral pictures – nonrecalled neutral pictures]). This contrast
was available in 944 out of the 945 participants of the discovery sample (1 subject did not recall any neutral pictures) and in 470 out of the 473 participants of
the replication sample (3 subjects did not recall any neutral pictures). To investigate potential valence-related effects in cerebellar activity, we furthermore compared whether activity related to successful memory encoding differed between
positive and negative pictures. This corresponded to the following contrast:
([recalled negative pictures – nonrecalled negative pictures] – [recalled positive
pictures – nonrecalled positive pictures]). Another type of GLM was speciﬁed to
identify voxels associated with the encoding of emotional pictures, irrespective
of memory. We speciﬁed regressors for positive, neutral, and negative pictures,
irrespective of whether the pictures were recalled or not, and contrasted the
resulting parameter estimates (emotional pictures – neutral pictures). We
applied family-wise error (FWE) correction for multiple comparison at the wholebrain level to all contrasts (Pwhole-brain-FWE-corrected < 0.05). Correction for multiple
comparison at the cluster level was applied to test for valence-related effects in
the cerebellar cluster (Psmall-volume-corrected < 0.001, cluster extent k = 10).

Imaging: Definition of ROIs—Parcellation procedure. Voxels within the
functionally deﬁned mask were combined into ROIs such that the similarity
between voxels within the same cluster was maximized compared to the similarity between voxels in different clusters, using a normalized cut method incorporating a spatial constraint (37). For computational expedience, parcellation was
performed based on the EPI volumes of 200 participants who were randomly
drawn from the discovery sample. These volumes were smoothed with a 6 mm
FWHM Gaussian kernel in line with a recent paper (37). Clustering was ﬁrst performed within each participant, followed by a second-level group clustering, as
recommended by Craddock et al. (37). We parcellated the voxels within the mask
into 30 ROIs, as we found that this number leads to sufﬁcient spatial speciﬁcity
while still being manageable with regard to the computational burden induced
by the computation of connectivity with DCM. One of these ROIs contained isolated voxels and discrete small clusters that were not spatially coherent. This ROI
(ROI 11), which contained 60 voxels, was thus removed from further analysis.

Imaging: Group statistics of voxel-wise activity. To determine activity
related to “successful emotional memory encoding” and to “encoding of
emotional pictures,” contrast maps were entered in a random-effects model
(second-level analysis) using GLM Flex (Martinos Center and Massachusetts General Hospital, Charlestown, MA; https://habs.mgh.harvard.edu/researchers/datatools/glm-ﬂex-fast2/). We controlled for the effect of sex, age, one change in
scanner software, and two changes in gradient coils by including them as covariates. We used GLM Flex because EPI sequences suffer from signal loss in the
presence of magnetic-ﬁeld inhomogeneities that can occur close to air-tissue
boundaries. The normalization procedure applied in DARTEL accurately transformed both voxels with signal and voxels with signal loss to MNI space. In
SPM, signal loss at an MNI coordinate in a functional image of only one participant led to the exclusion of the voxel at this coordinate from the group-level
analysis. Consequently, the probability of a voxel being excluded increased with
sample size. GLM Flex circumvented this problem by allowing a variable number
of participants at each voxel. The minimum number of participants per voxel was
set to 2/3 of all participants.
Imaging: Definition of ROIs—Functionally defined mask. Because the
sensitivity of detecting the presence of connections can be increased by using
ROIs that match actual functional boundaries (36), we deﬁned ROIs functionally,
rather than anatomically. Speciﬁcally, within the discovery sample (n = 945), we
used a functionally derived mask and then used a data-driven, group-level clustering approach to parcellate preprocessed and normalized EPI volumes into spatially coherent and temporal homogeneous regions (37). The mask consisted of
voxels that were positively associated with successful emotional memory encoding within the discovery sample (Pwhole-brain-FWE-corrected < 0.05). The identiﬁed
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Connectivity analysis: Time-course extraction. We extracted time courses
per participant and ROIs from unsmoothed and unnormalized data using the
procedure described below. Note that we extracted from unsmoothed data
because smoothing can be damaging to connectivity estimation as it leads to a
mixing of blood oxygenation level–dependent time courses between regions in
close proximity (36).

1. Mapping functional ROIs from MNI space to native participant space: The
ROIs as determined in the parcellation procedure were generated in MNI
space. We therefore mapped their location to native participant space by
inverting the normalization warp ﬁeld of each participant.
2. Time-course extraction from functional ROIs: Before the actual modeling of
connectivity within the DCM framework, participant-speciﬁc time courses
were extracted from each ROI. The goal of this step was to extract time
courses from activated voxels at the single-participant level. The effect size of
the encoding of emotional pictures contrast was considerably larger than the
effect size of the successful emotional memory contrast, making the former
more suitable for distinguishing task-related voxels from voxels without relevant signal at the single-participant level. At the group level, all areas
included in this analysis were signiﬁcantly associated with successful emotional memory encoding, assuring that all ROIs were relevant for successful
emotional memory encoding. For each ROI and participant, we consequently
identiﬁed signiﬁcant voxels for the emotional > neutral contrast, at an uncorrected threshold of P < 0.05, with a minimum cluster size of three voxels. A
summary time course was extracted from all those voxels using SPM’s
“Volume of Interest” extraction tool. In detail, for all selected voxels within an
ROI, a PCA was performed. Time points were the observations and voxels
were the variables. The PCA returned a series of components ordered by the
proportion of variance that each component explained. Each component was
associated with a vector of weights (one value per voxel), reﬂecting the contribution of each voxel to that component. The ﬁrst eigenvariate reﬂected the
time course of the main component that contributed to a region’s response
and was selected as a representative time course for the ROI. The time
courses were corrected for movement artifacts by adding movement parameters as covariates into the linear model.
Across all 29 functional ROIs, time courses were successfully extracted in
97.88% of all cases in the discovery sample, and in 97.57% of all cases in the
replication sample, as they showed robust task-dependent activation in accordance with our signiﬁcance threshold outlined above. Data from all ROIs in all
participants were a prerequisite to run DCM, as the purpose of DCM is to compare different models for an observed activation (38, 39). Hence, we excluded a
participant from a particular DCM if a ROI did not show activation in line with
the criteria deﬁned above. Out of all ROIs, ROI 9 showed the smallest proportion
of participants with robust activation (discovery sample 88.36%; replication sample 85.84%). See SI Appendix, Table S1 for the number of participants per DCM
and SI Appendix, Table S2 for percentages of excluded participants per ROI.
pnas.org

Potential reasons for the lack of sufﬁciently strong activation in some participants
pertained to noise in the data or data loss but may also reﬂect the use of different cognitive strategies.
DCM can be applied to test speciﬁc hypotheses
concerning the presence, direction, and modulators of effective connectivity
between a set of predeﬁned brain regions. DCM is described in detail elsewhere
(38, 39). In brief, neural interactions between regions are expressed by differential
equations, which describe 1) how the activity in one brain region causes dynamics
(i.e., rate of change) in another brain region and 2) how these interactions change
under the inﬂuence of experimental conditions. Here, we compared conditions
for emotional and neutral pictures while considering whether a picture was later
recalled or not. DCM strives for neurophysiological interpretability by making an
explicit distinction between the “neural level” and the “hemodynamic level” (82).
This is achieved by inverting a biophysically motivated and parameterized forward
model that links the modeled neural dynamics to the measured hemodynamic
time courses (38). The connectivity parameters can therefore be interpreted as an
inﬂuence between neural populations (39). Our inference on connectivity
depended on the underlying mathematical assumptions incorporated in the
parameterization of DCM. These assumptions have been critically assessed (83).
We chose DCM over other methods because it offers several advantages. DCM
infers connectivity by modeling neural dynamics with a system of differential
equations. Therefore, the direction of inﬂuence and the condition-dependent
modulation of connection strength can be more meaningfully determined than
with static connectivity models such as correlation or structural equation modeling
(82, 84, 85).

Connectivity analysis: DCM.

We used a posthoc model selection procedure, which requires the estimation of only one full model to ﬁnd the
model evidence for all possible connection architectures (40), thereby performing
an exhaustive model comparison. We used this selection procedure rather than a
traditional comparison of a limited number of a priori models because this algorithm greatly reduces the computational burden by approximating the connectivity
parameters of nested submodels from the inference on one full model. Although
it would have been interesting to include all 26 clusters into one single model,
this was computationally not feasible. We explored all pairwise connections
between the cerebellar ROI and the remaining 25 ROIs by deﬁning a series of
2-node DCMs where the ROI located in the cerebellum was systematically paired
with one of the other ROIs. Connectivity parameters represent the net connectivity
between ROIs—i.e., they do not consider whether or not the inﬂuence between two
ROIs is mediated by additional regions, unless these additional regions are explicitly included in the DCM model. Since the DCMs tested here included only two
nodes, they did not examine whether the inﬂuence between the cerebellum and a
second ROI was mediated by additional regions. The values of our connectivity
parameters therefore potentially reﬂected both direct and indirect connections.
We applied bilinear, deterministic DCM with two states (version DCM12)
(86). We speciﬁed reciprocal intrinsic connections between each ROI. Extrinsic
inputs to ROIs drive the network and quantify how ROIs respond to external
stimuli. Four different input regressors were deﬁned, containing 1) emotional
and neutral pictures, 2) scrambled pictures, 3) button presses, and 4) rating scale
presentation. Each of the input regressors could enter the network at all ROIs.
The strength of the intrinsic connections between ROIs could be modulated by
the following conditions: emotional recalled pictures, emotional nonrecalled pictures, neutral recalled pictures, and neutral nonrecalled pictures.
For a Bayesian perspective on multiple comparison, see references (87, 88).
Notably, we replicated the results of the discovery sample in a second sample.
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Connectivity analysis: DCM—Model space.

Connectivity analysis: DCM—Model estimation. We used an efﬁcient posthoc model selection that required the estimation of only one full model to ﬁnd
1) the model evidence for all possible connection architectures with Bayesian
model selection (BMS), 2) posterior probabilities resulting from family-level inferences to determine the probability for a contrast of parameter estimates, and
3) Bayesian parameter averages over all possible models showing whether a
contrast of parameter estimates differed from zero (40, 84, 89). Because we
used ﬁxed-effects BMS, we assumed that the optimal model was the same for
each participant in the population (39). Estimation of DCM models was
performed at the sciCORE (https://scicore.unibas.ch/) scientiﬁc computing core
facility at University of Basel.

PNAS

2022

Vol. 119

No. 41

e2204900119

Connectivity analysis: DCM—Parameter analysis. We used Bayesian inference to assess whether connection strength was increased during successful
emotional memory encoding. Speciﬁcally, we used the posterior expectations
and posterior covariances to compute the posterior probability that the contrast
between modulators of connection strength was bigger than zero. The contrast
for successful emotional memory encoding was built by subtracting the modulators of the following conditions: (recalled emotional pictures – nonrecalled emotional pictures) – (recalled neutral pictures – nonrecalled neutral pictures). First,
within the discovery sample, we identiﬁed those connections that had a posterior
probability of contrast greater than 0.99. Second, we analyzed these connections
in the replication sample, testing whether they too had a posterior probability of
contrast greater than 0.99. In descriptive terms, the applied probability threshold
of 0.99 can be interpreted as providing very strong evidence for an effect
(42, 43). We focused on increases rather than decreases in connection strength,
since ROIs were deﬁned based on voxels with increased activity.
Calculations with regard to connection strength were based on the strength
of the contrast in the replication sample. Connections were visualized using the
circlize library in R (90).
Segmentation of anatomical image. Each participant’s anatomical image
was automatically segmented into cortical and subcortical structures using FreeSurfer version 4.5 (91). Labeling of the cortical gyri was based on the
Desikan–Killiany atlas (92), yielding 35 cortical and seven subcortical regions per
hemisphere. Note that the applied segmentation and labeling technique
provides an accuracy comparable to manual labeling by experts (91, 92).
Anatomical localization of ROIs based on a population-averaged anatomical probabilistic atlas. Segmentations of cortical and subcortical struc-

tures retrieved from FreeSurfer (see paragraph above) were used to build a
population-average probabilistic anatomical atlas, based on data of 1,000 out
of the 1,418 participants. Individual segmented anatomical images were normalized to the study-speciﬁc anatomical template space using the participants’
previously computed warp ﬁeld and were afﬁne-registered to the MNI space.
Nearest-neighbor interpolation was applied to preserve the labeling of the different structures. The normalized segmentations were ﬁnally averaged across participants to create a population-average probabilistic atlas. Each voxel of the
template could consequently be assigned a probability of belonging to a given
anatomical structure.
This population-average probabilistic atlas was used to report the anatomical
location of coordinates and ROIs. Percentages per coordinate denoted the
population-average probability of an anatomical label. Furthermore, we reported
the average percentage of regional correspondence per ROI. Per ROI, we determined which anatomical labels were spanned by its voxels. We then summed
up the probabilities per label across all voxels within the ROI and divided the
sum by the overall number of voxels in the mask. A 100% correspondence
would occur if all voxels of a ROI were located within the same anatomical
region, and each voxel itself had a probability of 100% of being located in this
region.
Data, Materials, and Software Availability. Individual, ﬁrst-level maps for
the two contrasts of interest (successful emotional memory encoding and encoding of emotional pictures) are available in the Open Science Framework (OSF,
https://osf.io/ghtvy) (93), together with the individual covariates. Individual ﬁrstlevel and VOI ﬁles are available on Figshare (https://ﬁgshare.com/projects/CBDCM/149317) (94). The corresponding unthresholded group-level maps as well
as the binary mask of the functional ROIs have been deposited in Neurovault
(https://neurovault.org/collections/12932) (95). The group-level DCM ﬁles are
available in OSF (https://osf.io/ghtvy) (93).
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